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Part 1

Introduccio



Quina feina més meravellosa la dels investigadors! Descobrir secrets ama-
gats!!

Quantes coses per descobrir. Quantes explicacions perfectament logiques
per trobar. Quantes cares d’estupefaccié dintre de despatxos i laboratoris.
Quantes neurones cremades. Quantes alegries i decepcions duran la ciencia i
la vida a veterans i novells investigadors.

Imagineu la vostra propia cara trobant el resultat buscat, pot ser un
miratge pero també pot ser la troballa. Imagineu que la llei de Murphy no
es compleix i que no és un miratge, és quelcom nou que ningi ha vist abans.
Una explicacié a una cosa que no en tenia. Si el cami de buscar-la ja és
bonic, trobar-la ha de ser meravellés. Un petit secret que haurieu descobert
vosaltres.

Suposo que es pot comparar amb un truc de magia.

Mentre dura el truc ... oooohhh sorpresa, fascinacié, ulls brillants i boca
entreoberta. Després, analisi dels fets. Algi trobara una explicacié racional,
cara alegre i somriure ironic. Veneraci6 cap al mag, o en un altre cas cap a
la natura, que ha sabut mantenir el secret amagat.

Bé, només comencar i sembla que ja me n’estic anant del tema... pero la
veritat és que no m’en estic anant tant com és aixo.

Us imagineu descobrir una nova forma d’enllac?



Doncs us podeu imaginar la cara que devia fer tot just fa una vintena
d’anys un cientific america en descobrir i demostrar la possibilitat de coordi-
naci6 d’una molecula de dihidrogen com a lligand en un complex d’un metall
de transicié. Aquesta forma d’enllag avui per avui completament acceptada
va causar a la decada dels 80 gran controversia. La descoberta es va dur
a terme en un terreny prou inhospit del nostre planeta, Los Alamos, i el
cientific en qiiestié era ’afortunat i persistent Gregory J. Kubas.

De fet, potser hauria de compartir la fama amb alguns cientifics més, pero
aquesta és una historia que sera degudament explicada més endavant.

Per a tots aquells que s’han quedat amb les ganes de descobrir una nova
forma d’enllag sento haver de dir que, encara que queden moltes i moltissimes
coses per descobrir i encara més per entendre, dificilment podem pensar que
queda alguna nova forma d’enllac.! I és que els motius pels quals aquesta,
forma d’enllag va quedar amagada tant de temps, és prou especial (veure
secci6 1.3.4). Ara bé, tampoc hi posaria pas la ma al foc. I és que la veritat,
la naturalesa és savia, pero el cervell dels humans sovint és petit i cabut.

Els complexos que presentaven aquest nou tipus d’enllag es van anomenar
complexos ¢ i no només van fascinar a en Kubas, siné que un important
nombre d’investigadors es van abocar a intentar desxifrar els secrets que
amagava aquest tipus d’enllac.

En aquesta tesis és presenta el resultat d’uns cinc anys d’investigacié en
quimica organometal-lica, intentant treure l’entrellat a diferents problemes
quimics amb un denominador com, I’estructura i la reactivitat especial que
presenten els complexos o.

1Sobretot després dels treballs que han aconseguit provar l'existéncia d’enllacos

quintuples.!



Capitol 1

Els complexos o

1.1 Que sén els complexos o?

El nom dels complexos ¢ ja augura un tipus de complexos especial i fasci-
nant. Les lletres gregues sempre han servit per designar diferents aspectes
de la ciencia, i en general han aconseguit per elles mateixes fascinar tant
els cientifics com també innumerables escriptors de ciéncia ficcié. Aixi I’ar-
xifamés numero 7, que cientificament respén al quocient entre la longitud
d’una circumferencia i el seu diametre, també és a el titol d’una pel-licula de
Darren Aronofsky, on el protagonista, un matematic, espera trobar moltes
respostes darrera el nimero.

Els complexos ¢ no han estat protagonistes de cap pel-licula de ciencia
ficcié, pero han aconseguit fascinar a gran quantitat de cientifics des de les
acaballes del segle XX. Van ser inicialment anomenats complexos enllag o,
com el seu nom indica es caracteritzen per contenir un lligand amb un enllag o
coordinat a ’esfera d’'un complex d’un metall de transicié. L’excepcionalitat
del complex és deguda a que el lligand no es troba coordinat al metall a
través d’un atom siné a través d’un enllag o entre dos atoms. Es tracta
d’una coordinacié en la que intervenen 3-centres i 2-electrons (3c-2e). Els
tres centres son ’atom metal-lic i els dos atoms X i Y que formen part d’un
lligand i els dos electrons sén el parell d’electrons enllacants de ’enllac o
X-Y.

Les parelles d’atoms XY que és coneix que sén capaces de formar com-
plexos o estables sén: H-H, B-H, C-H, Si-H, Ge-H i Sn-H. D’aquestes la que
ha despertat més interés i ha estat més estudiada és la parella H-H. Aquests
complexos 0 H-H s’anomenen complexos de dihidrogen.
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X /
M MDY,
Y

(a) (b)

Figura 1.1: Representacié de la donacié en els complexos ¢ (a) i en els complexos

de Werner (b). M representa MLy,.

Per analogia als carbocations i borans amb enllacos a 3c-2e, els complexos
o s6n anomenats sovint no classics. Aquest tipus de coordinacié s’acostuma a
representar mitjancant el simbol “n?” davant el lligand coordinat mitjancant
I’enllag o. El simbol indica que en la coordinacié hi participen 2 atoms del
lligand, els complexos “n?” més coneguts sén els complexos 7, que van ser
descoberts i interpretats molts anys abans que els complexos o.

Una caracteristica dels complexos o és que segons la definicié de molts
cientifics, aquest és un enllag en que les especies enllagades han de ser estables
per separat. Per formar el complex organometal-lic (ML,(n*-XY)), cal que
el complex de partida (ML, ) que conté la vacant que ocupara l'enllag o sigui
estable, i 'especie (X-Y) que conté l'enllag o també. Es una coordinacié
intermolecular per definicié, que ha de ser estabilitzada unicament per la
interaccié metall-enllag o.

1.1.1 Donacio-Retrodonacido

Un complex o es pot descriure com un complex MLy, (7%-XY), que conté com
a minim un lligand coordinat mitjancant un enllag o entre dos atoms X i Y.
Aquesta coordinacio és estable gracies a la donacié de densitat electronica per
part de I'enllag o, a la vacant d'un complex de metall de transici6 electrofil
[ML,]|, (veure figura 1.1, (a)). Donacié de densitat electronica comparable
amb la donacié en els complexos de Werner, on el lligand déna densitat
electronica d’un parell d’electrons no enllagant a la vacant del metall (veure
figura 1.1, (b)). La donacié del parell d’electrons no enllacant fa els complexos
de Werner estables. En els complexos o, la donacié de densitat electronica
de I'enllag o sovint no és suficient, necessiten una altra interaccié per ser
estables, la retrodonacié. Retrodonacié que efectuen els orbitals d ocupats
del metall cap a 'orbital ¢* buit de I’enllag X-Y. Una representacié grafica
d’aquesta retrodonacié, i la donacid, es presenta a la figura 1.2 (a). El mo-
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del de Dewar-Chatt-Duncanson de donacié-retrodonacié va ser desenvolupat
inicialment per explicar la coordinacié d’enllacos 7 a metalls de transici6
(complexos 7). Posteriorment es va revelar adequat per descriure també els
complexos 0.2 La donacié-retrodonacié que es déna en els complexos o és
semblant a la dels complexos 7 (veure figura 1.2 (b)).>*

L o0
© S
5 O

(@) (b)

Figura 1.2: Representacié de la donacié i retrodonacié en els complexos o (a) i

en els complexos 7 (b). M representa MLy,.

Si la retrodonacié és debil la formacié del complex ¢ no és favorable, ja que
no hi ha bon solapament entre els orbitals d ocupats i ’orbital antienllagant
o*. Si la retrodonacié és forta i hi ha un molt bon solapament el complex
o tampoc és estable, ja que I’alta ocupacié de I'orbital antienllacant o* pro-
voca el trencament de 1’enllag. Els complexos ¢ seran estables si els factors
electronics i esterics son els indicats, un subtil balan¢ donacié-retrodonacio
fa possible la seva existencia.

Aquest tipus de coordinacié metall-lligand pot semblar feble degut a que
la donaci6 d’electrons enllacants afebleix 1’enlla¢ X-Y, pero no és aixi gracies
a que la retrodonacio és forca forta. En diversos complexos s’ha observat que
una molecula d’hidrogen és capag de desplacar una molécula d’H,0.57 Es a
dir que, la formacié d’un complex ¢ pot desplagar un complex de Werner.
Aquest fet va sorprendre ja que la donacié de densitat electronica d’un enllag
o no és comparable a la donacié d’un parell no enllagant (complex de Wer-
ner). La donacié de la molécula d’hidrogen no pot desplacar una molécula
d’aigua, pero el fenomen es déna, ja que els complexos de Werner no accepten
retrodonaci6 del metall i els complexos o si.
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1.2 Agostics, un cas especial

No hi ha dubte de que els agostics sén un cas especial, i es que segons qui
els considera complexos o i segons qui no. En general hi ha una una unié de
parers en la definicié de complex 0. Es defineix de manera que la coordina-
ci6 de l'enllag o al metall ha de ser 1'inica interacci6 que manté estable el
complex (veure seccié 1.1).% Les interaccions agostiques sén intramoleculars,
el metall i el lligand es mantenen units no només per donacié-retrodonacid,
siné també per una serie d’enllagos classics, per tant no poden ser considerats
propiament complexos o. Anomenem complexos o estrictes als que responen
a la definicié anterior, i complexos no estrictament o als que contenen un
enlla¢ o coordinat al metall pero sén intramoleculars, com els agostics.

X —X //\
Y [ -
M/'/ M™ vy v Y/

Figura 1.3: Esquema interaccions agostiques, M representa MLy,

Aquests es classifiquen en «, (3, 7v,... segons la posicié dins el lligand
classic de I'enllag o que interacciona amb el metall. Els més usuals sén els o
i B, degut a la proximitat amb el metall. Un esquema d’aquestes interaccions
es pot veure a la figura 1.3. En els o agostics un dels atoms de 'enllag o
que interacciona amb el metall, forma al mateix temps un enllag classic amb
aquest. Els enllagos C-H, Si-H, S-H, P-H, i també C-P, C-B i C-N poden
formar aquest tipus d’agostics. Els complexos [ agostics, tenen un dels
atoms que forma 'enllag o coordinat al metall, enllacat a un atom coordinat
al metall per un enllag classic. Els vy dos... Els enllacos X-Y capacos de formar
interaccions S agostiques, son C-H, Si-H, B-H, N-H, i també els menys usuals

C-C1i Si-C.

1.3 El descobriment dels complexos o

La postulacié de I'existencia dels complexos o simetrics, dihidrogens, es va
fer ja fa una bona colla d’anys, tants com casi una cinquantena.? Des de la
postulacié a la caracteritzacié del primer dihidrogen va passar un quart de
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segle. Sembla que la major part de la comunitat cientifica creia fermament
que aquestes especies no podien existir, o com a minim no hi ha constancia
de que cap grup les busqués. La cronologia de les descobertes que van acom-
panyar el complex de dihidrogen s’explicara tot seguit pero, els dihidrogens
van ser els primers complexos ¢ que es van descobrir?

Doncs la veritat és que més aviat no, abans de la descoberta dels di-
hidrogens es van descobrir les interaccions agostiques (no sén complexos o
estrictes, veure seccié 1.2).'% Els anys 60 i 70 diversos complexos amb in-
teraccions agostiques C-H, Si-H i B-H van ser caracteritzats.'' '3 Tot i la
importancia que s’ha vist que tenen aquestes interaccions no van tenir gaire
repercussié sobre la comunitat cientifica.

També abans de caracteritzacié del primer dihidrogen, es van caracterit-
zar diversos complexos amb enllacos B-H coordinats a un metall. Aquests
complexos tampoc sén estrictament o, ja que una molecula de BH, interac-
ciona amb un complex organometal-lic, pero no per un dels enllagos B-H sin6
amb dos o tres dels quatre.!* 23

El pas més important cap als complexos ¢ es va fer amb la coordinacié
d’enllacos Si-H.?42” Es van descobrir diferents complexos o Si-H que es van
interpretar com enllagos a 3c-2e, pero no es va saber veure la seva importancia
fins la descoberta de Kubas. Per aquest motiu es comencara a explicar la
historia de la descoberta dels complexos o pels dihidrogens.

1.3.1 La caracteritzacié del primer dihidrogen

El descobriment dels complexos o es relaciona sempre amb Gregory J. Kubas,
que és el cientific a qui s’acostuma a atribuir el descobriment dels comple-
xos de dihidrogen, ja que va aconseguir caracteritzar mitjancant raigs X i
difraccié de neutrons, el [W(CO)3(P*Pr3)s(n?-Hy)].

En la recerca duta a terme en la seva tesis, Kubas havia investigat el
comportament com a acid o base de Lewis d’uns complexos dialquilics de
zinc amb un i6 hidrur. Alguns complexos estaven en equilibri amb un hidrur
pontant entre dos complexos de zinc. Va agafar experiencia en discernir entre
hidrurs i hidrurs pontants, cosa que més tard el va ajudar a diferenciar els
dihidrogens dels dihidrurs.

L’any 70 Kubas en una investigacié al voltant de la pluja acida, va veure
que el Ny podia coordinar-se reversiblement al [Mo(CO)3(PCys)2]. Animat
per la troballa d'un complex capac de coordinar N,, va estudiar la seva
reactivitat amb molecules petites.'?28:29

Des de I’any 79 fins el 83 Kubas va estar seguint la pista al complex de di-
hidrogen, va observar que I’hidrogen era capag d’addicionar-se reversiblement
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al complex de molibdé, obtenint un complex de similars caracteristiques. Va
estudiar una possible activitat catalitica d’aquest complex i el seu homoleg
amb tungsté respecte 'hidrogenacié d’etilens, i va veure que no hi havia re-
accié. En els estudis va observar que el complex [W(CO)3(P'Pr3),], tenia
una inusual facilitat per alliberar Hy en el buit o sota atmosfera d’argé. Aixo
i unes anormals freqiiencies IR van despertar-li la curiositat.

Espectres Nujol mostraven tres bandes a 1570, 950 i 465 cm -, enlloc
de les caracterfstiques vwn a 1700-2300cm ' i dwn a 700-900 cm ! per un
dihidrur hepta-coordinat. Les baixes freqiiencies i la gran labilitat de I’'H,
en aquest complex van suggerir que hi havia d’haver un nou mode d’enllag
entre I’hidrogen i el complex metal-lic, el M-(n*-H,).

Aixo passava l'any 80, i a partir de llavors els esforgos es van dedicar
a desxifrar I'estructura cristal-lina. Els raigs X no van arribar a resoldre la
posicio dels hidrogens per culpa del desordre cristal-li. Tot i aix0, confirmaven
que l'estructura era octaedrica amb una vacant lliure (suposadament ocupada
per Hy). Amb 'ajuda de la difraccié de neutrons es va aconseguir resoldre
una part de l'estructura el 1982, pero no completament degut a desordre en
les fosfines. L’estructura mostrava tenuosament la presencia d’un lligand Hy
enllacant segons el tipus “side-on” (veure figura 1.4, (a)). Finalment a partir
d’un nou analisi de raigs X a baixa temperatura, es va resoldre ’estructura i
es va veure una distancia H-H de 0.75 A. Per difraccié de neutrons la mateixa
distancia va ser recalculada en 0.84 A%

Posteriorment a la publicacié d’aquests resultats, Kubas i col-laboradors
van seguir fent proves amb aquests complexos per tal de determinar-ne les
seves propietats.2?31735 No només aquest grup va seguir les investigacions,
Sweany3® i Upmacis et al.>” van ser els primers en observar aquests complexos
en matrius d’argé i xené liquid mitjancant espectroscopia IR.

1

1.3.2 Abans de caracteritzar el primer dihidrogen

Com ja s’ha dit la caracteritzacié del primer dihidrogen no es va realitzar fins
I’any 1983. El titol de I’article era “Characterization of the First Examples of
Isolable Molecular Hydrogen Complezes, M(CO)s(PR3)y(Hz) (M= Mo, W;
R= Cy, i-Pr). Euvidence for a Side-on Bonded Hy Ligand.”®® Perd no era
ni la primera vegada que s’aconseguia aillar un complex de dihidrogen, ni la
primera vegada que es parlava de complexos amb hidrogen molecular com a
lligand, ni la primera vegada que es caracteritzava un complex o. Aixo si, va
ser la primera vegada que es va aconseguir caracteritzar un dihidrogen, i el
més important, la troballa va fer obrir els ulls i despertar la curiositat de la
comunitat cientifica.
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Figura 1.4: Propostes d’enllag o; “side-on” donacié d’electrons o a la vacant del

metall (a) i “end-on”, donacié d’electrons del metall cap a 'orbital ¢* (b).

Posteriorment a la caracteritzacié del primer complex de dihidrogen, es va
veure que alguns dels polihidrurs aillats anys abans, no s’havien caracteritzat
amb la rigorositat necessaria per veure que les senyals obtingudes no eren
propies d’un hidrur, i corresponien a un dihidrogen.

Els inicis dels complexos de dihidrogen a la literatura comencen 20 anys
abans de la seva caracteritzacio, en estudis sobre I’hidrogenacié catalitica. Es
discuteix sobre com es déna la interaccié entre la molecula d’Hs i el centre
metal-lic, sense dades experimentals o computacionals. Els autors raonen
possibles vies per les que un complex inorganic pot captar Hy, proposen dos
tipus de coordinacié, una geometria “end-on” on H, actua com a acid (figura
1.4, (b)),%®% i una “side-on” on H, actua com a base (figura 1.4, (a)).%4

D’entre els treballs que proposaven la coordinacié d’hidrogen molecular,
destaca el de Halpern que I'any 1959 suggeria que els electrons enllagants de
I’hidrogen podrien atacar 1'orbital vacant del metall.’

Un treball de Aresta et al. sobre uns complexos organometal-lics de ferro
va ser publicat el 1970.*! Experimentalment es va observar que el complex
assignat com a tetrahidrur, perdia Hy sota atmosfera d’argo o heli, i formava
un dihidrur. També van observar la formacié del suposat tetrahidrur a partir
del dihidrur en atmosfera de Ns. Espectres Nujol mull mostraven quatre
bandes, dues a 1850-1950 cm ! i dues més a 2380-2400cm *, la banda més
alta desapareixia en el cas del dihidrur. Aresta et al. van trobar un complex
de dihidrogen, pero no van ser capacos d’interpretar els resultats.

Singleton et al van fer 'any 1976 una pre-descoberta dels complexos de
dihidrogen.*? Van presentar un estudi sobre un complex de ruteni, que consi-
deraven que tenia una molecula de dihidrogen neutra ocupant la tinica vacant
en l'esfera de coordinacio, i que hauria d’actuar com a donador d’electrons.

Diversos treballs teorics anteriors al 1983 van proposar i estudiar la co-
ordinacié d’hidrogen molecular. D’entre aquests destaca el review d’Orc-
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hin i Rupilus publicat any 1972.#% El document tracta el mecanisme
de la reacci6 oxo d’hidroformilacié, i proposa l'existéncia del dihigrogen
[Co(CO)3(COR)(Hy)]. A més a més de proposar I'estabilitzacié d’aquesta
especie gracies a una donacié d’electrons o de I'hidrogen cap a l’orbital buit
del metall, i una retrodonacio dels orbitals d ocupats del metall cap als or-
bitals ¢* H-H. Els autors dibuixen aquesta interaccié aproximadament com
a la figura 1.2 (a), i la relacionen amb la coordinacié en els complexos 7.

Un dels primers treballs computacionals que es van dur a terme en aquest
camp va predir 'existencia dels complexos de dihidrogen. El grup de Baga-
tur’yants va estudiar la interaccié d'una molecula de dihidrogen amb un atom
de Pd.*»% Alguns anys abans de la caracteritzacié del complex de Kubas,
diversos cientifics que treballaven en zeolites van aconseguir trobar evidencies
de Dexisténcia de molecules d’hidrogen dins d’aquestes.*6-48

Aixi, el que sembla extrany es que quan Kubas va publicar el seu primer
article ’any 1984, no fes una recerca bibliografica suficientment acurada com
per trobar algun d’aquests treballs. Tot i I'interés i la quantitat dels resultats
trobats abans del 1983,%%:4%55 no va ser fins a la caracteritzaci6 i publicacié
del primer complex de dihidrogen que es va aconseguir causar gran impacte
en la comunitat cientifica.’® %2 La qual rapidament va comencar una cursa
cap a la recerca de nous complexos d’aquestes caracteristiques, i es van veure
les seves implicacions en multiples mecanismes. Avui en dia, ja s’han descrit
i caracteritzat centenars de complexos de dihidrogen, ja I'any 2003 es va
publicar I’article nimero 1000 sobre aquesta tematica.

1.3.3 Els complexos ¢ asimetrics

Com ja s’ha dit de complexos o asimetrics se’n coneixen per diferents parelles
X-Y. En tots els exemples disponibles, s’ha observat que per tal d’obtenir un
complex o estricte és necessari que Y=H. Els atoms X capacos de formar
complexos o estrictes asimetrics son X= B, C, Si, Ge i Sn. D’aquests B, Si,
Ge i Sn son capacos de formar complexos o estables, en canvi pel C no s’ha
aconseguit caracteritzar cristal-lograficament cap exemple i es coneix de la
seva existencia gracies a dades espectroscopiques.

B-H Els primers complexos no estrictament o es van descobrir I'any
1960 en el complex CpyTi(HoBHy). A partir d’espectres IR, es va proposar
una estructura amb dos hidrogens pontants entre el bor i el titani.!* La
primera estructura de raigs X que confirmava aquest tipus d’espécies es va
resoldre ’any 1965 per al Mn3(CO)9(H)(ByHg), que contenia sis interacci-
ons Mn-H-B i un pontant Mn-H-Mn.'®> Els complexos Cu(BH4)(PPhs), i
Zr(BH,), van ser els primers monometal-lics amb interaccions B-H carac-
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teritzats cristal-lograficament.'®1” Cap d’aquests complexos és un complex
o B-H estricte, ja que presenten interaccions intramoleculars i/o contribu-
ciéns ioniques. Després de la caracteritzacié del primer dihidrogen, ja el
1984 es van presentar les estructures de complexos ¢ B-H estrictes, biden-
tats ZnCly(BoH4.2PR3) i el CuX(ByH4.2PR3) on X=halur, i monodentats
CI‘(CO)5(B2H42PR3) i W(CO)5(BH3PM€3)18’19

Si-H Els complexos o Si-H van ser els primers complexos o estrictes des-
coberts, encara que la seva importancia no va ser reconeguda fins la carac-
teritzacié del primer complex de dihidrogen. Els primers van ser sintetitzats
als anys 60, es va observar que les estructures trobades no eren usuals i es van
interpretar com a producte d'un enllag no classic.% L’any 1969 un dimer d’un
complex de reni va ser el primer complex o Si-H resolt cristal-lograficament.
L’estructura era anomala i es va interpretar com un hidrogen pontant entre
el centre metal-lic, i el silici. Els hidrogens no van poder ser localitzats per
raigs X, perd dades NMR indicaven la seva preséncia.?%25

Una altra estructura que presentava un enlla¢ o Si-H coordinat al centre
metal-lic va ser caracteritzada mitjancant raigs X el 1971. Era un estudi
sobre el complex CpMn(CO),(HSiPh3).%” En aquest es deia que I’hidrogen
estava enllacat amb el Mn com un hidrur, i que hi havia una interaccio feble
entre el H i el Si que feia que la distancia Si-H fos anormalment curta (1.76
A). Per explicar aixo, es va proposar un equilibri entre dues estructures dife-
rents, una estructura hidrur-silil (H-M-SiPhj3) i una estructura tipus complex
0. De l'estructura tipus complex o s’explicava que el parell d’electrons en-
llacant de ’enlla¢ Si-H donaria electrons al metall igual que en un complex de
Werner. Ja el 1978, estudiant la mateixa estructura es va suggerir que eren
especies on 1'addicié oxidativa s’hauria fet només parcialment.® Es van dur
a terme altres estudis en aquest complex i en complexos molt similars per tal
d’intentar dilucidar el problema.®® Finalment el 1987 I'ds de técniques com-
putacionals, va permetre relacionar aquests complexos amb els ja descoberts
dihidrogens.%

C-H Les primeres estructures en les que es va detectar una interaccid
entre un enlla¢c ¢ C-H i un metall de transicié, es van publicar el 1965.57:68
Eren interaccions C-H agostiques en un complex de Ru i un de Pd, que van
ser descrites com una aproximacié de I’enllag C-H al metall. L’any 1972 es
publicava un treball en el que es mostrava la interaccié d’un enllag C-H amb
Pd. Una distancia d’enllag M-H curta i acoblament NMR entre 1’hidrogen
de l'agostic i atoms de fésfor coordinats al metall, van permetre proposar
una interaccié M--H-C.%% Més tard Trofimenko i Cotton van estudiar aquestes

interaccions.”®™ Cotton va proposar que la proximitat que s’observava entre
un enllag C-H i el metall en Mo[EtsB(ps)2](CO)2(CH,CPhCH,) era deguda
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a la presencia d’un enllag a 3c-2e.

Els complexos o estrictes C-H no s’han pogut aillar i caracteritzar mit-
jancant raigs X o difraccié de neutrons. Es coneix de la seva existencia com
a intermedis en el trencament de I’enlla¢ C-H detectats espectroscopicament
gracies a dades NMR.” 3 Els enllacos H-H i H3C-H tenen energies, polari-
tats i orbitals o i * semblants, pero un forma complexos o estables i I’altre
no, la diferencia s’atribueix en el solapament amb els orbitals d del metall.°

Ge-H La coordinacié de germans és prou analoga a la dels silans. Tot i
aixd se n’han preparat molt pocs exemples.?* La diferéncia entre Si-H i Ge-H,
rau en que l'orbital o* de 'enllag Ge-H és més baix en energia que el o* Si-H.
Aquesta diferéncia provoca una retrodonacié més important pels enllagos Ge-
H que faciliten la formaci6 de I’hidrur-germile. El primer complex o Ge-H que
es va caracteritzar va ser el complex cis-(n°-CH3CsH,)(CO)o(R3Ge)(H)Mn,
R3 = PHj3, 1-NpPhMe i Cl3, 'any 1984. En l'estudi es comparen germans i
silans, presenten la caracteritzacié per difraccié de neutrons del complex o Si-
H, perod no del o Ge-H.% Dades NMR van proposar ’existéncia d’un complex
o Ge-H en un complex de titani.®® Finalment ja ’any 1996 es publicava la
caracteritzacié per difraccié de neutrons d’un complex bimetal-lic amb una
interacci6 entre un enllag o Ge-H i el centre metal-lic, en el Cp*yFey(CO)o (-
Gep-TolH,),.8"

Sn-H La coordinacié d’aquests enllacos ¢ Sn-H, és analoga a la dels
enllagcos o Si-H i Ge-H. Tot i aix0, es coneixen molt pocs exemples
de complexos o Sn-H. Segurament per aquest mateix motiu la carac-
teritzacié d’aquest tipus d’enllag, va ser més tardana. L’any 1984 es
va publicar la primera observacié experimental d’un enllag a 3c-2e en
el clister [Os3SnHy(CO)1o{CH(SiMe3)2}2]. Posteriorment es va localit-
zar un complex monometal-lic amb un enllag o Sn-H. L’estudi sobre (n°-
MeCp)(CO),(H)Mn(SnPhy), va ser publicat any 1989 per Schubert et al.®
Posteriorment, altres complexos amb enllacos o Sn-H han estat sintetitzats
1 caracteritzats.

1.3.4 Com és que no s’havien descobert abans?

L’existencia de complexos de dihidrogen o de qualsevol altre complex ¢ no es
creia possible abans del 1983. Degut a la manca d’electrons lliures o electrons
m, es creia que l’enllag ¢ no era ni prou bon electrodonador, ni prou bon
electroacceptor com per formar un complex estable. De fet per entendre com
és que no s’havia descobert abans seria bo donar un cop d’ull a la bibliografia.
El primer hidrur de metall de transicié no es va descobrir fins al 1931, quan
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Hieber va estudiar un dihidrur de ferro.8%% Tot i la descoberta, els hidrurs
no va ser acceptats fins una vintena d’anys més tard el 1955, quan van ser
més ben caracteritzats.”’ Aix0 era 30 anys abans de la caracteritzacié del
primer dihidrogen.

Durant aquests 30 anys diversos cientifics van tenir la possibilitat de des-
criure aquesta forma de coordinaci6 i no la van saber aprofitar. L’any 1962
un estudi de Vaska i DiLuzio,*? van observar un equilibri entre un complex
d’Ir(I) + Hy i un dihidrur d’Ir(III), que hauria pogut portar els complexos
o a la llum, pero no va ser aixi. Ni Wilkinson que va dur a terme un expe-
riment semblant en un complex de Rh. Tampoc les anomalies en les dades
experimentals, com les NMR d’Aresta et al.,*! o els resultats de Singleton,*?
ni els treballs teorics d’Orchin®?® i Bagatur’yants,** van anar més enlld o van
tenir una repercussié mediatica dins el mén cientific.

Pero el motiu principal pel qual no s’havien descobert abans rau en la di-
ficultat d’aconseguir localitzar els hidrogens amb precisié. Els atoms d’hidro-
gen s6n molt lleugers i per tant dificils de localitzar experimentalment. Cal
aillar el complex, cristal-litzar-lo adequadament i inclds en el cas d’aconse-
guir un bon cristall sense desordres interns, la ressolucié d’aquests mitjancant
raigs X té associat un important error. Actualment es pot resoldre per di-
fraccié de neutrons, pero es requereix un cristall sense desordres i no és una
tecnica a I’abast de tothom. Tot i les significatives diferencies que presenten
els espectres d’un dihidrogen i un dihidrur, es pot entendre que ningu inter-
pretés les anomalies correctament. Es interessant notar que el que fa que es
tinguin dificultats experimentals per resoldre cristal-lograficament aquestes
especies, és el que permet acurats analisis computacionals.

1.4 Com sén els complexos o

En el cas més habitual, sén complexos de metalls de transicid, generalment,
pseudo hexa-coordinats, provinents de complexos insaturats electronicament
(16-e7), (nucledfils i electrofils, neutres o positius) que sovint responen a
una estructura [MLs] amb centres metal-lics d®. Acostumen a tenir grups 7-
donadors com carbonils trans a I’enllag o0 que disminueixen la retrodonacio,
evitant I’elevada ocupacio de ’orbital o* que afavoreix ’addicié oxidativa.
Es coneixen casos de formacié de complexos o estables amb centres
metal-lics molt electrodeficients (retrodonadors debils). Calculs en aques-
tes especies mostren que la pobre retrodonacié és veu compensada per un
augment de la donacié d’electrons per part de ’enllag o cap al metall. Aixi,
complexos menys electrodeficients amb la mateixa retrodonacié debil evolu-
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cionen cap a I’addici6 oxidativa, mentre que aquests més electrodeficients no
ho fan.

Tot i que no és fonamental perque sén més importants els efectes
electronics, acostumen a tenir lligands voluminosos, els efectes esterics dels
quals eviten una preferencia per ’addicié oxidativa que implica un lligand
més a l’esfera de coordinacié.

En darrer lloc, cal dir que la majoria de complexos o estrictes sén di-
hidrogens, si comparem el nimero de complexos de dihidrogen amb els com-
plexos o asimetric estrictes, veurem que aquest ultim és més petit.

1.5 Importancia dels complexos o

Es evident que la importancia de les coses és relativa, i moltes vegades depén
de coses tant banals com la moda. Pero la importancia d’aquests complexos
es pot entreveure amb facilitat després d’una senzilla explicaci6. El tren-
cament d’un mol de molecules de hidrogen H, costa al voltant de 100 kcal,
per tant és impossible que aquesta reaccié es doni sense aport d’energia en
condicions ambient. En canvi si aquest mol de molecules de Hy reacciona
amb un complex d’un metall de transicié formant un complex de dihidrogen,
I’enllag H-H es pot trencar i formar diverses vegades per segon amb un baix
cost energetic. El procés s’anomena addicié oxidativa, i és la base que usen
miultiples processos catalitics, entre d’altres ’hidrogenacio catalitica.

El mateix que es déna per I’enllag H-H es déna per altres enllacos capagos
de formar complexos o. Els complexos o asimetrics tenen gran importancia
en l'activacié dels enllagcos X-H, ja que igual que per Hy redueixen el cost
del trencament de I’enllac.®® Els complexos o Si-H i Si-H agostics tenen
un paper important en quimica organometal-lica, es coneix que intervenen
en mecanismes d’hidrosilacié d’alquens i en la preparacié de polimers de
silici. D’especial interés és I'activacio d’enllagos C-H i els C-H agostics per
la seva participacié en miultiples processos catalitics, com la polimeritzacid
d’olefines o ’hidroformilacié. Els complexos ¢ B-H intervenen en processos
d’hidroboracié catalitzats per metalls.

A part d’aquestes aplicacions, I’estudi dels dihidrogens pot tenir especial
repercussié en les nostres vides, si és veritat que un dia deixem els conta-
minats combustibles fossils i passem a 1'is d’una font d’energia més neta,
I’hidrogen. Per tal d’usar hidrogen com a combustible, no només fa falta
aconseguir hidrogen a baix cost, sin6 que també tecnologia. Encara que de
bones a primeres pugui no semblar un problema, '’emmagatzematge d’hi-
drogen és un repte. Aixo és degut a que cal poder emmagatzemar hidrogen
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addicid oxidant
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eliminacio reductiva

Figura 1.5: Addici6 oxidant i eliminacié reductiva. M representa MLy,.

a baix volum. Una solucié és I'is d’hidrogen liquid o altament comprimit,
pero aixo implica una gran despesa energetica i certa perillositat. L’enma-
gatzematge en estat solid sembla el més segur i efectiu, pero cal un material
de baix cost, baix pes, i sobretot amb capacitat per emmagatzemar grans
quantitats d’hidrogen reversiblement i amb una cinetica rapida d’absorcio-
desorci6. Uns materials capacos de reunir aquestes caracteristiques son els
hidrurs de metalls de transicié.**

De fet, pero a la practica el més important és que entenent la quimica
d’aquests complexos es poden controlar dos importants processos quimics, re-
lacionats amb la ruptura de I’enllag o: 1’addicié oxidant/eliminacié reductiva
(trencament homolitic de 'enllag o) i el trencament heterolitic.

1.5.1 Addicio oxidant

Un dels processos quimics en que es posa de relleu la importancia dels com-
plexos o és ’addicié oxidant. Una espécie amb un enllag ¢ interactua amb
un metall de transicid, trencant ’enllag ¢ X-Y i formant dos nous enllacos o
M-X'i H-Y. En aquest procés 'estat d’oxidacié del metall augmenta en dues
unitats. Depenent de les propietats que tingui el complex i I'enllag o a co-
ordinar, podem localitzar complexos ¢ com a intermedis en el procés (veure
figura 1.5). Generalment 1’addicié oxidant es déna en complexos nucleofilics,
implica baixa donacié dels orbitals o de ’enllag X-Y i forta retrodonacié dels
orbitals d, provocant una ocupacié elevada de l'orbital ¢* i el trencament
homolitic de I’enllag X-Y.

El mateix procés en sentit contrari s’anomena eliminacié reductiva, en
aquesta es parteix de dos lligands del metall, que interaccionen per formar
un enllag 0. Tant en I'addicié oxidativa com en ’eliminaci6 reductiva, els
complexos ¢ formats poden tenir diferents distancies X-Y depenent de la
parella XY i el complex organometal-lic.
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Figura 1.6: M representa ML, L lligand cis, B base externa i X = H, C, B.

1.5.2 Trencament heterolitic

Els complexos ¢ també participen en processos de trencament heterolitic de
I’enllag o, que intervenen en reaccions tant biologiques com industrials.

En aquest procés 'enllag o X-Y es trenca heteroliticament donant lloc
a una especie carregada positivament i una negativament. Generalment els
dos atoms de D'enllag es polaritzen H*t-X% i I’enllac es debilita. Perque es
trenqui completament ’enllag ¢ cal que un dels dos atoms abandoni 1’esfe-
ra de coordinacié. Generalment, ’espécie carregada positivament (el protd)
és transferida a una base. Depenent de si la base és externa, o interna tin-
drem un trencament heterolitic intramolecular o intermolecular. Un esquema
d’aquests processos es presenta a la figura 1.6.%

Per a un trencament heterolitic intramolecular, cal que hi hagi un lligand
basic cis a ’enllac o capag de descoordinar-se i formar una especie protonada
estable. Després del trencament, I’atom o especie carregada negativament
acostuma a coordinar-se al complex metal-lic. Aquest nou lligand pot ser un
altre hidrogen o qualsevol X com CRj3, SiR3,... En el cas d’un trencament
heterolitic intermolecular, no és un lligand en cis qui capta el proté, sind una
base externa al complex. No es déna la descoordinaci6 de cap dels lligands i
només s’allibera el proté. El trencament heterolitic intramolecular conserva
la carrega i perd un nimero de coordinacié respecte el complex o, mentre
que el trencament heterolitic intermolecular disminueix en un la seva carrega
i conserva el nimero de coordinacio.

El trencament heterolitic d’enllacos Si-H és un cas especial, ja que la po-
laritzacié de ’enllac es déna en sentit contrari, Si®t-H°~. Enlloc de formar-se
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un proto susceptible de ser captat per una base es forma un hidrur. L’especie
carregada positivament és el silici que s’allibera de 'esfera de coordinacid,
acostuma a interaccionar amb anions en solucié, com OH™ o F~.

A grans trets es pot dir que el trencament heterolitic es veu afavorit
en complexos electrofilics amb forta donacié ¢ i baixa retrodonacié, que no
estabilitza la interaccié metall-enllac o fent que sigui vulnerable a I’atac d’una
base.
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Capitol 2

H-H, enllacos d’hidrogen i

transferencia protonica

Existeixen diferents tipus d’enllagos d’hidrogen, els més coneguts son els que
formen part d’estructures biologiques tan famoses com I’ADN, i potser els
menys coneguts, pero no per aixo menys importants, sén els que formen
els complexos de metalls de transicié. Els complexos de metalls de transi-
cio, sobretot els que contenen hidrurs, poden formar una petita gran varietat
d’enllagos d’hidrogen que tenen un paper transcendental en les transferencies
protoniques en complexos organometal-lics. Tant els complexos amb enllagos
d’hidrogen com els mecanismes de transferencia protonica sén centre d’aten-
ci6 en aquest capitol.

2.1 Els enllacos d’hidrogen

L’estructura d’aquestes interaccions respon a l’esquema X-H--A. El grup X-
H ha de tenir un cert caracter acid respecte A, i A és ’atom acceptor de
la interaccié que en principi ha de tenir un parell d’electrons lliures. La
interaccié X-H%t--A%~, permet una estabilitzacié que pot arribar a ser molt
important energeticament i estructuralment.

Els enllacos d’hidrogen es coneixen des de principis de segle passat, tot i
que no van passar a formar part del coneixement general fins el 1939, gracies
a Pauling. Fins als anys 90 es coneixien tres tipus d’enllagos d’hidrogen
els forts, els moderats i els debils. En tots tres casos I’atom acceptor de la
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interaccié és un atom electronegatiu amb un parell d’electrons lliure.%

Els enllagos d’hidrogen forts, son els formats per la combinacié d’atoms
F-H--F~, O-H--O~ 0 bé O™-H:-O. Sén enllagos a dos centres, molt direccio-
nals, amb distancies molt curtes i amb energies d’interaccié superiors a 15
kcal /mol.

Els enllacos d’hidrogen debils, sén els que responen a un esquema X-H--A.
On X i A han de ser atoms forgosament electronegatius, i X-H és un acid
feble. Formen enllagcos multicentre, hi ha perdua de la direccionalitat i les
energies d’enllag baixen sota les 4 kcal/mol.

Es consideren enllagos d’hidrogen moderats aquells que no pertanyen ni
al grup dels forts, ni al grup dels debils, i per tant les seves energies es troben
entre 4 i 15 kcal/mol.

Avui en dia aquesta nomenclatura encara es conserva, pero es coneixen
nous enllacos d’hidrogen en els que ’atom acceptor no és un atom electrone-
gatiu. Per distingir uns enllacos d’hidrogen dels altres, s’anomenen enllacos
classics els que es coneixien abans dels any 90 (A electronegatiu), i no classics
als descoberts posteriorment.®” Es va veure que per formar un enlla¢ d’hi-
drogen no és necessari que X sigui molt electronegatiu, sin6 només que X-H
sigui una mica polar. A tampoc té perque ser un atom o anié particularment
electronegatiu, 1 només cal que tingui accessible una carrega negativa.

Actualment es coneixen quatre classes d’enllacos d’hidrogen no classics,
que es diferencien segons quin és ’atom o grup que actua com a acceptor.
Els quatre acceptors no classics sén:

un sistema 7 (normalment un anell), X-H- - 7;%-101

un metall de transicié, X-H.-M;102-104

un hidrur d’un metall de transicié, X-H--H-M;!511!
i un hidrur de bor, X-H.--H-B.112113

Per la seva implicacié en mecanismes de transferéncia protonica a metalls
de transicio, i la seva participacié en multiples processos catalitics en els
que també participen els complexos o, en aquesta tesi es presenten en detall
dues d’aquestes quatre classes d’enllag d’hidrogen no classic. Els enllacos
d’hidrogen a un metall de transicié X-H--M i a un hidrur d’un metall de
transicié X-H--H-M.

Un altre tipus d’enllag d’hidrogen interessant va ser descobert fa pocs
anys, té un acceptor classic i un donador no classic. Els hidrurs de metalls de
transicio cationics, poden actuar com a acids i formar enllacos d’hidrogen del
tipus [M-H]*--B.1**118 Aix{ els hidrurs de metalls de transicié sén espécies
duals que poden ser acceptors A i donadors X-H.
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2.1.1 Enllacos d’hidrogen X-H--M

Els enllagos d’hidrogen no classics X-H--M es caracteritzen perque 1’acceptor
de la interaccié és un metall de transicié amb un parell d’electrons en un
orbital d no enllagant (veure figura 2.1 (a)). Es un enlla¢ d’hidrogen molt
semblant als enllacos d’hidrogen classics, amb la diferencia que en aquest cas
el parell d’electrons no enllacant prové d’'un metall de transicié enlloc d’un
heteroatom.

Aquesta interaccié M--H-X, porta facilment a interpretacions erronies i
sovint és interpretat com una interacci6 agostica X-H. Encara que les simili-
tuds estructurals sén grans, diferenciar entre un enlla¢ d’hidrogen M--H-X i
una interaccié agostica H-X, és en general senzill. Les interaccions agostiques
son enllagos a 3c-2e, el metall és deficient en electrons, I’enllag ¢ X-H déna
densitat electronica al metall i el metall retrodonacié cap a I'enllag o* X-H
(veure apartat 1.2). En canvi en un enllag d’hidrogen la interaccié és a 3c-
4e, el metall no ha de ser deficient en electrons. En general hi ha diferents
maneres de saber quina interaccié tenim, aixi en complexos plano-quadrats
a 16-e7, es pot distingir facilment entre agostics i enllacos d’hidrogen. En
aquests sistemes, els agostics provoquen un desplacament a camp alt en la
ressonancia de protons, mentre que els enllagos d’hidrogen provoquen un des-
placament a camp baix, respecte el lligand lliure. Distingir entre una i altra
interaccio pot no ser facil per alguns complexos, en cas de dubte normalment
els enllacos d’hidrogen debils sén els que estan afavorits.!%4

La descoberta de ’enllag d’hidrogen amb metalls de transicié

Aquest tipus d’enllag d’hidrogen no classic ja s’havia proposat abans de la
seva descoberta, degut a les similituds amb els enllagos d’hidrogen classics.
[’enlla¢ X-H interacciona amb els parells d’electrons lliures de tipus d del me-
tall de transicid, situacié que no és tant diferent a 1’enllag d’hidrogen classic.
Tot i la recerca d’evidencies que demostressin I'existencia d’aquest enllag des
dels anys 70, no es van aconseguir localitzar estructures intermoleculars amb
aquest tipus d’interaccié fins als 90.1'% Si que es van localitzar estructures
intramoleculars, pero al no localitzar-ne d’intermoleculars, és va creure que
la interaccié era deguda a efectes esterics.

L’any 1990 Vinogradova et al. van publicar un estudi on s’indicava la
formacié d’un enllag d’hidrogen entre el 4-fluorofenol i metalls de transici6
rics en electrons, metal-locens de Ru i Os i derivats de rodi norboradie-
nilciclopetadienil.'?>12! Tot i aquest treball, es considera que els descobri-
dors d’aquest tipus d’enllag d’hidrogen sén Brammer i col-laboradors, ja que
van aconseguir resoldre mitjancant difraccié de neutrons la primera estruc-
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tura amb un enllag X-H--M. Van estudiar una sal d'un complex de plati
bimetal-lic [Pr"4N]o[PtCly]cis-[PtCly(NHyMe)y| que presenta una interaccié
N-H--Pt. L’estructura caracteritzada per difraccié de neutrons, mostra una
distancia Pt--H de 2.26A i un angle N-H-Pt de 167°. Posteriorment, el ma-
teix grup va observar enllagos d’hidrogen ionics caracteritzats en estat solid
mitjancant difraccié de neutrons,'%%10%:122 j en solucid.'?®?* Destaca 1’estu-
di en el qual es va detectar una interacci6 H:--Co en el parell ionic simple,
[RsNH]"[Co(CO)4]~. L’estructura presenta un enlla¢ N-H allargat i una
ditdncia H--Co curta, de 2.50A.125 Es va determinar la forca de I’enllac N-
H--Co mitjangant la modificacié de lligands, es va observar que un augment
de la basicitat del cobalt mitjancant canvi de lligands CO del metall per
fosfines, implicava un augment de la interaccié N-H--Co.

Les interaccions entre diferents donadors de protons i complexos
“sandwich” i “half-sandwich” de Fe, Ru, Os, Co, Rh i Ir van ser estudia-
des mitjangant espectroscopia IR.1?® També es van realitzar mesures accura-
des d’espectroscopia IR en medi supercritic per diferents alcohols fluorats.?”
Aixi com estudis NMR, en els que es va observar una reduccié de la cons-
tant d’acoblament 'H-’ N NMR en sistemes amb enlla¢ d’hidrogen tipus
X-H--M.1%8

Importancia de I’enllag d’hidrogen M--H-X

Aquests enllacos d’hidrogen en els que el metall actua com a acceptor de
protons, tenen especial interés ja que poden ser una via de protonacié de
complexos de metalls de transici6. I per tant una eina per a la generacio
d’hidrurs i polihidrurs organometal-lics. L’interés d’aquests enllagos també
rau en l'estabilitzacié donada al sistema gracies a la construccié d’aquestes
interaccions, que son claus en miiltiples procéssos quimics, i prenen especial
importancia en la construccié d’estructures supramoleculars.

En la protonacié d’hidrurs de metalls de transicié sovint existeixen dife-
rents posicions susceptibles de formar un enlla¢ d’hidrogen amb un donador
de protons. Les posicions en les que és possible protonar un hidrur orga-
nometal-lic s6n el centre metal-lic i hidrur (o hidrurs). En general, el lloc
de formacié de I'enllag d’hidrogen coincideix amb el lloc de protonacid, per
tant I’estabilitat i selectivitat dels complexos amb enllacos d’hidrogen pot ser
clau per a ’obtencié dels hidrurs o dihidrogens. Un intermedi amb un enllag
d’hidrogen del tipus X-H--M possiblement portara a la protonacié del centre
metal-lic.
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2.1.2 Enllacos d’hidrogen X-H--H-M

Un hidrur d’un complex de metall de transicié6 pot actuar com a acceptor
de protons formant un enllag d’hidrogen no classic X-H--H-M, que es carac-
teritza perque 'acceptor de protons (donador d’electrons) és 'enlla¢ M-H.
L’enllag no té cap parell d’electrons no enllagant i forma la interaccié gracies
al parell d’electrons o enllacant. Es pot veure una representacié d’aquest
tipus d’enllag d’hidrogen a la figura 2.1(b). Perqueé aquesta interaccié es do-
ni cal que el centre metal-lic sigui menys electronegatiu que I’hidrogen de
I’hidrur, aixi es produeix un atom d’hidrogen relativament ric en electrons i
els dos hidrogens tenen densitat de carrega oposada X-H°*.-Ho~-M.

Aquests enllacos sovint s’anomenen enllacos de dihidrogen,'? el motiu
és clar, és un enllag d’hidrogen no classic amb dos atoms d’hidrogen i una
distancia H-H curta. El nom es troba encara més encertat en veure la re-
percussio que tenen aquests enllagos en diferents mecanismes on participen
els complexos de dihidrogen. Tot i aix0, o justament per aixo, aquesta no-
menclatura pot induir facilment a confusions entre enllacos de dihidrogen i
complexos de dihidrogen. Per aquest motiu no s’usara aquesta terminologia
en aquesta memoria.

Donat que ’hidrogen enllagat al metall té una densitat de carrega negati-
va (hidrur) i ’hidrogen enllagat a la base conjugada del donador de protons
té una densitat de carrega positiva (prot4), anomenarem aquesta especie ad-
ducte hidrur-proté enlloc de complex amb enllac de dihidrogen. Les energies
d’interaccié d’aquestes especies acostumen a estar entre 2 i 8 keal/mol, de-
penent de la natura de X i M. Les distancies H--H en aquests compostos sén
més llargues que en els complexos de dihidrogen i es troben entre 1.75 i 2.2
A 129

Els polihidrurs de metalls de transicié poden presentar un cas especial
d’aquest tipus d’enlla¢ d’hidrogen. Dos hidrurs en posicions proximes po-
den formar enllacos d’hidrogen bifurcats M-H--H-X. Els enllagos d’hidrogen
bifurcats es caracteritzen perque un donador de protons interactua amb dos
enllacos o M-H, tenen distancies H--H més llargues que els no bifurcats (veure
figura 2.1(c)). Existeix un altre tipus d’estructura bifurcada a concentraci6
elevada de donadors de protons, conté dos atoms d’hidrogen del donador de
protons interaccionant amb un mateix hidrur.

La descoberta de ’estructura hidrur-proté

Els primers resultats que feien entreveure I’existéncia d’aquest tipus d’enllag
d’hidrogen es van publicar 'any 1986 de la ma de Milstein i col-laboradors.
Tot i aixo la primera evidencia clara de la seva existencia no es va trobar fins
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(@ (b) (©)

Figura 2.1: Enllacos d’hidrogen; centre metal-lic (a), enllag M-H (b), i dos enllagos

M-H (c) com a acceptors de protons.

8 anys més tard, el 1994. L’any 1986 es va estudiar el complex d’iridi cis-
[IrH(OH)(PMe),][PF¢]. Les anomalies que presenta I’estructura feien pensar
en un nou tipus d’interaccié. S’observa un angle Ir-O-H de 91°, una confor-
macié H-Ir-O-H eclipsada, i una distancia H-H de 2.441A, distancia massa
llarga per ser considerada un enlla¢g d’hidrogen. Els autors van proposar
Iexisteéncia d’una interaccié atractiva entre dos atoms d’hidrogen.'®® Poste-
riorment I'estudi de difraccié de neutrons a baixa temperatura sobre aquest
complex va determinar la posicié dels atoms d’hidrogen amb més exactitud.
Es va veure que la distancia H--H és de 2.40 A i angle Ir-O-H de 104.4°,'3
que confirma una distancia H-H allargada respecte les que es coneixien per
un enlla¢ d’hidrogen.

Anys més tard, el 1994, Berke i col-laboradors van suggerir la formacio
d’interaccions del tipus M-H’t.-H%~-X. Segons els seus estudis, complexos
amb aquestes interaccions precedirien la protonacié d’hidrurs de metalls de
transicié i la formacié de complexos de dihidrogen.!3?

La primera evidéncia de l’existencia d’un enllag d’hidrogen entre un do-
nador de protons i un hidrur d’un metall de transicid, es va aconseguir
al mateix temps i independentment per dos grups d’investigadors. Els
grups de Crabtree i de Morris van aconseguir detectar enllagos d’hidrogen
curts de 1.8 i 1.75A. En els dos casos es tracta d’una interaccié intramo-
lecular en un complex d’iridi. Crabtree i col-laboradors van estudiar el
[{(CoHgN)N=C(OH)Me} IrH,(PPhj3),]*.1% Van detectar que el grup amina
es troba en forma d’iminol, degut a una interaccié entre ’enllag Ir-H i I'en-
llag OH, la distancia H--H no es va poder determinar en estat solid. Mesures
"H-NMR T} en solucié van mostrar una distancia H-H de 1.8A i acobla-
ment entre els hidrogens Ir-H i O-H, mostrant cert caracter covalent. La
forga de la interacci6 es va estimar en 4 kcal/mol. El sistema de Morris era el
[Ir(H--HNC5H,;S-n')2 (PCys3)o] BF 4,110 133 caracteritzat en solucié i mitjangant
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difraccié de raigs X. La posicié dels hidrogens no va poder ser determinada
amb precisié. El complex mostrava dues interaccions Ir-H--H-N, estimades
en 1.75 A gracies a mesures de temps de relaxacié 73.'% Un estudi compu-
tacional fet per Hoffmann i Liu sobre un model del mateix sistema (PHjs per
PCys), va confirmar la interaccié atractiva H--H i va concloure que tenia una
natura majoritariament electroestatica.'34

Posteriorment, Morris i col-laboradors van detectar I'existencia d’enllacos
d’hidrogen H--H bifurcats. Van estudiar diferents complexos d’iridi amb
enllagos d’hidrogen intramoleculars del tipus Ir-H---HO i Ir-H:-H-N, detec-
tant una interaccié bifurcada del tipus Ir-H--H(N)--HN, i un bifurcat Ir-
H"H(N)"F-B.109’135

La primera estructura hidrur-proté intermolecular va ser observada per
Crabtree, Eisenstein i col-laboradors, en el complex [(PPhs)sReHs] amb indol
que presenta un enllag d’hidrogen bifurcat.!¢13® Les distancies H-H sén de
1.7312.21 A i els angles NH--H-Re de 119 i 97°, segons dades de difraccié de
neutrons. La interaccié va ser estimada en 4 kcal/mol segons espectres IR en
estat solid. Calculs DFT sobre el model [ReHs(PH3)3]NH;, van confirmar la
naturalesa atractiva de la interaccié. Les distancies H--H en el model eren de
1.92 i 2.48A, i ’energia d’interacci6 pujava fins unes 8 kcal /mol en fase gas.

Altres estudis van rebelar estructures de tipus hidrur proté en estat solid i
solucié, per altres complexos i acids febles.'3? 143 Espectres IR sobre diferents
sistemes van mostrar que la forca de la interacci6 estava correlacionada amb
I’acidesa de X-H i la basicitat de M-H. Es va veure que les energies d’interaccié
es troben dins el rang entre 2 i 10 kcal /mol,'*! energia comparable a la d’'un
enllag d’hidrogen classic de forca moderada o debil.

Importancia de ’adducte hidrur-proto

La importancia d’aquest tipus d’enllagos d’hidrogen M-H--H-X, es veu en
multitud de processos catalitics,'**146 amb aplicacions en multiples camps de
la quimica.?®%126:147 De tots els processos on intervenen aquestes especies,
cal destacar el procés de transfereéncia protonica d’un acid debil a un hidrur
d’un metall de transicié i la conseqiient formacié d’un complex de dihidrogen.
La transferencia protonica a un hidrur d’un metall de transicié ha estat molt
estudiada, i és un dels temes claus en aquesta tesi, per aquest motiu es
tractara amb més detall en ’apartat 2.3.

Un altre procés on trobem intermedis estabilitzats gracies a la formacié
d’estructures amb enllagos d’hidrogen H--H és la metatesi d’enllagos o, on es
pot formar un intermedi amb un anell a 4 atoms. Depent de quin enllag o
es formi o trenqui, es passa per un intermedi hidrur-proté.%3
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Aquestes especies son claus degut a 'estabilitzacié estructural que com-
porta la formaci6 d’enllagos d’hidrogen. Les interaccions hidrur-proté poden
contribuir de manera molt significativa a augmentar ’estabilitat de diferents
sistemes com estats conformacionals moleculars en solucié i produir effectes
en empaquetament cristal-li o agregacié molecular en estat solid. Aquest fet
té importants aplicacions en quimica supramolecular, com van saber veure
Morris i col-laboradors, en la construccié de polimers basats en cations de
metalls alcalins i polihidrurs anionics.!8

2.2 Transferencia protonica al metall

El centre metal-lic d’un complex organometal-lic pot actuar com a base i ac-
ceptar un proté d’'un donador de protons. Si aquest procés es dona s’obté un
hidrur d’un metall de transicié com a resultat de la transferencia protonica.
La transferéencia protonica es déna a través del mecanisme presentat a la
figura 2.2. Un complex organometal-lic i un donador de protons reaccionen
per formar diferents especies;

[M]--H-X un complex amb un enllag d’hidrogen M--H intermolecular,

[M]-H* X~ un hidrur cationic amb interaccié electroestatica amb la
base conjugada anionica associada al donador de protons, i

[M]-H™ un complex hidrur cationic.

Segons quin sigui el complex organometal-lic i segons quin sigui el donador
de protons, tindrem més o menys intermedis estables i el producte final sera
I’hidrur cationic o un dels intermedis. Per un donador de protons fortament
acid la deteccié d’intermedis amb enllagos d’hidrogen és dificil, ja que la
transferencia total del proté esta afavorida. La deteccié d’intermedis amb
enllacos d’hidrogen és més senzilla per donadors de protons d’acidesa debil
o moderada, com alcohols fluorats.

El mecanisme de la transferencia protonica va ser investigat pel grup de
Shubina que va estudiar la transferencia protonica d’un proté de 1’acid tri-
fluoroacetic a diferents compostos organometal-lics, per espectroscopia UV-
vis i IR, i van poder caracteritzar cada intermedi del mecanisme de trans-
ferencia, 115:116,119,149

Existeixen complexos amb enllag d’hidrogen de tipus A--H--B, que poden
ser considerats una “parada” en la transferencia protonica de A a B. La
posici6 del proté al llarg de la coordenada de reaccié depen de les basicitats
relatives de A i B. Les interaccions en sistemes de tipus [X-H]*[M]~ poden ser
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+ - + -
M +H-X —>M-~H-X—> M—H"X —>M—H + X

Figura 2.2: Representacié de la transferéncia protonica, des d’un donador de

protons X-H a I’atom central d’un complex organometal-lic M.

vistes com a enllacos d’hidrogen M-H incipients, i el sistema pot representar-
se com a M-H--X. Si el complex on es dona la transferencia protonica és un
hidrur o polihidrur organometal-lic, és possible que es doni una reordenaci6
dels lligands del complex i es formi un dihidrogen (veure secci6 2.4).

La tranferencia protonica també es pot donar en sentit invers, i protonar
una base X a partir d’un hidrur organometal-lic cationic. El mecanisme que
segueix aquesta transferencia protonica és el descrit anteriorment pero en
sentit oposat.

2.3 Transferéncia protonica a ’hidrur

En un hidrur o polihidrur d’un complex organometal-lic, la transferencia
protonica es pot donar al centre metal-lic, o es pot donar sobre un dels
hidrurs. Si es déna en el centre metal-lic seguira el mecanisme descrit en la
seccié 2.2. La transferéncia protonica a un hidrur d’un metall de transicié
és d’especial interés degut a que és una via de formacié de complexos de
dihidrogen. El mecanisme d’aquesta transferencia passa per la formacié de
diferents intermedis,

[M]-H--H-X un complex amb un enllag d’hidrogen H--H intermolecu-
lar, que anomenarem adducte hidrur-proto,

[M]-(n*-H,)" X~ un complex de dihidrogen catidonic amb interaccié
electroestatica amb la base conjugada anionica associada al donador de
protons que anomenarem parell ionic intim, i

[M]-(n*-H,) " un complex de dihidrogen cationic que anomenarem di-
hidrogen.

El producte final de la reaccié és diferent segons el complex organo-
metal-lic estudiat, el donador de protons, el medi i les condicions de reaccié.
El producte pot ser un dels tres intermedis del mecanisme, si algun d’ells
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és prou estable. Aixi, s’han obtingut estructures corresponents a adducte
hidrur-prot6 i dihidrogen estables. El mecanisme de transferéncia protonica
a un hidrur va ser proposat per Morris'®? i Shubina!®® ’any 2001, uns mesos
més tard de l'inici de les investigacions que es presenten en aquesta tesi. Per
tant, tot i que avui en dia aquest és un mecanisme ja acceptat, en l'inici de
I’estudi que es presenta no era aixi. A més a més de dihidrogens o adductes
hidrur-protd, la reaccié de transferencia protonica a un hidrur pot tenir altres
productes. A partir del complex de dihidrogen, es pot obtenir per exemple
un polihidrur classic, eq. 2.1.

[M] = (0" — Hy)* 2 [M] — (H)S (2.1)

El producte més comt i també més interessant des d’un punt de vista
quimic és I’alliberament de Hy, donat que ens permet interpretar miltiples
resultats experimentals i té eventual connexié amb el problema practic de
I’emmagatzematge d’hidrogen (veure seccié 1.5). La reaccié d’eliminacié d’-
hidrogen molecular respon a l’eq. 2.2.

[M] = (n* = Ha)" 2 [M]" + Hp (2.2)

En la majoria de casos el producte de la reaccié no és aquest complex
cationic, amb una vacant a l'esfera de coordinacié del centre metal-lic, siné
que la base conjugada del donador de protons (A~) ocupa el lloc lliure a
I’esfera de coordinacié estabilitzant-se ella mateixa i estabilitzant també el
complex metal-lic. Aixis’obté una especie amb la base conjugada del donador
de protons coordinada al metall ([M]-A) i hidrogen, (eq. 2.3).

[M] — (n* — Hy)* + A~ 2 [M] - A+ H, (2.3)

Un esquema global del mecanisme de transferencia protonica es pot veure
a la figura 2.3, per un complex octaedric. Els reactius sén un hidrur d’un
complex d’un metall de transicié (1) i un donador de protons HX, que formen
un complex de tipus adducte hidrur-proté (2). Aquesta especie evoluciona
formant una especie amb un lligand dihidrogen, que manté una interaccio
amb la base conjugada del donador de protons (3), i que anomenem parell
wonic intim. Aquest pot evolucionar eliminant la interaccié entre el lligand
dihidrogen i el donador de protons, formant un complex de dihidrogen ca-
tionic (4). La separacié entre aquestes dues espécies només es donara en
cas que el dissolvent assisteixi aquesta separacié. El complex dihidrogen pot
evolucionar eliminant Hy i formant un complex cationic amb una vacant a
Pesfera de coordinacié (5), que posteriorment pot coordinar la base conju-
gada del donador de protons (6). El dihidrogen pot no evolucionar cap a
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’eliminaci6é d’hidrogen molecular i formar un dihidrur classic (7). En el cas
d’un complex octaedric, la formacié d’aquesta especie heptacoordinada no és
en principi favorable a no ser que el complex elimini un dels lligands.

Figura 2.3: Mecanisme de transferéncia protonica a o des d’un hidrur de metall

de transicié

Es un mecanisme reversible, podem obtenir un dihidrogen a partir d’un
hidrur i un donador de protons ((a)—(c)) o bé obtenir un hidrur i una ba-
se protonada a partir d’un dihidrogen, ((c)—(a)). De la mateixa manera,
podem obtenir Hy a partir d’un hidrur i un donador de protons, ((a)—(d)).
O bé, a partir d'un complex organometal-lic i Hy podem obtenir un com-
plex de dihidrogen ((e)—(d)) o un complex hidrur i la protonacié d’una base
((e)=(a)-

El mecanisme de transferéncia protonica passa per un seguit d’interme-
dis en els quals es déna generacié de carrega, figura 2.3. Aquestes especies
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fan que aquest sigui un mecanisme assistit pel dissolvent. Escollir un o un
altre dissolvent és clau en 'estabilitzacié de les diferents especies. La trans-
ferencia protonica estad més afavorida per dissolvents poc polars que pels
apolars, i més afavorida pels apolars que en el buit, degut a que constants
dielectriques lleugerament elevades del dissolvent afavoreixen l’etapa de se-
paracié de carregues catié dihidrogen i anié (c). La resta d’estapes estan
lleugerament més estabilitzades per dissolvents apolars que per dissolvents
poc polars. L’estabilitat dels tres intermedis i el desplacament dels equi-
libris depén de les constants d’acidesa dels diferents reactius. Els pK, de
reactius i productes depenen del dissolvent. Per aix0 s’ha dedicat temps i
esforgos a elaborar taules d’acidesa en diferents dissolvents. En alguns ca-
sos les constants de velocitat dels equilibris del mecanisme no correlacionen
amb les constants d’acidesa,'®® degut a la formacié de parells homoconjugats
o enllacos d’hidrogen. La influencia del hidrurs en la formacié de comple-
x0s adducte hidrur-proto, pot ser quantitativament escalada d’acord amb el
factor de basicitat, E;.'*!

2.3.1 Resolucio del mecanisme

El mecanisme de transferencia protonica d’un donador de protons a un hidrur
per formar Hy, o el procés invers (figura 2.3 (a)«—(e)), va ser proposat
per diferents grups d’investigaci4.!0%113:136.141 T 54 proposta es basava en que
s’havien aconseguit adductes estables amb enllacos d’hidrogen no classics de
tipus hidrur-protd; aixi com complexos amb lligands dihidrogen. L’existencia
d’aquestes especies va fer suposar que les transferéncies protoniques portaven
a la formacié d’intermedis adducte hidrur-protd, que formaven dihidrogens i
aquests alliberaven Hs.

La primera observacié experimental, que donava peu a acceptar el me-
canisme va ser 1’observacié d’equilibri dinamic entre ’adducte hidrur-proto
(2) i el parell idnic intim (3), equilibri (b) figura 2.3. Aquest equilibri va
ser observat I’any 1997, mitjancant estudis cinétics 'H NMR, per Chau-
dret i col-laboradors.!® S’estudiava la transferéncia protonica intermo-
lecular, entre el dihidrur RuHy(dppm)s, i els donadors de protons HOR
= PhOH i HFIP (HOCH(CFs3);). Es va observar I'equilibri entre trans-
[(dppm),HRu(H--HOR)]| i [(dppm)HRu(n*-Hs)|*(OR)~. Experimentalment
van determinar que el complex de dihidrogen era unes 17 kcal/mol més esta-
ble que ’adducte hidrur-prot6. L’existencia de 1’especie hidrur-proté va ser
confirmada per dades IR. Experimentalment es va observar que el donador
de protons HFIP portava a I’eliminacié de Hs 1 a la formacié d’un complex
de tipus [M]-OR. Orlova i Scheiner van dur a terme calculs DFT sobre aquest
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sistema, que els van dur a confirmar els minims hidrur-proté i parell ionic
intim.!%% L’estabilitat del parell idnic intim respecte 'adducte es va estimar
en unes 10 kcal/mol.

Després d’aquestes observacions, diversos estudis teorics i experimentals
van estudiar ’efecte que té el donador de protons sobre la transferencia
protonica.'® 1%  Gruendemann i col-laboradors van estudiar la influéncia
del medi,' i van veure la importancia de la constant dielectrica del dissol-
vent en el procés. Més tard Epstein i Shubina van trobar més indicis en
concordanca amb el mecanisme.'3*1%87160 Van observar els intermedis de la
transferencia protonica en medi poc polar o apolar, variant la concentracio
i la forca del donador de protons, mitjancant estudis NMR i IR a tempe-
ratura variable. Van aconseguir dades termodinamiques sobre els diferents
passos de la reaccié. Basallote i col-laboradors van estudiar cineticament
diferents hidrurs de ferro i ruteni amb acids forts mitjancant metodes elec-
troquimics.!56:161,162  Aquests no van aportar informacié estructural, perd
van aconseguir determinar les barreres d’activacio.

Després d’aquesta introduccié es podria pensar que els factors que gover-
nen els mecanisme de transferencia protonica sén del tot coneguts pero la
veritat és que encara queda molta feina per fer. A grans trets es pot resumir
dient que queden per estudiar els efectes del metall, els lligands i el medi de
reaccio, sobre la basicitat i el perfil energetic de la transferéncia protonica.

2.3.2 Estimacio6 del perfil energetic

Gracies a diferents estudis, tant computacionals com experimentals, d’a-
cord amb el mecanisme presentat a la figura 2.3, es pot descriure semi-
quantitativament el perfil energetic de la transferencia protonica a un lligand
hidrur en soluci6.!!® 15!

Els reactius de la transferéncia protonica sén un donador de protons H-
X i un hidrur d’'un metall de transicié (1). Aquestes espeécies poden tenir
interaccions intermoleculars debils en solucié. Es considera que no es forma
una estructura de tipus adducte hidrur-proté (2) fins que la distancia H--H
no és igual o menor de 2.4 A. En general aquestes estructures de tipus ad-
ducte hidrur-proté tenen unes distancies H-H forca més curtes, d’uns 1.7 A.
L’estabilitat relativa de I’adducte hidrur-proté respecte les espécies separades
estd estimada en una energia d’entre -5 i -7 kcal/mol. La barrera estimada
per aquesta primera etapa en solucié és d’unes 3 o 4 kcal/mol respecte a
reactius.

L’estabilitat relativa del parell ionic intim (3) respecte ’adducte hidrur-
prot6 (2) esta estimada en menys de -7 kcal/mol. Aquest pas (b) del meca-
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nisme és el de barrera més alta en el procés de transferencia protonica, esta
estimada en unes 10-14 kcal/mol i la distancia H-H en uns 0.9 A. El pas del
parell ionic intim (3) al dihidrogen (4) esta estimat entre -2 i -9 kcal/mol,
s’espera que les especies (3) i (4) tinguin estabilitats semblants. La separacié
d’aquestes especies esta assistida pel dissolvent, i es suposa que la barrera
d’aquest procés és baixa.

2.4 Competéncia metall / hidrur

En general els hidrurs de metalls de transicié presenten com a minim dos
centres basics, el centre metal-lic (seccié 2.2), i 'hidrur (seccié 2.3). Tots
dos processos de transferencia protonica s’inicien per la formacié de 1’enllag
d’hidrogen, M--H-X o M-H--H-X. La formaci6 d’una o altra especie acostuma
a decidir quin és el lloc de protonacid, i per tant si la transferencia és al
metall o a I’hidrur.

Acostuma a haver-hi preferéncia cinetica per la protonaci6 a ’hidrur en-
lloc del centre metal-lic, fins i tot quan la protonacié pel metall esta termo-
dinamicament afavorida. Aixo és degut a que la protonacié al metall necessita
una reordenaci6 electronica i geometrica important que fa que el procés sigui
lent; mentre que la protonacié al lligand hidrur només implica un petit canvi
en l'esfera de coordinacié. Per tant, ’acidesa cinetica per formar el complex
de dihidrogen acostuma a ser més gran que la dels seus corresponents dihi-
drurs.'63:164 Perg aixd no vol dir que la protonacié al centre metal-lic no es
doni, només vol dir, que en general només es dona quan els efectes esterics i
electronics impedeixen que la protonaci6 es doni en els hidrurs.

Saber si la transferencia protonica s’ha donat a un hidrur o al centre
metal-lic pot ser important, pero no és senzill. No n’hi haura prou en conéixer
quin és el producte de la reaccié ja que, per a diferents complexos s’observa
un equilibri entre les dues espécies [M]-Hy i [M]-(n*-Hy)™, equilibri (f) de
I’esquema 2.3. El producte de la protonacié a I’hidrur del metall de transicié
pot ser un dihidrur, o l'alliberacié d’hidrogen molecular, i el producte de la
protonacié al centre metal-lic pot ser un complex de dihidrogen. Per saber en
quin centre basic es déna la transferencia protonica cal fer un estudi cinetic
del sistema, experimental o teoric.
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Si-H, estructures inusuals

Existeixen diferents lligands de complexos organometal-lics basats en silici,
el més comi i en general estable és el lligand silil (-SiR3), que és I’'equivalent
al lligand alquil per al carboni. En els complexos amb un lligand hidrosilil
(-SiHR»), aquest pot interconvertir-se en un lligand hidrur i un silile (-H,
-SiRy). Els lligands sililé s6n els analegs als carbens per a silici i generalment
son menys comuns que els lligands silil. La importancia i I'interés de 1'es-
tudi d’interconversié entre complexos silil i hidrur-silile rau en que el procés
implica ’activacié d’enllacos Si-H.

Com passa sovint en miultiples camps, sovint les coses no sén tan senzilles
com poden semblar a primer cop d’ull. En el cami de I’estudi de la intercon-
versié entre complexos amb lligands silil i complexos amb els 1lligands hidrur
silile, es va veure que a més a més d’aquestes dues estructures M-SiHR, i
H-M-SiR, es podien formar un conjunt d’estructures inusuals de tipus no
classic, en diferents casos més estables que les classiques. La formacié d’a-
questes especies no és en general postulada experimentalment.

3.1 Silici i carboni

Degut a la importancia que té el carboni en miltiples aspectes de la quimica,
acostuma a ser dificil tractar determinats elements, com el silici, sense
comparar-los amb ell. Sovint quan pensem en el silici, un element molt
important en miltiples camps, pensem en un atom de carboni, aixo si, més
“gros 7. La veritat és que aix0 no deixa de ser curids, i és que cal no oblidar
que el silici és el segon element més abundant sobre ’esfera terrestre després
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de l'oxigen, i que és de vital importancia per exemple en ciencia de materials
degut a les seves propietats com a semiconductor.

Parlar del silici com un atom de carboni més “gros” és certament, una
simplificacié agosarada, pero com tots sabem les simplificacions sén bones en
alguns casos i en d’altres evidentment, molt dolentes. El que si que esta clar,
és que so6n elements del mateix grup, que estan un a sobre ’altre a la taula
periodica, i per tant molt més semblants entre si que moltes altres parelles
d’atoms.

El siliciiel carboni tenen configuracions electroniques [Ne]3s® 9p? i [He| 25>
2p? respectivament, cosa que els déna comportaments similars i diferents. El
silici és considerat un element semi-metal-lic i el carboni un no-metall. El
radi covalent del silici és 0.34 A més gran que el del carboni, i el carboni és
0.7 punts més electronegatiu en ’escala de Pauling. A més a més el carboni
presenta usualment més d’'una valencia estable +4, +2, -2 i -4 mentre el silici
n’acostuma a presentar una +4.

Les propietats del silici en compostos organosilans son prou diferents de
les propietats del carboni en els seus compostos organics analegs. El silici i el
carboni tenen en comii modes de configuracié d’enllag (CX,—2 ¢ i SiX,—2 ¢),
aixi com mecanismes i intermedis de reaccié. Les diferencies en la reactivitat
dels dos elements, rauen en les diferents estabilitats relatives dels modes de
configuracié d’enllag (CX,,, SiX,) i dels intermedis de reaccid.

El silici és un element hipervalent mentre que el carboni no ho és, cosa
que fa que les configuracions d’enllag CX5 i CXg siguin rares o desconegudes
per al carboni i en canvi per al silici, SiX5 i SiXg, siguin relativament usuals.
Altres configuracions d’enllag sén afavorides per al carboni (CXy i CXj) i
no per al silici (SiXs i SiX3). Aixd és degut a queé el carboni forma enllagos
7 més estables que no pas el silici. Hi ha una configuracié d’enllag comi i
estable tant per al silici SiX, com per al carboni CX,, en aquest cas trobem
les principals similituds entre els dos elements.

La comparacié entre els lligands basats en silici i els basats en carboni,
té especial interés gracies a la relacié de les especies basades en silici amb
I’activacié de l'enllag Si-H. I per tant la comparacié dels seus analegs en
carboni és més interessant si es relaciona amb ’activacié de ’enlla¢ C-H.

3.2 Els silils

S’acostumen a anomenar “silils”, els complexos que contenen coordinat al
metall almenys un lligand silil. Els lligands silil sén lligands constituits per
un atom de silici trisubstituit del tipus -SiRg3, on R poden ser diferents grups
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o atoms: alquils, oxans, sulfans, nitrans, hidrogen, clor, ... Els lligands silil
es troben a l’esfera de coordinacié de miultiples complexos organometal-lics,
i acostumen a formar complexos estables. En aquest lligand 'atom de silici
presenta una hibridacié de tipus sp3.

3.2.1 Una mica d’historia

El primer complex amb un lligand silil coordinat al metall, va ser el complex
de ferro, Cp(CO),FeSiMes descobert I'any 1956 per Wilkinson.'®® Tot i aixod
no va ser fins a la decada de 1970 quan es van comencar a desenvolupar una
gran varietat d’aplicacions d’aquest tipus de complexos, com la hidrosililacié
d’olefines.

En els ultims trenta-cinc anys s’han caracteritzat complexos amb lli-
gands silil per a una gran quantitat de complexos de metalls de transicid.
S’han dut a terme nombrosos estudis per determinar la reactivitat d’aquestes
especies i s’ha desenvolupat una varietat de metodes sintetics.!6%167 D’en-
tre els metodes usats per 'obtencié complexos de metalls de transicié amb
lligands silil, destaquen 1’addicié oxidativa i la metatesi.

3.2.2 Formacié de lligands silil

L’addicié oxidativa de silans i la metatesi dels mateixos sén en general, les
dues vies que s’utilitzen per a I’obtencié de complexos de metalls de transici6
amb lligands silil.

L’addicié oxidant d’enllacos Si-H es du a terme per addicié d’un hidro-
sila (H-SiR3) a latom central d’'un complex organometal-lic. El mecanisme
d’addici6 oxidant es troba explicat a ’apartat 1.5.1. Els atoms X-Y de la
figura 1.5, representen la parella d’atoms Si-H.

Per a la formacié de ’enllag silici-metall de transicié via metatesi, sera
imprescindible que coordinat al metall (M), hi hagi un lligand (L) capag de
formar un enllag amb ’hidrogen de I’hidrosila (veure figura 3.1).

Tant per a la metatesi com per a I’addicié oxidant, és necessari almenys
un lloc lliure a 'esfera de coordinacié del metall de transicié. Aquest lloc
lliure pot ja existir en el complex, si és estable en aquesta forma, o bé es
pot aconseguir a partir de complexos metal-lics considerats precursors. Els
precursors es caracteritzen per tenir facilitat per perdre alguns dels seus
lligands, com per exemple CO o PR3 mitjancant termolisi o fotolisi.

En I'addicié oxidant es déna un augment del nombre de coordinacié del
metall que ha de ser un complex a 16 electrons o menys. En la metatesi el
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Addicié oxidant

2+ H

M\—SiR3

X+
M —H
Metatesis

Figura 3.1: Addici6 oxidant i metatesi d’un sila a un hidrur d’un metall de tran-

sicio.

complex de partida pot ser a 18e~ per que no canvia l'estat d’oxidacié del
metall, en I'intermedi es formen els nous enllagos M-Si i L-H, al mateix temps
que es trenquen els enllacos Si-H i M-L.

En la figura 3.1 es pot veure una representacié dels processos addici6
oxidant i de metatesi sobre un hidrur d’un metall de transicié. El resultat del
procés complet és el mateix per tots dos processos, pero el cami pel qual s’obté
és diferent. En1’addicié oxidant es passa per diferents intermedis representats
a la figura 1.5, i un cop donada I’addici6 oxidant s’acaba produint la pérdua
d’hidrogen molecular. En el cas de la metatesi es produeix un intermedi o
estat de transici6 amb un anell de quatre atoms. El cami que es segueix
és important ja que el producte de la reaccié pot ser el resultant del procés
d’addicié oxidativa o metatesi complet, perd també pot ser que el producte
sigui un dels intermedis.

La reaccié d’un hidrosila amb un centre metal-lic via addicié oxidativa
pot produir un complex amb dos enllagos classics (2c-2¢), o un complex amb
un enllag no classic (3c-2e) tots dos fruit d’addicions oxidatives retingudes.

Els metalls de transicié primerencs (grups 3-5) tenen un estat d’oxidacié
elevat i afavoreixen la metatesi. En canvi, els metalls de transicié tardans
(grups 9-10) sén més rics en electrons i acostumen a formar complexos amb
menys de 18-electrons i per tant afavoreixen ’addicié oxidant. Els grups del
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6 al 8, i de vegades el grup 5, estan constituits per metalls amb baix estat
d’oxidacio, aixo fa que normalment siguin possibles tant la metatesi com 1’ad-
dicié oxidant, d’entre les dues el procés que s’acostuma a donar és I'addicio
oxidant. El paper del sila es pot modelar segons els substituents al silici. En
general grups enllacats al Si sense requeriments esterics i electronegatius o
electrodonadors com per exemple SiCls, afavoreixen ’addicié oxidativa.

Els lligands del complex, el centre metal-lic, i els substituénts R que porta
el sila (H-SiR;3), no només marquen si es déna addicié oxidativa o metatesi,
siné també l'estabilitat dels intermedis. Depenent de la suma dels efectes
(electronics i també estérics), s’obtindran com a productes estables unes o
altres especies.

3.3 Els sililens

Els sililens sén els analegs dels carbens, responen a una estructura del tipus
:SiRs, sén especies divalents i altament reactives.

El nostre interés en aquestes especies no rau en la seva estabilitat com
especies organiques, sind en la seva capacitat per actuar com a lligands en
complexos de metalls de transicié. Igual que en el cas dels silils, ens interes-
sen la formacié, estabilitat i propietats del lligand silile. Els complexos que
contenen com a minim un lligand silile, els anomenarem sililens. Se n’han
caracteritzat per a un gran ventall de complexos organometal-lics amb dife-
rents centres metal-lics, diferents lligands a I’esfera de coordinaci6é del metall
i diferents grups substituits al silici. Els substituents del silici poden ser des
d’alquils a halogens, com es déna en els silils.

Estudis de reactivitat fets sobre complexos amb lligands silil i silil si-
lile, mostren que el doble enllag M=Si esta fortament polaritzat en el sentit
Mt =Si’~. Aquest fet fa que els complexos silile experimentin facilment un
atac nucleofilic al silici del lligand silile. L’alta reactivitat envers nucleofils
el fa susceptible de reaccionar amb nucleofils comuns, com aigua, alcohols,
cetones o fosfines.!68

El doble enllag metall-silile pot activar enllagcos C-H aromatics. Aixo és
important per 'estabilitat i reactivitat d’aquests complexos, ja que molts
complexos organometal-lics contenen lligands trifenilfosfina, dppe (difenilfos-
finaeta),... En aquests casos i si és estéricament factible, un dels enllagos C-H
d’un grup fenil de la fosfina, reaccionara amb I’enllag M=Si per formar una
interaccié M--H i una Si--C. El producte de la reaccié pot ser un hidrur silil

o un silil i ’eliminacié d’hidrogen mitjan¢ant la descoordinacié d’un lligand
basic.16®
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3.3.1 Una mica més d’historia

El primer complex silil no va ser descobert fins al 1956 i no es van fer avencos
en aquest camp fins als anys 70, aixi no és d’estranyar que les primeres
propostes d’estructures corresponents a lligands silile no arribessin fins a la
mateixa época.

Abans de la caracteritzacié d’estructures d’aquest tipus es va postular la
seva existencia com a intermedis en diversos processos catalitics. L’any 1970
un treball de Yamamoto et al, presentava les reaccions de monomeritzacio i
oligomeritzacié d’un hidropentametildisila (SioMesH) en presencia de trans-
PtCly(PEt3), per formar una especie del tipus SipMeg, 1 H, on n=1-6.1%° Per
explicar la formaci6 d’aquests productes es va proposar un mecanisme en
el que en el primer intermedi el complex de plati incorpora un sila formant
un complex hidrur-silil (H-[M]-SiMe,SiMes), que evoluciona eliminant un sila
SiMesH i formant un complex amb un lligand silile ([M]-SiMe,). En un tercer
pas incorpora una molecula de Si,_1Me,,_1H al complex formant un silil, de
manera que es forma un hidrur silil silile, (H-[M]-(Si,_1Meg, 1) (SiMey)).

Posteriorment es va proposar un altre mecanisme amb intermedis silil i
silil silile, en aquest cas el complex metal-lic era el catalitzador de Wilkinson
(RhC1(PPhj)3) i I’hidrosila el HySiPhMe.1™

L’any 1977 Schmid i Welz van publicar la sintesi del primer complex amb
un lligand silile.!”" La irradiacié de Fe(CO)s en preséncia de HSiMey(NEts)
produeix un complex amb un lligand silile, el (OC),Fe=Si(Me,NHEt,). El
lligand silile no es troba “lliure” sin6 estabilitzat per una molecula de die-
tilamina. No es va poder dur a terme una caracteritzacié d’aquesta especie
mitjancant raigs X, ja que el complex es mostrava inestable a temperatu-
ra ambient. L’any 1987, dos grups van aconseguir caracteritzar els primers
complexos amb lligands silile, estabilitzats per una base. El grup de Zy-
bill van sintetitzar i caracteritzar el complex (OC);Fe=(Si(O'Bu);B), on
B= HMPA i THF,'™ i el grup de Tilley va fer el mateix per al complex
Cp*(Me3P),Ru=Si(Phy(NCMe)).173

El primer exemple de complex silile isolat sense cap base estabilitzant el
silici, no va poder ser caracteritzat fins 'any 1990 i no se’n va aconseguir la
corresponent estructura de raigs X.!™ L’observacié va ser realitzada de les
mans del grup d’investigacié de Tilley sobre un complex de ruteni. El com-
plex que es va aillar era el [(n°-CsMes)(PMes);Ru=Si(SR),BPh4| on R=Et,
p-MeCgH,. El mateix grup va aconseguir uns anys més tard la primera es-
tructura de raigs X d’un complex silile lliure.!”

Posteriorment es va voler demostrar la importancia d’aquestes especies
en les migracions 1,2. Els esforcos van donar el seu fruit ’any 1998, al
mateix grup que havia aconseguit aillar el primer complex amb un lli-
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gand silile.!”® El complex on es va poder observar la migracié 1,2 va ser
el complex de plati, [(dippe)Pt(Me)SiHMe,|, (dippe= ‘PryPCH,CH,P Prs,
Mes=2,4,6-Me3CgHs). Es va observar que el complex no reaccionava du-
ent a terme una migracié de ’hidrogen del grup SiHMes, per formar una
espécie pentacoordinada, perd que si s’afegia una especie B(CgF5)3 reaccio-
nava rapidament per formar una especie nova, que corresponia a 1I’hidrur-silile
[(dippe)(H)Pt=SiMesy]. El B(CgF5)3 descoordina el lligand metil del com-
plex, fent que es pugui dur a terme la migracié sense haver de formar una
especie pentacoordinada.

3.3.2 Formacio de lligands silile

Existeixen diverses vies de formacié de complexos amb lligands silile. Depe-
nent de les propietats del complex metal-lic i del silile que es vulgui aconseguir
s’haura d’escollir una via de formaci6 o una altra.'®®

En cas que el grup silile (:SiRs) que volem coordinar a 'esfera de coor-
dinacié del complex metal-lic sigui estable, una de les vies de formaci6 del
complex és I’enllag de silile lliure a un complex metal-lic. La reaccié
directa d’un fragment metal-lic [M] insaturat amb un silile lliure és una de
les maneres més senzilles d’obtenir un complex silile. Aquest metode també
pot ser aplicat a sililens inestables generats téermicament o fotoquimicament.

Un mode de formacié de sililens és I’eliminacié de dihidrogen de
dihidrosilans. Per que el producte final sigui un silile, en 1’eliminacié de
dihidrogen hi ha de participar el complex metal-lic. Aix{ el dihidrosila RySiH,
interacciona amb un complex metal-lic [M]-L que acaba produint el complex
silile [M]=SiRg, hidrogen molecular Hy i I’eliminacié d’un lligand L.

Una altra via de formacié de sililens és a partir de silils. En el cas de
tenir un complex amb un lligand silil ([M]-SiHR»), es pot donar una migra-
ci6 1,2 de I’hidrogen, per formar l'espécie hidrursilile (H-[M]-SiR,). Es
possible que si el metall té I’esfera de coordinacié saturada, sigui necessaria
I’eliminacié d’algun lligand labil per coordinar I’hidrur.

Una altra possibilitat és I’abstraccié d’hidrogen d’un complex silil,
en el cas de tenir un complex amb un lligand silil en que almenys un dels
seus substituents sigui un hidrogen, el que es pot dur a terme és I’abstraccié
d’aquest hidrogen mitjancant una base. En aquest cas el complex quedara
carregat positivament i anira acompanyat d’un contraié i necessitara una
base que estabilitzi el silici.

Les reaccions fotoquimiques de complexos disilanil(carbonil)
([M]-SiMe,SiMeR5) s6n una altra via de formacié de complexos sililens, ja
que poden donar lloc a un complex monosilil ([M]-SiMe3) o a un complex
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silil silile (Me3Si-[M]-SiMe,).
Hi ha altres vies de formaci6 de complexos silil silile, entre d’altres fotolisis
i metodes termics per generar complexos insaturats.

3.4 Les migracions

Anomenem migracions a les reaccions en les que un atom o grup canvien
de posici6 dins d’un mateix complex. Per exemple, quan un substituent
d’un lligand passa a coordinar-se al metall central, o bé quan un lligand
d’un complex canvia de posicié i passa a actuar com a substituent d’un altre
lligand. Hi ha una nomenclatura acordada per a les migracions, s’atorguen
dos numeros a cada migracié que descriuen la posicié inicial i final del grup
que canvia de posicié. Els nimeros és donen segons els atoms en els que
el grup que migra forma o trenca ’enllag. Es déna el nimero 1 al metall,
als atoms enllacats directament al metall se’ls déna el nimero 2, als atoms
que estan enllagats a un atom enllagat al metall el 3,... Independentment de
quina sigui la situacié inicial, i quina ’estructura més estable els nimeros
sempre es donen en ordre creixent.

La classificacié entre reacciéns de migracio i reaccions d’insercio és ar-
bitraria i en general no té implicacions mecanistiques. En el cas de comple-
xo0s organometal-lics amb lligands silil, silile i silil silile, es donen en general
dos tipus de migracions. La migracié d’'un grup R’ lligand d’un complex
silile (R’-[M]-SiRy) de la posicié 1 a la 2 per formar un silil ([M]-SiR'Ry), i a
I'inversa, és una migraci6 1,2-R. I la migracié d’un grup silil d’un silil silile
(R3Si-[M]-SiR’;) de la posicié 1, a la 3 per formar un silil ([M]-SiR’;SiR3), o
el procés contrari, és una migracié 1,3-SiRs3.

Les migracions acostumen a ser usuals per R=H o R=Me, molts cicles ca-
talitics i les transformacions per a sistemes metall-silici impliquen migracions
de tipus 1,2. Els complexos silile del tipus L,M=SiR, han estat generalment
assignats com a intermedis claus en els processos de migracié 1,2 i migracio
1,3.

3.5 Les estructures inusuals

La presencia d’estructures no classiques en complexos amb lligands del tipus
n? H-SiRj3 es va demostrar als anys 70, i és actualment més que acceptada
(veure seccié 1.3.3). Els productes no classics de I'addicié oxidativa d’un
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enlla¢ Si-H poden ser considerats complexos o, enllacos a 3c-2e™, o com-
plexos amb interaccions agostiques. Els complexos o o bé amb interaccions
agostiques ja han estat comentats a les seccions 1.3.3 i 1.2. Els complexos
amb enllagos a 3c-2e™, fruit d’una addicié oxidant retinguda, poden tenir
com a pontant metils, silils, clors o hidrogens.

Diferents grups experimentals han postulat I’existéncia d’una estructura
d’un complex d’un metall de transicié que conté un lligand silil i un hidrogen
pontant entre el metall i el silici. Compostos corresponents a aquesta estruc-
tura van ser caracteritzats per grups experimentals de Spaltenstein et al. i
Luo et al. 'any 1994. Spaltenstein et al. postulaven a partir d’una estruc-
tura de raigs X, l'existencia d’un enlla¢ o Si-H coordinat a un complex de
titani.!”” El complex presenta una distancia Si-H massa llarga per a un silil,
i massa curta per a un hidrur silile, de manera que es considera el resultat
d’una addicié oxidant retinguda. El mateix passa en el complex de molibdé
de Luo et al.!”® Tilley va proposar una interaccié entre I’Atom metal-lic i el
silici en un complex de ruteni que contenia un grup silaciclopentadienil.'™
Delpech et al. van presentar una estructura de raigs X d’un complex de
ruteni que presentava dos enllagos d’hidrogen H--Si.!80

Per a complexos que no tenen lligands H-SiR3 siné SiRj3, aquestes es-
tructures també poden existir. En aquest cas, no sén ni tan usuals ni tan
conegudes. Es coneixen algunes estructures de tipus complex o i agostics per
sistemes amb lligands “SiR3”.

En sistemes monometal-lics, la interconversié de complexos silil o hidrur
silile en estructures de tipus no classic, no és en general postulada. Aixo
es pot atribuir basicament a tres factors: la gran estabilitat que tenen els
complexos silil, I'interes dels diferents grups experimentals per aillar la pri-
mera estructura de raigs X amb un lligand silile lliure (sense ser estabilitzat
per una base), a més a més de la ja comentada dificultat de localitzar amb
precisié els hidrogens a nivell experimental.

Sembla ser que 'interés per la caracteritzacié del primer complex silile
(no aconseguida fins el 1997), ha dificultat la postulacié experimental de
la formacié d’aquestes especies. Estructures experimentals susceptibles de
formar algun tipus d’interaccié no classica, havien estat caracteritzades pero
no ben interpretades.

El motiu principal de la falta de assignacié d’estructures com a no
classiques és la dificultat en la localitzacié dels hidrogens a nivell experimen-
tal. Les caracteritzacions s’acostumen a fer a partir de difraccié de raigs X,
que no permeten localitzar els hidrogens. La posicié dels hidrogens és assig-
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Figura 3.2: Complex silil (A), hidrur silile (B) i estructures no classiques “pon-

tant” (C1 i C1’), “paraigiies” (C2) i “romboide” (C3 i C3’); M = MLy,.

nada a posteriori a partir de la posicio dels altres atoms, fent que 'estructura
tingui sentit quimic per a la persona que la resol. Per tant, estructures dife-
rents que difereixin quasi inicament en la posicié dels hidrogens no es poden
diferenciar mitjancant raigs X. Malauradament el fet d’assignar-les com una
o altra estructura depen de que busqui el que la resol.

Aquest fet, i la dificultat en alguns casos per veure les bandes IR d’enllacos
metall-hidrur mitjacant analisis 'H-NMR, ha fet que en molts casos no es
pugui saber si tenim una estructura tipus hidrur silile o silile amb un hidrogen
pontant entre el metall i el silici. Per tant, si experimentalment es prenen
com a uniques especies possibles les especies silil i silile, encara que no es
tinguin especies classiques s’assignaran com a tals. El resultat és que en
els multiples estudis d’interconversié entre lligands silil i silile, quasi cap
estructura experimental del tipus -SiR3 ha estat assignada com a no classica.

Tot i aixo, des de finals del segle XX diversos treballs experimentals han
proposat i detectat algunes d’aquestes estructures. Les estructures que s’han
localitzat fins a data d’avui, responen a tres tipus que em classificat en: “pon-
tant” C1, “paraigiies” C2 o “romboide” C3. Un esquema de la geometria
que adopten aquestes especies es presenta a la figura 3.2
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3.5.1 Estructura tipus “pontant” (C1 i C1’)

L’estructura que em assignat com a estructura de tipus C1, és un complex or-
ganometal-lic amb un lligand silile i un grup pontant entre el centre metal-lic
i el silici. La diferencia entre C1 i C1’ és que en el cas de C1’ l'especie
pontant és un enllag, que forma un B-agostic X-H al metall.

No tenim noticia que hi hagi hagut cap grup experimental que hagi de-
mostrat 'existencia d’una especie C1, per un complex monometal-lic, tot i
que s’han proposat estructures semblants. Les més usuals son les estructures
hidrogen pontant pero també existeixen estructures on el grup pontant és un
metil o un halogen.

Experimentalment, es coneix de I’existencia d’hidrogen pontants en un
important nimero de complexos bimetal-lics, que presenten un grup SiHR,
(o més) coordinat a un dels atoms metal-lics, formant un enllag o Si-H amb
laltre atom metal-lic del complex.'81-186

Estudis computacionals han postulat ’existencia d’aquestes especies, no
només per a hidrogens pontants sin6 també per a altres atoms o grups, com
per exemple halogens o metils. L’any 2002 es va publicar en el si del nostre
grup, un estudi pioner en la proposta d’aquestes estructures,’®” el qual esta
inclds en aquesta tesi. El mateix any de la publicacié del nostre primer treball
en aquesta area, Tilley i el seu grup van participar en estudis que combinaven
els resultats de la quimica teorica i experimental.

El grup de Tilley, eminentment experimental, és un dels grups d’investi-
gacié que més a desenvolupat la quimica dels complexos oganometal-lics amb
lligands silil i silile. El grup va iniciar les investigacions en aquesta area sent
un dels dos grups de recerca que va caracteritzar el primer complex amb un
lligand silile,!™ també va aconseguir efectuar la caracteritzacié del primer
complex amb un lligand silile no estabilitzat per una base,'™ i fer la primera
observacié d’una migracié 1,2 d’un silil per formar un hidrur-silile.!”® En els
menys de vint anys que han passat des de la publicacié del seu primer article
sobre lligands silil, aquest grup ha publicat més d’una cinquantena d’articles
sobre aquest tema. Els complexos estudiats pel grup abasten molts metalls de
transici.!7176,188-197 Rocentment en un estudi tedrico-experimental, postu-
len la formaci6 d’una estructura hidrogen pontant tipus C1, o « agostic Si-H,
pel complex de hafni [CpyHfSiH(2,6-MeoCgHz)q] ™. 1987200

Un altre treball molt interessant, és el d’un grup d’investigacio
teoric sobre un complex de tungsté.2’’ Pandey et al. van desenvolu-
par un estudi tedric sobre el complex [Cp(PHjs),W(H2SiMey)|™, que va-
ren prendre com a model del sistema experimental estudiat per Tilley
[Cp*(dmpe)W (H),SiMes][B(CsF5)4]*.18  Les posicions dels hidrogens de
I’estructura experimental no van poder ser determinades. Computacional-
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ment es van localitzar diferents minims relativament proxims en energia. El
minim més estable és un dihidrur silile, perdo quatre minims amb una es-
tructura tipus hidrogen pontant van ser localitzades a menys de 5 kcal/mol
d’aquest. Es dificil dir quina és la geometria del complex en el cristall, si un
dihidrur silile o un hidrogen pontant.

3.5.2 Estructura tipus “paraigiies” (C2)

L’estructura assignada a tipus C2, correspon a un complex organometal-lic
amb dos atoms Si i X coordinats al metall, X= Si, C. Un atom o grup pontant
es col-loca en una posicié entre el silici i 'atom X, pel costat oposat al que es
coordinen al metall. L’espéecie es pot interpretar com una estructura que té
Si i X enllacats al complex metal-lic, un amb un enllag doble i ’altre simple,
i que forma un agostic H-X vers el silici. Aquest tipus d’estructura ha estat
localitzat computacionalment i no tenim noticia de cap estudi experimental
que en proposi I'existencia. Tant sols unes estructures proposades per Ogino
i col-laboradors, hi mantenen certa relacié.

El grup de Ogino i Tobita ha estat un dels grups experimentals que més
ha aportat al coneixement general de la quimica del complexos de metalls de
transicié, i més concretament en l'estudi dels complexos amb lligands silil,
silile i silil silile. Van mostrar que un grup alquil (R) d’un lligand silil (-SiR3)
en cas que es donin els requeriments esterics necessaris, és capag¢ d’interacci-
onar amb un lligand silile (SiR’;) que es trobi en el mateix complex i produir
una migracié 1,3 del grup alquil, per formar un nou silil (SiR’5R) i un nou
silile (SiR;).2%2 Al llarg de quinze anys els esforgos del grup en aquesta area
s’han destinat sobretot a ’estudi de la quimica dels complexos amb lligands
bis-silile i silil silile.2932% Entre d’altres treballs destaquen dues publicaci-
ons, una sobre la reactivitat del complexos amb lligands silile,?°” i una sobre
la sintesi de complexos silil silile.?2?® De les estructures proposades per aquest
grup experimental, algunes presenten interaccions no classiques, ja siguin
per formacié d’interaccions agostiques o formacié d’enllacos a tres centres
dos electrons. Molts dels intermedis postulats presenten un dels substituents
del grup silil amb una forta interaccié amb un altre lligand, per exemple un
grup silile en la migracié 1,3. Intermedi que tindria una estructura similar a
C2.

3.5.3 Estructura tipus “romboide” (C3 i C3’)

Les estructures tipus C3 i C3’ sén les que contenen un doble enllag Si=X
coordinat a I’esfera d’un metall de transicié i un grup pontant, veure figura
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3.2. En els casos estudiats el grup pontant és un hidrogen, que forma un
hidrogen pontant i X = C i Si. Si I’hidrogen pontant és troba entre el metall
i 'atom de silici, sera una estructura tipus C3. En canvi si es déna sobre
I’atom X sera una estructura tipus C3’.

El tipus de geometria C3 s’ha assignat experimentalment a més d’un
complex. Una estructura d’aquest tipus va ser proposada per Pan-
nell 2% i posteriorment observada espectroscopicament a baixa temperatu-
ra per Wrighton,?'%2!! que va fer mesures espectroscopiques en el complex
Cp*(CO)FeH(n?-CH,SiMes). L’assignacid a un tipus “romboide” es va deure
a que s’observa una interaccié Si-H debil, que els va fer pensar que potser la
transferencia del silici al metall no era completa.

A T’inici de les investigacions sobre el complexos amb lligands silile, ’any
1988, el grup de Tilley va caracteritzar mitjancant raigs X ’estructura del
complex Cp*(P(7-Pr)3)Ru(H)(n?>-CH,SiPhy). Aquesta estructura va ser as-
signada a un hidrur d’un complex amb un lligand coordinat per un enllag 7
C=Si. El grup tenia dades de raigs X, per tant I’hidrogen que es va assignar
com a un hidrur, bé podria ser un hidrogen pontant.’®” Cinc anys més tard
van fer una revisié dels resultats, ja que les dades 'H-NMR, IR, no permetien
assignar les bandes Ru-H.!%

E11995, Yin et al. van publicar un estudi molt interessant en el que postu-
laven I’existencia d’'una estructura tipus “romboide”. Es tracta d’un complex
de ruteni en el que I’atom metal-lic i el silici tenen un hidrogen pontant, al
pla que formen els tres atoms i en el costat oposat d’on hi ha I’hidrogen hi
ha enllagat al ruteni i al silici un carboni al-lilic pontant(C=CPh,).?!?

L’any 1987, el grup de D. H. Berry va iniciar les seves investigacions al
voltant dels complexos amb lligands silil i silile, estudiant la sintesis de com-
plexos amb lligands silil.2!* Al llarg d’aquests anys el grup ha postulat la
formacié de diverses estructures amb la formacié d’enllagos no classics de
tipus agostic, o per exemple la coordinacié n? del lligand (R2Si=NR’).2* Un
dels treballs experimentals més bonics és el que firmen Dioumaev et al. de
I’any 1999. El sistema estudiat era un complex de ruteni a 16 electrons, el
(PMes)sRu(H)SiMe;. En una comunicacid es postula una estructura amb un
lligand del tipus n*-(Me,Si=CH,).?!® Estructura que es proposa com a in-
termedi per a I’activacié d’enllagos C-H de trencament intramolecular, per a
reaccions d’eliminacié d’hidrogen 8 d’un lligand silil (-SiMes), i per a reacci-
ons d’eliminacié d’hidrogen § d’un lligand sililmetil (-CH,SiHMe,). El grup
de Berry va estudiar el primer tipus de reaccions de trencament intramolecu-
lar. L’interés dels resultats trobats recau en el fet que és el primer cas en el
que s’observa 'activacié intramolecular d’un enllag alifatic C-H, en un com-
plex silil a 16-e~. En la comunicacio es proposa com a resultat de 1’activacio
de I'enlla¢ C-H la formaci6 d’un hidrur d’un complex amb un lligand del tipus
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n%-(Me,Si=CHy;), o bé -SiMe,CH,-, on tant el silici com el carboni estarien
coordinats al metall. L’identificacié del complex I’hidrur n?-(Me,Si=CH,) /
-SiMe,CHs- es va fer a partir de dades NMR, ja que no es van poder separar
els dos complexos per cristal-litzacié. L’any 2003, els mateixos investigadors
van publicar un article on proposaven que la reaccié estudiada passava per
la formacio6 de les espeécies descrites en la comunicacid, pero el producte final
era un complex amb una estructura que segons els autors conté un enllag
B-agostic. Aquest enllag S-agostic [M]CHySiMeo-H faria que es formés un
complex amb un anell a quatre atoms -[M]-C(Hsy)-Si(Mey)-H-.2'% La clora-
ci6 d’aquest complex va permetre aillar i caracteritzar mitjancant difraccio
de raigs X l'estructura de dos complexos que presentaven aquest anell de 4
atoms [(Me3P)3(Cl)Ru(-C(Hz)-Si(Mey)-H-)], un facial i ’altre meridional.



Capitol 4

Precedents computacionals

En aquest capitol es centra 1’atencié en els diferents estudis computacionals
sobre complexos ¢ que s’han dut a terme fins avui. El nostre interés per
aquests rau tant en els resultats obtinguts, com en les eines utilitzades per
dur-los a terme. Tot seguit es presenta una breu discussié sobre els metodes
usats en els estudis sobre complexos dihidrurs, silans o polihidrurs de metalls
de transicié, i posteriorment un resum dels treballs computacionals que ens
han semblat més interessants per la seva relaci6 amb la quimica d’hidrurs,
dihidrogens, silans o estructures inusuals “SiHR,” de metalls de transicié.

4.1 Quins metodes computacionals per a

que?

Aquesta seria sense cap dubte la pregunta del milié en els estudis que prete-
nen usar tecniques computacionals per a la resolucié de problemes quimics.
En la investigacié sobre estructures, propietats i reactivitat quimica és de vi-
tal importancia ’eleccié del metode computacional, cal que sigui adequat per
poder extreure conclusions coherents. De queé serviria dur a terme un estudi
siné poguéssim estar segurs que els resultats que obtenim sén una represen-
tacié de la realitat? Caldra escollir un metode de calcul capacg de representar
el nostre sistema, que ens doni els resultats amb la precisié necessaria per als
nostres objectius.

Tecniques computacionals molt precises impliquen temps de calcul ele-
vats, utilitzacié de maquinari potent, estudi de sistemes petits (en general
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models de sistemes més grans). Tecniques computacionals d’alt nivell, per-
meten estudiar sistemes una mica més grans, per tant més propers als pro-
blemes quimics, a cost més baix perd sén menys precisos. Tecniques com-
putacionals de nivell mig permeten I'estudi de sistemes relativament grans, i
s’obtenen resultats no tant precisos. Técniques a nivell baix permeten 1’es-
tudi de sistemes amb gran nimero d’atoms pero en general els resultats no
sén prou precisos.

La combinacié de metodes d’alt nivell, mecanica quantica QM, i de baix
nivell, mecanica molecular MM, ens porta a les técniques hibrides QM /MM.
Aquestes tracten zones diferents d’'una mateixa molecula a diferent nivell de
calcul. També existeixen metodes hibrids QM/QM on la molecula es tracta
a diferents nivells de calcul mecanic-quantic.

Com és conegut en general, el que és bé és car, pero és necessari saber el
que volem i podem “pagar”. Cal usar tecniques apropiades per a cada proble-
ma i sistema. Seria comparable a diferents situacions de la vida quotidiana.
Imaginem que hem de fer un dinar, depenent del nimero de convidats, el
temps per cuinar, I’espai a la cuina i el pressupost farem un meni o un altre.

Per sis podriem fer un dinar molt bé, 3 plats i postres amb materia prima
de primera qualitat, a la cuina de qualsevol casa. Per vint ja hauriem de
triar si estar molt de temps a la cuina o fer alguna cosa més rapida, tindriem
problemes d’espai, i el pressupost augmentaria. Per solucionar els problemes,
podriem reduir el nimero de convidats (fer un sistema model del dinar),
disminuir el nimero de plats a cuinar (utilitzar un model més baix), o llogar
una altra cuina (comprar hores de calcul). Per un dinar de cent persones,
podem reduir el métode a un pica-pica, gastar tot el que tenim en cuines i
cuiners, o reduir el nimero de persones a un model. Per dos-cents ... ja us
ho podeu imaginar.

Si hi posem imaginacid, les técniques hibrides QM /MM i QM/QM serien
encara més curioses, ja que part dels convidats menjarien asseguts i amb
estovalles de roba, i laltra meitat drets i amb estovalles de paper (de fet no
seria tant estrany i el dinar de tesi en seria un exemple). Doncs més o menys
el mateix que passa amb el dinar passa amb els calculs, cal saber fins a on es
pot arribar.

Els primers estudis computacionals sobre complexos de metalls de tran-
sicié amb hidrurs i dihidrogens, eren calculs extended Hiickel sobre sistemes
model petits. Comparant-los amb els estudis que es duen a terme avui en dia
sobre sistemes relativament grans, aquells calculs desperten somriures en les
cares del jovent. Cal pensar pero, que la quimica computacional avanca de
la ma de la informatica. Fa uns quants anys el problema no era només que
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el programari i la metodologia era més escas i menys optimitzat, sin6é que les
computadores també eren menys potents i molt menys accessibles.

Aquest nivell de calcul no permetia obtenir resultats precisos, pero si
qualitatius sobre la naturalesa quimica de les diferents especies. Pel que fa a
I’estudi dels complexos o, aquest nivell de calcul donava, en general i sempre
que no hi haguessin interaccions especials, estructures correctes encara que
no era capag¢ de reproduir les distancies X-H i M-H.

El metode extended Hiickel va ser for¢a utilitzat en ’estudi de petits com-
plexos en fase gas, per a sistemes triatomics MHs o inclis sistemes una mica
més grans, pero s’obtenien resultats allunyats dels experimentals. Calculs ab
initio posteriors sobre el mateix tipus de sistema tampoc hi concordaven. Es
va veure que aquests sistemes senzills necessiten un nivell de calcul elevat,
degut a que tenen orbitals atomics de baixa energia que tant sols sén ben
descrits pels meétodes que tenen en compte la correlacié electronica.?!’ 219

Es molt més interessant, sobretot per a la nostra recerca, I’inici dels es-
tudis sobre complexos ¢ saturats en representacié dels complexos en solucio.
L’estudi dels complexos de dihidrogen allargats va revelar que tenen baixa
sensibilitat energetica a la distancia d’enllag H-H, clau en ’estudi computa-
cional d’aquests complexos, ja que errors petits en ’energia impliquen errors
grans en la distancia H-H, i al reves.??

El complex o i el complex dihidrur (producte de I’addicié oxidativa) sén
dos minims, que difereixen essencialment en la naturalesa dels enllagos en els
que participen els hidrogens. Per una descripci6 correcta del sistema cal que
el metode escollit sigui capag¢ de descriure correctament els dos minims i les
seves estabilitats relatives. Dels estudis computacionals sobre els complexos
o H-X i polihidrurs, es desprén que la correlacid electronica és fonamental
per obtenir resultats representatius. Els estudis HF no descriuen correcta-
ment els sistemes degut a la manca de correlacié associada. La preséncia de
retrodonacio del metall a ’orbital ¢*, implica que en els calculs sense corre-
lacié una estructura tipus dihidrogen es veu estabilitzada en excés respecte
el corresponent dihidrur.?20-224

La incorporacié de correlacié electronica s’acostuma a dur a terme amb
metodes DFT no local o MP2, que donen resultats diferents pero aproximats
als experimentals. Alguns treballs computacionals han centrat la seva atencié
en estudiar quin metode, MP2 o DFT no-local, és millor per representar
complexos o i polihidrurs. Bytheway compara calculs MP2 i BLYP/B3LYP,
troba geometries aproximadament iguals pels dos metodes pero distancies
H-H i M-H diferents.??> Calculs puntuals MP4, tenen energies entre MP2 i
B3LYP, MP2 sobreestima la interaccié Hy-metall i B3LYP la subestima. Un
estudi de Clot i Eisenstein, compara MP2 i BSLYP, prenent com a referencia
calculs puntuals CCSD(T). MP2 sobreestima la interaccié mentre que B3LYP
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la subestima, perd per al sistema estudiat MP2 és més precis.??® Treballs
relacionats amb aquests observen manca de precisié de B3LYP per a sistemes
amb enllacos febles,??” perd d’altres indiquen que és un meétode més acurat
en alguns polihidrurs.??®

A part d’usar un bon metode de calcul, cal usar un conjunt de bases que
descrigui correctament els electrons del sistema.??® Calculs en complexos
polihidrurs i en complexos de dihidrogen suggereixen que és necessari dotar
als atoms d’hidrogen de funcions polaritzacié. El canvi de funcions de base
doble-( a triple-C té efectes, encara que petits en la geometria i energia del
sistema. Per a elements de la tercera serie de transicié és necessari tenir
en compte els efectes relativistics,??%23% que poden ser facilment incorporats
als calculs gracies als pseudopotencials ideats a tal efecte.?3! El canvi en les
funcions de base i metode és més sensible per a complexos dihidrogen que
per a dihidrurs.

A més del metode usat cal fer atencié en el model, per qiiestions de cost
computacional sovint és necessari 1’is d’un sistema model. Es mols important
que representi el sistema a estudiar, siné per més bé que sigui el metode de
calcul no durem a terme I’estudi que ens interessa siné un altre.

L’aparicié de les técniques hibrides QM/MM i QM/QM, ha ajudat a
poder dur a terme estudis abans impossibles, sovint es poden dur a terme
estudis sobre el sistema complet a cost raonable. Es necessari escollir correc-
tament la frontera entre la part QM i la part MM, o en el cas QM/QM entre
les dues parts quantiques. Cal tenir en compte que s’usen dos metodes que
cal escollir correctament perque ens donin resultats realment representatius,
cadascun de la seva partici4.?*?

En general, mitjangant els diferents metodes de la quimica quantica es
poden obtenir bons resultats en fase gas, tot i aixo la major part de les re-
accions quimiques i determinacions estructurals es donen en estat liquid o
solid. Existeixen eines per reproduir ’efecte del dissolvent sobre les propie-
tats quimiques del sistema. Metodes discrets, que descriuen el dissolvent a
escala molecular, metodes continus que descriuen el dissolvent com un con-
tinu dielectric polaritzable, i metodes mixtes discret-continu. Degut al baix
cost i a que en general només sén necessaris resultats qualitatius, els metodes
continus tipus PCM, s6n dels més usats.

4.2 M-H

L’hidrogen és dificil de localitzar experimentalment, pero facil computacio-
nalment. Les estructures experimentals s’acostumen a resoldre per difraccio
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de raigs X, per0o aquesta tecnica potent i a ’abast de molts, no permet
localitzar els hidrogens. L’espectroscopia NMR també a I’abast de molts,
déna informacié estructural pero no la geometria detallada del complex. La
difraccié de neutrons si que permet localitzar-los pero degut a la baixa dis-
ponibilitat de la tecnica i la dificultat per obtenir monocristalls grans no és
usual. En canvi computacionalment I’hidrur té baix cost (és el de menys
electrons).

Les tecniques computacionals han estat usades per corregir estructures
assignades per cristal-lografia de raigs X, el que s’anomena cristal-lografia
computacional.??®23* Inicialment els metodes MO i posteriorment DFT han
sigut capacos de proporcionar estructures acurades per complexos amb me-
talls de transicié de mida relativament gran.?> Coneixent la posicié dels
atoms pesants gracies als raigs X, una manera eficient de localitzar els hi-
drurs és fixar la posicié dels pesants, i optimitzar els hidrogens.?*¢ Si no es
disposa de dades de raigs X, cal optimitzar la posicié de tots els atoms, el
cost computacional és més alt pero els resultats acostumen a ser bons. En
aquests casos és important tenir en compte els diferents minims estables de
la superficie d’energia potencial, dur a terme una recerca conformacional,??!
i que només es poden simplificar els lligands (fosfines per PHjs, silils per
SiHs,...) si no tenen efectes importants sobre el sistema.

Els primers estudis computacionals sobre hidrurs de metalls de transi-
ci6 estaven relacionats amb estudis experimentals en fase gas. Aquests van
interessar els quimics teorics per la manca de solvent i la seva insaturaci
(sistemes petits). En realitat perd aquests sistemes no tenen un cost com-
putacional baix ja que la insaturacié fa que hi hagi estats excitats de baixa
energia a tenir en compte mitjancant metodes computacionals de molt alt
nivell. Els sistemes més senzills, diatomics M-H, van ser estudiats als anys
70 per Bagus i Schaefer,?3” i Scott i Richards,?3® usant funcions d’ona HF.
Posteriorment han estat modelats amb varietat de meétodes computacionals,
CASSCF/CI, CASSCF/MRCI,GVB,..?3! Estudis sobre sistemes MH,, van
mostrar la necessitat d’'un bon metode (inclusié d’efectes relativistics, corre-
lacié dinamica i no dinamica), per determinar correctament I’estat electronic
més estable.?! En estudis en fase gas es van localitzar minims hidrogen
pontant M--H--M a nivell teoric i experimental 239243

4.3 H-H

La formacié de complexos dihidrogen ha fascinat a més d’un, dos i tres ci-
entifics i existeix un gran numero de publicacions que exposen la recerca ci-
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entifica en aquest camp. Com ja s’ha comentat a la seccié 1.3.2, la descoberta
de Kubas va anar precedida de diferents treballs computacionals de Baga-
tur’yants et al., CNDO i posteriorment ab initio, que postulaven I'existéncia
dels complexos de dihidrogen.* 43244245 Gaillard i Hoffman, coetaniament al
descobriment de Kubas, van postular 1’existeéncia d’un complex de dihidro-
gen a partir d’un estudi extended Hiickel.>” Des de llavors s’han dut a terme
gran nombre d’estudis que han centrat 1’atencié en els diferents aspectes de
la quimica d’aquests complexos. El nostre interés no és fer una explicacié
detallada de cadascun dels treballs publicats, siné més aviat donar una breu
explicacié dels treballs computacionals més importants i relacionats amb les
nostres inquietuds.

El complex de Kubas era un complex saturat, i per aixo els primers calculs
de complexos de tipus dihidrogen també eren complexos saturats per lligands
espectadors. La comunicacié de I'existéncia d’un dihidrogen estable va dis-
parar l’activitat dels quimics teorics, i poc després de la descoberta experi-
mental es van publicar diferents treballs sobre el complex. D’aquesta etapa
inicial, cal destacar el treball de Jean et al.®! on mitjancant ’analisis orbi-
talari basat en calculs EH, es van posar les bases de I’aplicaci6 del model de
donacié-retrodonacié als complexos de dihidrogen. Els primers estudis sobre
complexos M(n?-H,) en fase gas es van dur a terme mitjangant metodes ab
initio. Destaca l'estudi sobre el complex neutre Cu(Hy)CI?*6:247 ja que la
majoria de sistemes estudiats sén cationics.?!®248251 Eg va observar que la
interacci6 del dihidrogen amb metalls de la primera serie de transici6 té una
important component covalent.?!8:252-258 També es van identificar les contri-
bucions principals a la interaccié M-(Hy): donacié de 'orbital o Hy al metall
per estabilitzar la carrega ionica, retrodonacié dels orbitals d, ocupats del
metall a 'orbital o* de I'Hs,, hibridaci6 entre els orbitals 3d,2 i 4s (si orbital
3d, esta mig-ple), contribucié minoritaria de la hibridacié d’orbitals 4p (tot
i que sén significativament alts en energia), i una altra minoritaria de les
interaccions electroestatiques no-covalents (carrega induida-dipol i carrega-
quadrupol).

4.3.1 Complexos dihidrogen

Des dels estudis de Bagatur’yants, Saillard i Hoffman*4%57:244:245 diferents
estudis computacionals han servit per determinar la natura i el comportament
dels complexos de dihidrogen.

S’ha estudiat 1’efecte dels lligands en ’esfera de coordinacié del metall,
calculs qualitatius van mostrar que els lligands 7 disminueixen la retrodona-
ci6 prevenint el trencament de I’enllac H-H i afavorint I’existéncia de com-
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plexos ¢.2597263 Calculs HF amb restriccions geometriques, van permetre lo-
calitzar el complex W(CO)3(PH3)9(Hz) pero no van reproduir ni la distancia
H-H ni la barrera rotacional,®? estudis HF posteriors van obtenir resultats
millors.?* Lis de metodes post-HF (MP2,CCSD(T)) i DFT ha permés
contixer I'efecte del centre metallic i els lligands en el complex,?26,265-270
aixi com l'estabilitat del M(H)(Hs) cis i trans i la competéncia pels llocs de
coordinaci4.?1-2™3

Altres treballs tracten la competéncia i interconversié entre dihidrur i
dihidrogen. Lin i Hall, van buscar tendencies periodiques en la formacio
de dihidrurs i dihidrogens, per a MH, (PH3),,, CpMH,Ls_,,, CpMH, Ls_,,
MH, (CO)mL, i MH, Cl,, Ly, en diferents metalls de transicié.?”* Van dibuixar
una linia imaginaria diagonal a la taula periodica que passa per Ru i Ir en
complexos neutres, o per Tc-Ru i Os-Ir en cationics (complexos amb lligands
fosfina). Els elements de la dreta de la linia tendeixen a la formacié de
dihidrogens, els de I’esquerra a dihidrurs i els de la linia poden formar ambdés
isbmers.2"

L’efecte del lligand L trans a Hy en els complexos dihidrur i dihidrogen
M(CO)4(L)(Hs), va ser estudiat mitjancant CCSD(T)//MP2.2"5 Per a la
majoria de metalls i lligands només era estable el dihidrogen. Els dihidrurs
es formen per a metalls 5d amb lligands 7= donadors trans a H,, i alguns
formen els dos isomers.

Un estudi sobre el ¢is-W(CO)3(PH3)2(H)s va determinar que no hi havia
barrera significant per passar del dihidrur (menys estable), al corresponent
dihidrogen.?® L’acoblament d’intercanvi quantic en trihidrurs també va ser
estudiat localitzant en alguns casos un minim,?">2™® i en d’altres dos.?"® 25
En lestudi dels complexos de ferro, ruteni i osmi, M(PHj3)3Hy, es va veure
que l'introduccié d’efectes relativistics era necessari per representar-los .23°

Diferents eines computacionals permeten 1’analisi de la interaccié de Hs-
M, T'Analisi de Descomposicié d’Energies (EDA),?%6:287 'Estat de Tran-
sici6 Extés (ETS),2%288:289 1'Anjlisis de Descomposicié de Carregues
(CDA),?™6:29 Jeg freqiiéncies vibracionals H-H i M-H i la d’stretching H-H
(ajuden a determinar el grau de coordinaci¢)®®2% i la teoria Atoms In Mo-
lecules (AIM).291-293

4.3.2 Enllagcos d’hidrogen i dihidrogen

Els enllacos d’hidrogen no classics tenen un paper clau en les transferéncies
protoniques, veure secci6 2.3. Els enllagos d’hidrogen no classics X-H--M, han
estat estudiats tant experimentalment com computacionalment. Alkorta et
al van publicar un treball computacional on estudiaven aquestes interaccions
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en sistemes neutres i idonics.?’* Els enllagos de dihidrogen es van descobrir

gracies a I’analisi de difraccié de neutrons del FeHy(Hy (PEtPhsy)s, que presen-
tava el lligand Hs en la bisectriu de ’angle cis H-Fe-P. Un estudi EHT sobre la
barrera rotacional del Hy, mostrava compromis entre la retrodonacié Fe-H, i
una interaccié entre Hy i un hidrur del complex.?®® Posteriorment es va dur a
terme un estudi ab initio, sobre el sistema i es va confirmar la geometria expe-
rimental.?*® Xu et al. van mostrar que els lligands espectadors sén molt im-
portants en la formacié d’aquestes interaccions. Interaccions semblants van
ser localitzades computacionalment en altres complexos.!!0:113,270,271,297,298
Diversos estudis computacionals han revelat que pot ser necessari I’is d’un
model gran, que pot fer recomanable 1'is de métodes QM /MM. 111,136,299

4.3.3 Acoblament de bescanvi quantic, efecte tunel

1 300 1 301

Weitekamp et a i Zilm et a van explicar 'any 1989, els espectres
'H-NMR a baixa temperatura de ML,H; de Chaudret®’? i Heinekey®*® per
acoblament de bescanvi quantic (QEC), raonant les constants d’acoblament
mitjangant ’efecte tunel entre dues configuracions equivalents.

Zilm va proposar un mecanisme per al bescanvi dels hidrurs dels com-
plexos MH(H;),3°%3% que derivava d’un estudi anterior.?®® El primer estudi
ab initio sobre el mecanisme de bescanvi d’hidrurs de Zilm, RHF, sobre els
sistemes model Cl,MH; M= Nb,Ta,?” no va reproduir I'estat fonamental
trihidrur,?% Un estudi posterior del sistema complet CpoMH3, B3LYP si va
aconseguir fer-ho.280

Limbach va estudiar tres possibles mecanismes,””’ el de Zilm, la rotacio
dels hidrurs fora del pla (no coincidia amb experiment), i un pre-equilibri
entre I’estat fonamental trihidrur i I'isomer MH(H,). Lledds, Lluch et al. van
combinar calculs ab initio i dinamics RHF i MP2 en I’estudi de ’acoblament
de bescanvi quantic segons el tercer mecanisme,?”"2"® van buscar el cami del
tinel en una dimensio i van calcular les freqiiéncies computacionals. Clot et
al. van ser els primers en usar un model bidimensional,3®® MP2. S’han dut
a terme importants estudis en aquest camp.3%?31°

307

4.3.4 Complexos dihidrogen allargats

Després del descobriment del dihidrogens es consideraven polihidrurs els com-
plexos amb distancies H-H de més de 1.6 A, i dihidrogens els de distancies
H-H d’entre 0.8 i 1.0 A. Els complexos que presenten distancies H-H entre
aquestes dues franges s’anomenen complexos de dihidrogen allargats.
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La teoria Atoms In Molecules, mitjancant analisis de densitat electronica
va determinar que en general dos atoms d’hidrogen situats a I’esfera de coor-
dinacié d’un metall de transicié i separats per més de 1.0 A no presenten punt
critic d’enllag.?®® Els allargats també han estat estudiats mitjangant descom-
posici6 d’energies, i analisi de la retrodonacié. L’energia de transferencia de
carrega és gran en els allargats, es pot interpretar com a l’addicié oxidant
parcial proxima a la formacié de dos hidrurs.®'® Les energies d’enllac del
dihidrogen s6n més grans per als allargats (23-45 kcal/mol) que pels comple-
xos de dihidrogen (15-20 kcal/mol),?*! i correlacionen bé amb les distancies
d’enllag.

La forma de la superficie d’energia potencial al llarg de la coordenada
Ry _gu en els dihidrogen allargats ha estat estudiada. Els allargats es poden
considerar especies amb un trencament homolitic de Hy parcial, o bé, com
dihidrur i dihidrogen en equilibri a través d’un procés de trencament i for-
macié d’enlla¢ de baixa energia,'®® o una explicacié alternativa es basa en
el moviment rapid dels dos hidrogens en una superficie potencial poc pro-
funda.3'” Sense tenir en compte el metode de calcul, la superficie d’energia
potencial pels complexos allargats és poc profunda i anharmonica respecte
a la variacié de la distancia H-H.?3! Aix{ la millor descripcié dels complexos
son dos hidrogens movent-se per una regié gran de 'esfera de coordinacié del
metall, quasi lliurement.

Els calculs teorics van ser clau per entendre aquestes interaccions i per
localitzar els hidrogens. Tot i aix0 es coneixen casos en els que computa-
cionalment no s’han pogut reproduir les dades experimentals, la distancia
H-H en IrH(H--H)Cly(P'Pr3), és de 1.1A, en el model IrH(H--H)Cly(PHs), a
nivell MP2 i B3LYP la distancia H-H de 1.40 i 0.984A respectivament. En el
complex ReH7(PHj), les distancies H-H depenen del métode, B3LYP preveu
enllagos H--H més forts i M-H més deébils que MP2.22°

Per un tractament més acurat d’aquestes interaccions cal combi-
nar calculs DFT amb calculs quantics de moviment nuclear. El com-
plex [Cp*Ru(H--H)(dppm)]*™, presenta segons difraccié de neutrons una
distAncia H-H de 1.1A, Calculs B3LYP i CCSD(T) sobre el model
[CpRu(H--H)(H,PCH3PH,)]"™ mostren un minim en una superficie forta-
ment anharmonica, amb una distancia H-H de 0.89A.3'8 A partir de calculs
quantics de moviment nuclear es va obtenir I’energia dels nivells de vibracio,
que reproduien els experimentals. Calculs similars en altres sistemes donen
resultats satisfactoris.?!? Dels mateixos autors cal destacar diversos estudis
computacionals més recents, i un interessant review sobre els complexos de
dihidrogen allargats.320-322
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4.3.5 Trencament de ’enllag H-H

Com ja s’ha vist en els apartats 1.5.11 3.2.2, el trencament de I’enlla¢ H-H per
un metall de transicié es déna principalment via addicié oxidant o metatesi
d’enllagos o.

Addicié oxidant. Ha estat centre d’atencié en diferents estudis ab initio,
el primer dels quals va ser dut a terme per Kitaura et al.’? S’addicionava
H, sobre el complex lineal Pt(PHj), (d'?), per formar els complexos dihidrur
plano-quadrats Pt(PHj)oH, (d®), cis i trans. Es van aplicar técniques de
gradient analitic per localitzar I'estat de transici6.32%3% Un altre treball
ab initio pioner, va mostrar que ’estat de transicié per la formacié de cis-
Pd(H,0),H,, era similar a reactius amb distancies M-H iguals i una distancia
H-H d’entre 0.75 i 0.90A.52

L’addici6 de Hy; en el complexos d® plano-quadrats tipus Vaska
Ir(PRj3)2(CO)X ha estat forga estudiada.??® Es poden formar dos complexos
octaedrics d® segons el pla d’entrada de 1'H,. El sistema es va estudiar a di-
ferents nivells de calcul.?2":328 Els efectes de X sobre el sistema i I'estabilitat
termodinamica dels productes van ser estudiats.?233? Es va veure que X
m-acceptors promovien I’addicié de Hy mentre que X m-donadors la desafavo-
rien. A part d’aquest estudis, se’n han dut a terme molts altres, 3333 també
sobre I’efecte d’acids de Lewis,?8%283 i la intervencid en cicles catalitics.339343

Metatesi d’enllagos ¢ Els primers estudis mecanistics es van dur a
terme a nivell extended Hiickel, sobre els complexos d° Cp,ZrHT i CpyLuHT,
que poden intercanviar els seus atoms d’hidrogen amb hidrogen lliure.5! 344
L’estudi computacional del mecanisme va determinar que es formava un estat
de transicié6 amb un anell de quatre membres. Posteriorment es van dur a
terme diversos estudis ab initio,3*3*® confirmant un estat de transicié de
baixa energia a 4 centres. Més tard, es van poder estudiar els sistemes reals
que van confirmar els resultats.?4%3% Dedieu et al. van observar metatesi
d’enllagos o en el complex de PAH(NH;3)(OH), on una molécula de Hy forma
PdH,(NH,)(OHy,), passant per un estat de transicié de baixa energia a 4
centres (-M-H-H-O(H)-).35173%4

Diversos estudis han centrat la seva atencio en el paper de la metatesi en
la polimeritzacié d’olefines,>®3% i en processos bioquimics com les hidroge-

nases.3%7-3%9

4.3.6 Estudis sobre transferéncies protoniques

Existeixen diferents estudis computacionals sobre el mecanisme i els factors
que governen les transferencies protoniques, dues publicacions recents pre-
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senten el treball teoric i experimental dut a terme en els tltims anys.!'%15!

Les transferencies protoniques a un hidrur d’un metall de transicié es troben
explicades a ’apartat 2.3, i les transferencies al centre metal-lic a 2.2.

Alguns treballs han tingut per objectiu determinar el centre de proto-
naci6 de la reaccid, determinar si la protonacié es déna al metall o a I’hi-
drur, i en cas de més d’un hidrur en quin. Per tal de determinar el lloc de
coordinacié del donador de protons, experimentalment s’usen els espectres
IR i NMR, computacionalment les frequencies d’stretching també han estat
calculades en diversos treballs que combinen resultats teorics i experimen-
tals.369362 Computacionalment, a més a més de calcular les freqiiencies es
pot coneixer I’energia relativa dels diferents intermedis, tant complexos amb
enllacos d’hidrogen com complexos amb enllacos de dihidrogen, aixi com
I'estabilitat relativa de complexos dihidrur i dihidrogen.

En general les energies d’interaccié entre el complex i el donador de pro-
tons, estimades teoricament sén més altes que les determinades experimen-
talment.''® Aquest fet es pot atribuir a que els cilculs en general es duen a
terme en fase gas, a que els models usats no acostumen a tenir en compte
lligands voluminosos que aporten un impediment esteric, i a que sovint es
dona el problema d’error de superposicié de base. Dels treballs publicats
cal destacar 1’estudi teorico-computacional on es presenten calculs B3LYP
de la transferencia protonica de HFIP (HOCH(CF3);3) i TFA (HOOCCEF;) al
complex Cp*Fe(dppe)H.*5!

4.4 Si-H

4.4.1 Complexos o-H-SiRj

Els complexos amb enllacos o-Si-H, han estat molt estudiats mitjancant
tecniques computacionals. El primer treball teoric sobre la coordinacié de
silans a un complex d’un metall de transicid, es va publicar ’any 1986 de
la ma de Rabad et al.® que a partir de analisi extended Huckel (MO) so-
bre diferents complexos CpMnLy(HSiRj3), van observar la complexacié d’un
enllag o, formant una interaccio6 MHSi a 3c-2e~. A partir del descobriment
i acceptacio dels complexos o, multitud d’estudis han centrat I'atenci6é en
diferents aspectes de la seva quimica. Tot seguit es presenta un apunt sobre
els treballs computacionals que ens han semblat més interessants. Existeixen
reviews sobre la mateéria, encara que no sén ni recents, ni exhaustius en la
descripcié computacional.!3: 167,274,363
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Estudis sobre ’efecte de la retrodonacio

Un enllag o busca I'estabilitzacié de la retrodonacié per coordinar-se. Fins
al punt que dos lligands poden competir per I'estabilitzacié que els aporta.
El complex TiCpy(n?*-trans-"BuC=CSiHMe,), va ser estudiat experimental-
ment3%* i computacionalment.?%> L’interés d’aquest rau en la forta interaccié
Ti-(n*-HSi) que presenta, es pot considerar d° si I’acetilé reté dos electrons
del metall (sense retrodonacié), o bé d? si és un complex 7 (competéncia per
la retrodonacié). Segons estudis computacionals MP2 i B3LYP, és d? amb
retrodonacié comparable per al lligand acetile i per al n2-HSi, competéncia
m/o.

Els complexos bis(sila) presenten dos n?-HSi coordinats al centre metal-lic,
que competeixen per la retrodonaci6.'®%36¢ Un estudi tedrico-experimental
va estudiar les forces que donaven estabilitat al trans-bis(n*-HSi) en el
complex TpRu(PPhs)H(n*>-HSiR3) Rs= Ets, (EtO)s;, Phs, HEt,, HPh, i
H,Ph).3" Els resultats computacionals no eren correctes, les especies no
eren ni simetriques, ni trans entre elles i no presentaven competéncia per a la
retrodonacié (orbitals diferents) . Altres treballs computacionals si que han
localitzat un bis(sila) trans.>%®

El complex [Cp(CO),Mn(SiH,)] va ser estudiat per Paterson et al. mit-
jancant meétodes DFT dependents del temps,®®® s’ha vist que és inestable
respecte a una distorcié pseudo-Jahn-Teller que porta un Si-H equatorial en
contacte amb el centre metal-lic.

Estudis sobre preféncies isomeéeriques entre H, i H-SiR;

Els complexos L,M“H5SiR3” poden presentar diferents formes isomeriques,
des d’estructures dihidrur silil, fins a les no classiques dihidrogen silil o hidrur
n?-sild. Experimentalment la coordinacié n?-H-SiR3 acostuma, a ser prevalent
sobre la formacié de dihidrogens.370:371

L’intermedi [OsH,(SiEt3)Cl(CO)(P'Pr3),] va ser proposat experi-
mentalment.?’?  Un estudi ab initio (MO) sobre el model [OsCl-
(CO)(PH;)2 “HySiR3”], va determinar l’estabilitat de diferents isomers, dos
d’ells no classics, el dihidrogen-silil ([OsCl(CO)(PHj3)q(SiH3)(n*-Hy)]), i
I'hidrur-n?-sila ([OsC1(CO)(PH3)q(n*-H-SiH3)]).>™ Es va veure que la co-
ordinacié n? de H-SiH; era més forta que la del dihidrogen i compensava la
forta energia d’enllag H-H respecte 1’enllag H-SiH;.

El complex [RuHy(n%-Hy)(n?-H-SiH3)(PCys)s], presenta dos lligands o.
Calculs B3LYP, van localitzar dos isomers del sistema model, [RuH,(n?-
H2)(n2—H—SiH3)(PH3)2] el més estable, i [RU(T}Q—HQ)(’I’]Q—HQ)(SiH3)(PH3)2].374
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Altres treballs han estudiat ’estabilitat de diferents isomers segons deter-
minats lligands siguin cis o trans a ’enllag 0. Dades experimentals indiquen
que el cis-Mo(CO)(PR3)4(H---SiH3) pot coordinar enllagos o H-H, H-SiH3 i
agostics C-H. Segons l'enllag o format es presenta una reordenacié cis di-
ferent,'7® 375376 cosa que indica una important diferéncia en la natura de
I'enllac Si-H i H-H. Resultats MP2 en acord amb els experimentals,®”" rao-
nen les diferencies entre coordinacions ¢ a partir de la interaccié d’orbitals.

Estudis sobre interaccions Si---H entre lligands silil i hidrur

El primer complex on es van detectar interaccions Si--H va ser el
(PPh3),ReHg(SiPhy).3™ Posteriorment es va postular la formacié de du-
es interaccions atractives fortes hidrur-silil (distancies Si-H d’uns 2.0 A),
formant un enllag a 5c-6e~ (4 atoms, 5 enllacos i 6 electrons). Estu-
dis computacionals BP86 van mostrar una interaccié Si--H si el silil ocupa
una posicié lateral en [CpoNbH3z 1, (SiH,Cl3 )], m= 1, 2 i n= 2, 3.3797381
Calculs HF sobre diferents polihidrurs de reni, com [ReHy(SiH;)(CO)(PHj3)s]
i [ReHg(SiH3)(PHs),] corroboraven Iexisténcia d’interaccions debils Si-H.?36
El complex [Pd(L){1,2-C¢H4(SiHs)2}], L= dmpe (bis(dimetilfosfanil)eta) o
depe (bis(dietilfosfanil)eta) va ser estudiat experimentalment, per condensa-
ci6 térmica forma un trimer.?®? Un dels Pd del trimer conté sis silicis a ’esfera
de coordinacié, pot ser interpretat com a un inusual PdY! amb sis lligands
silil, o com a un Pd" amb dos enllacos o Si-Si. Un estudi B3LYP d’aquest
sistema,®®® sobre diferents models, va determinar que el trimer presenta un
Pl 384

Estudis sobre ’efecte dels substituents del silici

Treballs teorics i experimentals mostren que les distancies Si-H depenen for-
tament dels substituents del silici. L’efecte dels substituents ha estat estudiat
en diferents treballs. En el Cp(CO);M(n?-HSi(Cl,H;_,)), M= Mn, Tc i Re
i n=1-3, resultats computacionals i experimentals no concorden.?®> Experi-
mentalment, el lligand sila es dissocia més lentament per a complexos amb
metalls rics en electrons, o per a substituents més electronegatius al silici.
Computacionalment els resultats, MP2, B3LYP i puntuals CISD, mostren
que les distancies H-Si disminueixen i les energies de dissociacié augmenten
amb el niimero de substituents clor. Els autors justifiquen els resultats, dient
que un augment de la interacci6 M-Si, no té perque debilitar la interaccié
H-Si. El mateix complex, Cp(CO),MnHSiCls, va ser estudiat per Lichten-
berger.386
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Complexos  de  tipus  metal-loce3®” CpaM(SiCl,Hs )2 (H)
i CpoM(SiClH; ,)(H)X (M= Nb i Ta, n=1-3 i X= H, Me i Cl) van ser
estudiats a nivell MP2 amb restriccié de simetria Cs, es va veure que els
substituents halurs trans a ’hidrur causen un augment de la interaccié Si-H,
i 'augment del numero de clors substituits al silici una distancia Nb-Si més
curta.

Un article teorico-experimental sobre l'addicié oxidativa de silans i
germans va permetre estudiar les diferencies Si-Ge i l'estudi de !’efec-
te dels seus substituents.®* El model emprat en els calculs va ser
Mo(CO)(EH4 ,vin,)(dhpe) (vin= CH=CH,, dhpe= HyPCyH,PH,, E= Si,
Ge i n= 0-3) i el meétode, B3LYP.

L’avaluacié dels efectes esterics en [ReHs(PR3)2(SiR’3)2], (Rs= Hj,
Ph'Pry, Cyps i R3= Hj, HPhy, HyPh)3® es va fer mitjancant 1is
del metode IMOMM, (Integrated Molecular Orbital Molecular Mechanics,
MP2:MM3),%° que permet la descomposicié de les energies de la part de
mecanica molecular. Existeixen estudis més modestos de mecanica molecu-
lar que estudien lefecte dels lligands voluminosos .3%

4.4.2 Silils, sililens i estructures inusuals

Es coneixen mutitud d’estudis computacionals sobre I'estabilitat, estructura
i reactivitat de sistemes amb lligands del tipus H-SiRj3, coordinats a 1’esfera
de metalls de transicié. També existeixen molts estudis sobre la formacio
d’interaccions agostiques Si-H. Els estudis computacionals no tan usuals, si
es poden considerar existents, sén els que estudien les particularitats ge-
ometriques i la reactivitat de complexos silil 1 silile.

Tal i com s’ha presentat en la secci6 3.4, els complexos amb lligands silil
i silile, poden experimentar migracions dels seus substituents o interaccionar
amb lligands del complex organometal-lic per formar especies no classiques.
Aquestes espéecies no sén en general postulades i no han estat gaire estudiades
ni experimentalment, ni computacionalment. Posteriorment a la publicacié
del nostre primer article sobre aquest tema, s’han publicat alguns estudis
computacionals sobre sistemes en els que es donen migracions sobre els 1li-
gands silil o silile. El grup que més ha tirat endavant aquesta recerca ha
estat el de Tilley, els grups de Ziegler i Frenking hi han aportat el seu granet
de sorra.

Com ja s’ha comentat el grup de Tilley és un grup experimental amb
un imponent curriculum pel que fa a I'estudi de complexos oganometal-lics
amb lligands silil i silile. Recentment han participat en investigacions que
inclouen técniques computacionals. Coetaniament a la publicacié del nostre



PRECEDENTS COMPUTACIONALS 63

primer article en aquesta materia, Tilley va sotmetre una comunicacié'®® d’un
grup de cinc publicacions!?%200,391:392 en Jes que presenten resultats tedrico-
experimentals sobre la metatesi d’enllagos o. De les cinc publicacions només
les dues ultimes donen informacié sobre resultats computacionals BSLYP. Els
calculs s’usen entre d’altres, per localitzar els hidrogens de les estructures.
En el primer article amb resultats computacionals es presenten només dos
minims silil-hidrogen pontant,?®® [CpyHfSiH(2,6-MeoCgHj3)o] T i el seu model
[CpoHISiH3|*. En l'article més recent, els resultats computacionals guanyen
pes,?? s’estudia la metatesi (M-CHjz i SiHy) i es calculen les energies relatives
de reactius, productes i estats de transicié per tres mecanismes proposats:
la metatesi directa de 'enllag o (M-SiH3 + CH,), la metal-lacié del lligand
Cp* (no estudiat computacionalment), la hidrogenacié catalitica (formaci6
de ’hidrur M-H + CHy, i posterior addicié del sila).

Un publicacié interessant en aquest sentit es deu a Harrod et al. que pre-
senten els resultats d’un estudi teoric sobre els complexos CpyTi(H)(SiH3)
i Op,TiSiH,.3% S’estudia el seu paper en la polimerizacié d’organosilans
primaris i es postulen un seguit d’especies no classiques. Com a interme-
dis per al pas de CpoTi(H)(SiHs) a Cp,TiSiH, i Hy. La reaccié s’inicia
a partir de H-Si a-agostic CpyTi(H)(H-SiHy), isomer del complex inicial
Cp,Ti(H)(SiHs3), amb una distancia Ti-H de 1.90A i una H-H de 1.81A. El
complex a-agostic forma un complex amb un enlla¢ d’hidrogen entre I’hidro-
gen del silil i ’hidrur Cp,Ti(H--H--SiH,) que evoluciona cap a un complex
de dihidrogen Cp,Ti(Hs)(SiHs), i aquest elimina Hy. Un cop es forma el
CpoTiSiH,, s’estudia la polimeritzacié a partir de 'addicié d’un nou sila.
En aquest procés es localitza un intermedi similar al que es proposa en els
nostres resultats, encara que no igual ja que en aquest cas el sistema conté
un atom d’hidrogen de més.

Un treball prou interessant que cal destacar és l’estudi computacional
DFT no local, ADF, que es va dur a terme en el grup de Frenking. En
I’estudi es du a terme la recerca dels diferents minims que presenta el com-
plex de tungste [(n°-CsHs)(PH;)oW(HaSiMey)] ™2 Aquest complex va ser
caracteritzat mitjancant raigs X per Tilley et al. L’estudi computacional
optimitza el complex tenint en compte els possibles minims que pot tenir el
sistema d’acord amb les diferents posicions que poden adoptar els hidrogens
del sila. El sila conté dos hidrogens, es van localitzar sis isomers correspo-
nents a: dos dihidrurs de tungsté, tres estructures corresponents a hidrur
hidrogen pontant i una que presenta dos hidrogens pontants. L’estructura
més estable correspon a un dihidrur, la resta d’estructures es troben a menys
de 5 kcal/mol d’aquesta, exceptuant un dels hidrur hidrogen pontant que es
troba a 10 kcal/mol. Per tant, no es pot dir amb certesa quina és la geome-
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tria que adopta el complex en els cristalls. Les estructures que es presenten
en la publicacié sén semblants als que haviem publicat en el nostre primer
article en aquesta area, i mostren que la formacié d’estructures “inusuals” és
favorable en molts casos.

Estudis semblants als desenvolupats pel nostre grup van ser publicats per
a lantanids.?** En l'estudi B3PW91, es van localitzar diferents estructures
no classiques.



Part 11

Les nostres inquietuds
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Si hi ha una cosa clara és que d’inquietuds per les nostres neurones en
corren molteside molts tipus. D’entre elles, les de caire cientific tenen a veure
amb el comportament no classic d’enllagos o en complexos organometal-lics.
La recerca duta a terme es pot considerar dividida en dos blocs que tenen
en comu ’estudi mitjancant tecniques computacionals, d’hidrurs de metalls
de transici6 en la formacié d’especies no classiques. En els capitols anteriors
s’ha fet una recopilacié sobre els complexos o, les transferéncies protoniques
i la formacié d’estructures inusuals “SiHR,”.

El primer bloc de resultats, que sera el més extens, tracta de la trans-
ferencia protonica a hidrurs de metalls de transicid, amb 1’objectiu de ca-
racteritzar ’estructura de reactius, intermedis i productes del mecanisme
de transferencia protonica, aixi com determinar-ne la seva estabilitat rela-
tiva. Els complexos a estudiar sén el CpRuH(CO)(PCy;), el CpoNbHj3, el
CpM(dppe)Hs M=Mo i W, i el trans-[FeH(n*-Hy)(dppe)s]™. Els diferents
complexos s’han estudiat paral-lelament des d’un punt de vista computacio-
nal i experimental. L’investigacié computacional s’ha desenvolupat en el si
del nostre grup, mentre que I’experimental s’ha desenvolupat en el si d’altres
grups en els que estem en estreta col-laboracié.

L’estudi sobre el complex CpRuH(CO)(PCys), s’ha dut a terme amb la
finalitat de localitzar les diferents especies que participen en la transferencia
protonica. Principalment amb anim de caracteritzar 1’especie adducte hidrur-
proté, que no ha pogut ser localitzada experimentalment. Es pretén estudiar
la transferéncia amb dos donadors de protons CF3COOH i (CF3);COH a
més de H3O™, ja que presenten dos reptes interessants, determinar ’efecte
de la forca del donador de protons i ’efecte de la formacié d’espécies homo-
conjugades ROHOR™. L’estudi també vol abordar un altre tema que sovint
no es tingut en compte en els estudis computacionals, I'efecte del dissolvent i
I’efecte de la constant dielectrica d’aquest en la transferencia protonica. Els
resultats sobre aquest estudi es presenten en l'article I.

També s’ha volgut estudiar el complex Cp,NbHj3, ja que a diferencia
del complex de ruteni, presenta més d’un hidrur basic on es pot donar la
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protonacié. El complex té tres hidrurs, i per tant tres centres basics. Es
vol determinar I’estabilitat dels diferents productes possibles, el tetrahidrur,
el dihidrur dihidrogen, i el bis-dihidrogen, aixi com quin centre basic té la
protonacié afavorida i quin es el producte format. Els resultats obtinguts de
la recerca duta a terme es presenten a I'article II.

L’estudi sobre el lloc de protonacié es vol ampliar amb 'estudi d’un sis-
tema més complex, el CpM(dppe)Hs M=Mo i W, que presenta tres cen-
tres basics tipus hidrur, i un centre basic al metall. Es pretén estudiar la
competencia entre la protonacié al metall i la protonacié a I'hidrur, i la com-
peténcia entre els diferents hidrurs, aixi com I'efecte dels donadors de protons
HFIP (HOCH(CF3;)9) i TFE (HOCH,CF3), la formacié de les especies ho-
moconjugades ROHOR™ i I'efecte del dissolvent. Els resultats obtinguts es
presenten en els articles IIT1i I'V.

En el complex trans-[FeH(n?-Hy)(dppe)s]*, la recerca que es vol dur a
terme és prou diferent, enlloc d’estudiar-ne la protonacié volem estudiar la
desprotonacié, transferencia protonica del complex a una base. El princi-
pal objectiu en aquest cas és determinar quin és l'efecte dels contraions en
dissolucié en la desprotonacid, ja que dades experimentals mostren que 1’ad-
dici6 aquests és capac d’augmentar o disminuir la velocitat de desprotonacio.
L’estudi de I'efecte dels contraions es presenta a ’article V.

L’altre bloc que es presenta en aquesta tesi, és la recerca sobre la forma-
ci6 d’estructures inusuals “SiHR,”, en els complexos [(dhpe)Pt(SiHR,)|" i
[CpIr(PH3)(SiHRs)™. Amb l'objectiu d’estudiar les migracions 1,2-H en els
complexos silil, per formar complexos silile, s’ha localitzat una petita gran
varietat de isomers estables. Es pretén caracteritzar els isomers classics i no
classics estables del [(dhpe)Pt(SiHR,)]*, aixi com determinar Pefecte dels
substituents al silici en 'estabilitat relativa d’aquests isomers. També es
pretenen detectar els substituents que afavoreixen la formacié d’especies no
classiques, i caracteritzar les interaccions que es creen entre el SiHR; i el me-
tall. Per coneixer I’efecte de ’hidrogen en les estructures es volen localitzar
els isomers de [(dhpe)Pt(SiR3)]™. Els resultats d’aquest estudi es presenten
en 'article VI.

En els complexos d’iridi [CpIr(PH;)(“SiHR,”)]™ i [Cplr(PH;)(“SiR3”)]*
es pretén estudiar D'efecte dels substituents del silici en ’estabilitat re-
lativa dels isomers, no només per veure l’efecte del substituent, sind
per relacionar els resultats amb els del complex [(dhpe)Pt(“SiHRy”)[*, i
[(dhpe)Pt(“SiR3”)]* 1 determinar 1’efecte del complex en l'estabilitat rela-
tiva dels isomers. El resultats d’aquest treball es presenten en I'article VII.
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Resultats 1 discussio



Capitol 5

Transferencies protoniques a

hidrurs de metalls de transicio

A Tinici dels estudis que es presenten en aquesta tesi el mecanisme de trans-
ferencia protonica a hidrurs de metalls de transicié des de donadors de forga
debil o0 moderada, havia estat proposat per Morris'®?® i Shubina,'® perd cap
estudi experimental o teoric havia pogut caracteritzar tots els intermedis
proposats en un mateix sistema, veure seccié 2.3. El primer estudi que
vam dur a terme en aquest camp és fruit de la col-laboracié entre el nostre
grup d’investigacio, i el grup experimental de la Dra. Shubina del Nesmeya-
nov Institute of Organoelement Compounds. L’hidrur que va ser estudiat,
és el complex de ruteni, CpRuH(CO)(PCys), que va ser modelitzat com
a CpRuH(CO)(PCHj;), article I. L’estudi pretenia carateritzar mitjangant
tecniques espectrocopiques i computacionals tots els intermedis proposats en
el mecanisme. En aquest estudi es va localitzar per primer cop una estructu-
ra tipus hidrur-prot6 com a intermedi estable en la reacci6é de transferencia
protonica, mitjancant metodes computacionals.

Un cop localitzats tots els intermedis del mecanisme es va dur a terme
una investigacié sobre 1’efecte de les especies homoconjugades, ’acidesa del
donador de protons (HFIP=HOCH(CF3), i TFE=HOCH,CF}3) i el dissolvent
(fase gas, diclorometa i hepta) en la transferéncia protonica.

Posteriorment, hem dut a terme altres estudis que han incidit de nou en
aquests aspectes, pero focalitzant I’atencié en la competeéncia entre els llocs
de protonacié. La basicitat dels hidrurs i la competencia entre ells ha estat
estudiada en el sistema CpaNbHj3, que presenta tres hidrurs capacos d’actuar
com a acceptors de protons, article II. S’ha investigat I’efecte de la forca
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del donador de protons i la basicitat de I’hidrur en les energies d’interacci6
trihidrur-acid. Els donadors de protons estudiats computacionalment sén els
donadors de protons fluorats HFIP, PFTB (HOC(CF3)s), TFE, CF30H i
CF3COOH i els no fluorats CH3OH i CH;COOH.

La competencia entre la protonacié a I’hidrur i la protonacié al centre
metal-lic també ha estat estudiada; articles III i IV. El sistema escollit per
a l'estudi sén dos complexos el Cp*Mo(dppe)Hs i el seu analeg en tungste.
Els donadors de protons usats sén alcohols fluorats de diferent forca. Els
sistemes van ser modelitzats com a CpMo(dhpe)Hs i CpW(dhpe)Hs, amb
els alcohols HFIP i TFE. Aquest sistema presenta un repte interessant ja
que a més a més de diferents possibilitats per la protonacié a un hidrur
(conté diferents hidrurs basics), presenta la possibilitat de protonacié directa
al metall.

Un estudi diferent dels que es presenten en els articles I-IV, pero que
segueix el mecanisme de transferencia protonica descrit, és un estudi sobre la
transferéncia protonica en sentit invers, des d’un complex de dihidrogen a una
base, és a dir una desprotonacié d'un complex de dihidrogen organometal-lic.
S’ha estudiat 1’efecte que tenen els contraions presents en el medi de reaccié
sobre la reaccié de desprotonacié del complex de dihidrogen trans-[FeH(n?-
H,)(dppe)2]* usant trietilamina com a base acceptora de protons. Aquestes
espécies han estat modelitzades pel complex trans-[FeH(n?-Hy)(dhpe)s]™ i
trimetilamina. Els contraions en solucié estudiats son BF,, PF; i BPh;,
article V.

Les diverses reaccions de transferencia protonica estudiades donen lloc
a varietat de productes identificats mitjancant técniques computacionals i
experimentals. Els principals productes obtinguts sén polihidrurs, complexos
de dihidrogen i complexos alcoxid.

Les investigacions que es presenten sobre transferencies proténiques a o
des de complexos de metalls de transicié han estat fruit de la col-laboracié
entre el nostre grup que ha desenvolupat la part teorica de les investigacions
i diversos grups experimentals. Els estudis teorics i experimentals han estat
duts a terme paral-lelament. La col-laboracié teorico-experimental és molt
interessant cientificament parlant, ja que permet ’estudi d’un mateix sistema
des de dos fronts, guanyant efectivitat en la ressolucié del problema quimic.

Els resultats obtinguts de la col-laboracié amb el grup del Nesmeyanov
Institute of Organoelement Compounds (Moscou), liderat per la Dra. Shubi-
na es presenten en quatre articles, sobre transferéncies protoniques des de do-
nadors de protons fluorats cap a complexos organometal-lics “half sandwich”
i “sandwich”. El grup de Shubina ha dut a terme estudis d’espectroscopia
IR a temperatura variable, que es presenten en els articles I, 11, III, IV.
El grup del Laboratoire de Chimie de Coordination (Toulouse), que dirigeix
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el Dr. Poli ha col-laborat en dos d’aquests estudis, articles I11 i IV, duent
a terme estudis d’espectroscopia NMR i analisis amb la técnica de flux atu-
rat (stopped flow). Els resultats presentats a article IT s’han dut a terme
en col-laboracié amb Nikonov i el grup de Bakhmutov de la Moscow State
University, que van realitzar estudis d’espectroscopia NMR.

La col-laboracié amb el grup del Dr. Basallote de la Universidad de Cadiz
(Cadiz), va donar com a fruit la comunicaci6é que es presenta com a article
V. Els resultats experimentals provenen de dades d’espectroscopia NMR,
experiments de flux aturat (stoppped flow), i espectres 'H NOESY.

5.1 Mecanisme de transferencia protonica

El mecanisme de transferéncia protonica a hidrurs de metalls de transici6
postulat per Morris i Shubina s’ha explicat pas a pas a la seccié 2.3 de
la introduccid, on la figura 2.3 en mostra un esquema grafic. La trans-
ferencia protonica es veu afectada, com és facil imaginar per gran quantitat
de parametres, com el complex organometal-lic (lligands i atom central), la
forca i la concentracié del donador de protons o el dissolvent.

Es va estudiar el mecanisme de transferencia protonica a I’hidrur del
complex de ruteni CpRu(H)(CO)(PHj3), els resultats trobats es presenten en
I’article I. La recerca duta a terme mostra que el complex de ruteni és prou
basic com per ser protonat no només per acids forts sino també per donadors
d’acidesa moderada.

L’estudi sobre la protonacié del complex amb donadors de protons debils
o moderats, com CF3COOH (TFA) i (CF3);sCOH (PFTB), mostra que la re-
acci6 es dona via els intermedis proposats en el mecanisme. La transferencia
protonica a un hidrur organometal-lic des d’'un acid debil, comenca amb la
formacié d’un complex amb un enllag de dihidrogen tipus adducte hidrur-
proté. L’adducte hidrur-proté evoluciona cap a la formacié d’'un complex
de dihidrogen cationic i forma un parell ionic intim amb la base conjugada
del donador de protons. Si es déna la separacié de carrega entre aquestes
dues especies es forma un dihidrogen catiénic que pot ser estable o evolucio-
nar cap a la formacié d’un polihidrur classic o cap a l’alliberacié d’hidrogen
molecular. En cas d’alliberar hidrogen molecular és usual que el complex
cationic resultant reaccioni amb 1’alcoholat anionic formant un complex or-
ganometal-lic amb un lligand alcoxid.

Aquest mecanisme ha estat ratificat en els nostres estudis teorico-
experimentals, en els que s’han localitzat els intermedis postulats. Les geo-
metries de I’hidrur del complex de ruteni [Ru]-H, I’'adducte hidrur-proté
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[Ru]-H--HO(R)HOR i el parell ionic intim ([Ru]-Hj)(ROHOR™) loca-
litzades en la reaccié de transferéncia protonica de I’acid trifluoroacetic al
complex de ruteni es presenten a la figura 5.1. També es presenta la geome-
tria del complex alcoxid [Ru]-OR.

De lestudi de la reaccié del complex amb un acid fort, H;O*, es va veure
que la protonacié mitjancant acids forts es déna sense barrera, els intermedis
que es presenten en el mecanisme no van poder ser localitzats com a minims.

[Ru]-H [Ru]-H--HO(R)HOR

— PP

([Ru]-H; )(ROHOR) [Ru]-OR

Figura 5.1: Estructures de I’hidrur de ruteni [Ru]-H = CpRu(H)(CO)(PHj3), ’ad-
ducte hidrur prot6 [Ru]-H-HO(R)HOR on HOR =CF3COOH, el parell idonic
intim ([Ru]-H; )(ROHOR ), i el complex alcoxid [Ru]-OR.

En l'estudi de la tranferéncia protonica al complex CpRu(H)(CO)(PHs)
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des de donadors de protons d’acidesa relativament moderada com CF;COOH
i (CF3)3COH, s’ha pogut observar que la formacié d’especies homoconjuga-
des (HOR), i RO--H--OR ™, afavoreix la transferéncia protonica. Aquestes
especies només es poden formar quan hi ha major concentracié de donador
de protons que de complex organometal-lic. Com a reactiu tenim el dona-
dor de protons HOR, durant el procés de transferencia protonica es genera
la base conjugada del donador de protons, OR™. Les dues especies HOR i
OR™ s6n capages de formar enllagos d’hidrogen amb una segona molecula de
donador de protons HOR, per formar el dimer (HOR); i ’'anié RO--H--OR .
La formaci6 de dimers de tipus (HOR), estabilitzats per ponts d’hidrogen és
favorable, i la formacié de I’especie homoconjugada RO--HOR™ ho és més,
ja que es troba molt estabilitzada per la fomacié d’un enlla¢ d’hidrogen fort,
i per l'estabilitzacié de la carrega negativa sobre l'alcoholat. Aquesta in-
teraccio és fonamental en els sistemes estudiats ja que no es localitzen els
intermedis de la transferencia protonica, si no es té en compte la formacio
d’aquesta especie ROHOR™. Sense aquesta estabilitzacié el complex no és
estable.

La importancia de la concentracié del donador de protons va lligada a la
formacié d’aquestes especies homoconjugades. Si la concentracié de dona-
dors de protons és baixa la formacié de les especies homoconjugades és poc
favorable, i per tant la reaccié de transferéncia protonica més dificultosa.

L’efecte del dissolvent també ha estat estudiat, en el cas del complex de
ruteni, s’han comparat els resultats obtinguts pel sistema en fase gas amb
els resultats obtinguts en els dissolvents hepta i diclorometa, que han estat
modelats mitjan¢ant un model continu (PCM). En aquest sistema, augmen-
tant la polaritat del dissolvent disminueix l’exotermicitat de la reaccié de
transferéncia protonica per formar I’alcoxid CpRu(OR)(CO)(PHj3), hidrogen
molecular i HOR. El procés passa per la formacié de les especies hidrur-proto
i parell ionic intim, la barrera de reaccié entre els quals s’ha vist que depen de
la forca del donador de protons i del dissolvent. S’observa que per dissolvents
més polars la barrera és més baixa. Les investigacions han mostrat que la po-
laritat del dissolvent té un paper important en 1’estabilitat dels parells ionics
intims, degut a l’energia de la barrera del procés de separaci6 de carrega
per formar el complex cationic. Per dissolvents polars, aquesta separacio de
carregues es veu afavorida, mentre que en dissolvents apolars, el parell ionic
intim es veu estabilitzat i la separacié de carregues desafavorida. Al mateix
temps s’ha observat que en medi poc polar es déna una competencia entre
la protonaci6 a I’hidrur del complex organometal-lic i la protonaci6 al grup
carbonil CO.

Els dissolvents polars disminueixen la barrera entre I’hidrur proté i el
parell ionic intim i afavoreixen la separacié de carregues respecte els dissol-
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vents apolars, pero al mateix temps fan la reaccié més endotermica ja que
desestabilitzen els productes. Perque el procés estigui el maxim d’afavorit
cal trobar un equilibri entre afavorir el procés de separacié de carregues i
afavorir I’exotermicitat de la reaccid. Equilibri que es troba en dissolvents
poc polars.

Més informacié sobre la recerca duta a terme, com dades energetiques,
geometriques i altres resultats sobre el complex de ruteni, es poden trobar a
I’article 1. En els articles II-V, el mecanisme i els efectes sobre la trans-
ferencia protonica dels donadors de protons, les especies homoconjugades i el
dissolvent confirmen la validesa general de les conclusions extretes del primer
article per a d’altres complexos.

5.2 Lloc de protonacié

Quan el complex organometal-lic presenta més d’un centre basic, aquests
competeixen pel proté del donador. S’han dut a terme dues investigacions
sobre la competéncia pel lloc de protonacié, que han donat lloc a tres articles.
En la primera de les dues investigacions, s’ha estudiat la protonacié i s’ha
avaluat la interaccié del complex de niobi Cp,NbHj3 amb diferents donadors
debils o moderats, article I1. Els donadors de protons estudiats computaci-
onalment han estat els fluorats CF3sOH, TFE, HFIP, PFTB, CF3COOH i els
no fluorats MeOH i CH;COOH. El complex estudiat experimentalment, és
el mateix que el sistema model computacional, perd experimentalment s’ha
estudiat un nombre menor de donadors de protons (HFIP, TFE i PFTB).

El complex de niobi és un complex tipus sandwich que conté tres hidrurs
en el pla entre els dos ciclopentadienils. Els dos anells ciclopentadienilics
no séon paral-lels, sin6 que es troben inclinats un cap a l’altre, deixant en
un costat de I’atom central un espai obert on es col-loquen els hidrurs. La
geometria del trihidrur, [Nb]-Hj, es presenta a la figura 5.2. El complex
mostra un hidrur central i dos hidrurs laterals. Els hidrurs laterals son equi-
valents per simetria. L’angle H-Nb-H entre ’hidrur central i un lateral és de
61°. S’ha estudiat la competencia entre la protonacié a I’hidrur central i al
lateral, mitjancant 1’estudi de les energies d’interaccié del trihidrur amb una
molecula de donador de protons.

Per a tots els donadors de protons considerats, s’ha estudiat la interaccio
d’aquests tant amb I’hidrur central com amb els laterals i la corresponent
formacié de complexos adducte hidrur-proté. Les energies d’interaccié re-
sultants de l'interaccié es situen en un rang d’entre 3 i 8 kcal/mol tenint en
compte ’error de superposicié de base. Aquest valors correlacionen bé amb
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Figura 5.2: Geometria del trihidrur de niobi [CpeNbHj3|, [Nb]-Hg3, i el trihidrur
de molibdée CpMo(dpe)Hs, [Mo]-Hs.

els valors calculats a la literatura per a aquest tipus d’interaccions, encara que
cal tenir en compte que degut a que les interaccions han estat calculades en
fase gas es troben sobreestimades. Quasi tots els sistemes estudiats mostren
una lleugera preferéncia per a la interaccié amb I’hidrur central, (diferéncies
menors de 1.5 kcal/mol), comportament que s’atribueix a que I’hidrur central
té major caracter anionic. La formacié d’estructures adducte hidrur-protd
és “normal” M-H:-HOR en el cas dels hidrurs laterals, mentre que en la in-
teracci6 amb I’hidrur central es formen adductes hidrur-proté amb enllagos
d’hidrogen bifurcats. Els resultats computacionals mostren que les energies
d’interaccié s6n més grans pels donadors de protons fluorats que pels res-
pectius no fluorats. La forca de les interaccions [CpsNbH;3]--HOR descriu la
tendencia: MeOH < AcH ~ TFE < HFIP < PFTB =~ TFA < TFM. L’error
de superposicié de bases és molt important en aquestes especies, arribant fins
a errors del 60%. Les energies d’enllag es redueixen encara que la tendéncia
que segueixen els donadors de protons no es veu gaire afectada.

Tot i que la formacié d’estructures adducte hidrur-proté [CpoNbH3]--HOR,
és favorable, la formaci6 d’aquestes especies no porta a la protonaci6 del com-
plex de niobi, ja que la formacié de complexos parell idnic intim [CpeNbH, (n?-
H,)]*OR™ no és favorable. Tots els intents de localitzar un minim parell ionic
intim han estat infructuosos quan només es considera una sola molecula de
donador de protons. La transferencia protonica al complex de niobi des de
donadors debils només es déna quan hi ha un excés de donador de protons que
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permet la formacié d’especies homoconjugades que estabilitzen el sistema.

Quan s’inclouen dues molécules de donador de protons, si que es localitza
el minim parell ionic intim, a més a més de ’adducte hidrur-prot6. Aixo es
pot explicar per la reduccié de la basicitat de la base conjugada del donador
de protons i la deslocalitzacié de la carrega negativa que es déna en ROHOR™
respecte OR™. Els productes de la transferencia protonica han estat estudi-
ats, s’ha observat que el trihidrur pot ser protonat per formar un complex
bis-dihidrogen, provinent de la protonacié d’un hidrur lateral o per formar
un dihidrur-dihidrogen, provinent de la protonacié de I'hidrur central.

Experimentalment, a partir d’espectroscopia IR, les bandes M-H han
permés identificar la formacié de d’enllagos de dihidrogen. Mentre que la
regié d’stretching OH mostra la formacié d’enllagos d’hidrogen. A partir de
la correlacié empirica de Iogansen,®*3% g’han calculat les entalpies d’inte-
raccié d’enllag d’hidrogen Nb-H---H-O, que es van valorar en 4.5 kcal/mol
per TFE i 5.7 per HFIP + 0.3 kcal/mol, valors proxims als computacionals.
Dades d’espectroscopia 'H NMR han permés identificar la formacié d’en-
llagos de dihidrogen (el desplagament quimic de I’hidrogen es mou a camps
alts i el temps de relaxaci6 disminueix), i obtenir valors de distancies H--HO
semiquantitatius. Els resultats experimentals també mostren preferéncia per
la coordinacié a I’hidrur central, i preséncia d’interaccions bifurcades.

Més dades sobre el complex de niobi estudiat i la seva reactivitat es poden
trobar a ’article II.

Posteriorment a la investigacié sobre el complex de niobi, es va dur a
terme la segona investigacié sobre la competencia pel lloc de protonacié. En
aquest cas, la recerca consistia en I'estudi de dos complexos gens senzills
Cp*M(dppe)Hs, per a Mo i W. Aquests complexos difereixen del complex de
niobi anterior, perquée a més a més de tenir diferents hidrurs basics capacos
d’actuar com a acceptors de protons, presenten la possibilitat de protonacio
directa al centre metal-lic. Els resultats d’aquest estudi es troben descrits als
articles IIT i IV. Un altre tret interessant d’aquest treball, és que I'estudi de
la transferéncia protonica sobre dos complexos organometal-lics que només
es diferencien per I’atom central, permetra veure els efectes de la basicitat
del centre metal-lic tant en la transferencia protonica, com en l’estabilitzacid
dels productes finals de la reaccio.

L’article III presenta els resultats preliminars sobre aquests dos comple-
xos. Mitjangant calculs DFT es van estudiar els intermedis i els productes de
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la transferéncia protonica sobre el sistema model CpM(dhpe)Hs, pels com-
plexos de molibde i tungste, usant HFIP com a donador de protons. Els
resultats teorics mostren formacié de diferents isomers, dependent del lloc
de protonacié. S’han localitzat diferents minims adducte hidrur-proté cor-
responents a la 'interaccié del proté amb un hidrur, M-H--HOR, estructures
bifurcades o estructures corresponents a la interaccié directa del proté amb
el centre metal-lic M--HOR, totes elles proximes en energia. Per al complex
de molibde, computacionalment s’ha localitzat com a minim el producte no
classic dihidrur-dihidrogen i el classic tetrahidrur. Per al complex de tungsté
s’ha localitzat el tetrahidrur classic, pero no s’ha localitzat el producte no
classic de la transferencia protonica, el dihidrogen. Resultats teorics i ex-
perimentals mostren que la tranferéncia protonica en el complex de molibde
prefereix la protonacié a un dels hidrurs del complex, mentre que el complex
de tungsté prefereix la protonacié directa al centre metal-lic.

Estudis experimentals NMR i IR a temperatura variable i mitjangant la
técnica de flux aturat (stopped flow), van ser duts a terme sobre la trans-
feréncia protonica de donadors de protons de diferent forca a aquests dos
complexos organometal-lics. Els donadors de protons estudiats experimen-
talment sén CH,FCH,OH, TFE, HFIP i PFTB.

L’article IV presenta un extens estudi sobre la transferencia protonica
des dels donadors de protons TFE i HFIP al complex de molibdé, en fase
gas i en diclorometa. A diferencia de la publicacié anterior en aquesta no
s’hi inclou cap resultat sobre el complex de tungsté. S’avalua l’efecte de
I’enllag d’hidrogen en els diferents llocs de protonacid, explorant-ne la ter-
modinamica, aixi com el paper dels intermedis de la transferencia protonica,
les vies de protonacid, I'estabilitat relativa dels diferents productes possibles
i I’evolucio6 dels productes de la protonacio.

El complex de molibdé estudiat presenta una geometria que es pot in-
terpretar com un prisma trigonal on les tres arestes es trobarien ocupades,
per dos hidrogens i el Cp (que ocupa una tnica posicid), i les altres tres pel
tercer hidrur i els dos fosfors de la fosfina bidentada, el molibdé es trobaria
al centre del prisma. La geometria d’aquesta especie es presenta a la figura
5.2, [Mo]-Hj.

Aconseguir tenir una idea clara de la reactivitat quimica i propietats
d’aquest complex vers donadors de protons debils 0 moderats ha derivat cap
a un numero elevat de resultats. Computacionalment s’ha observat que el
complex pot interaccionar amb un donador de protons (TFE o HFIP) i formar
en linies generals tres tipus d’especies adducte hidrur-proté. Imaginant un
pla que passa pel centre del ciclopentadienil i inclou la fosfina bidentada,
veurem que en un costat del pla del complex hi ha un hidrur “sol”, i en
I’altre n’hi han dos. Els tres tipus d’especie adducte hidrur-proté responen
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a l'interacci6é del donador de protons amb I’hidrur que esta “sol” a la seva
meitat, amb un dels altres dos hidrurs o de 'interacci6 directa amb el metall.
En el cas de protonacié directa al metall, es pot veure que el donador de
protons s’haura d’acostar al metall per ’espai que queda entre la fosfina
bidentada i I’hidrur que esta “sol”. S’han analitzat els modes vibracionals de
les estructures hidrur protd, i de la corresponent estructura per la protonacio
directa al metall, M:-HOR.

En el procés de protonacié s’ha estudiat I’efecte de les especies homoconju-
gades en la transferencia protonica. Es va aconseguir localitzar el parell ionic,
tetrahidrur-anié, tot usant una sola molecula de donador de protons, encara
que molt desestabilitzat respecte el corresponent adducte hidrur-proté. El
parell ionic, dihidrogen-anié, no va ser localitzat per una sola molecula de
donador. Aixi és va observar que la participaci6 de les especies homoconjuga-
des és clau per a que es doni la transferencia protonica. Quan la concentracio
de donador de protons és baixa i no poden formar-se especies homoconjuga-
des, la reaccié de transferencia protonica té una barrera alta i ha d’anar a
través de la protonacio directa al metall, que porta a la formacié del parell
ionic tetrahidrur-anié. Aquest es troba desestabilitzat respecte els adductes
hidrur-proto, i per tant la transferéncia protonica no es veu gaire afavorida.

Quan poden formar-se les espéecies homoconjugades, la transferencia es
pot donar a través de la protonacié a un hidrur i a través de la protonacio
directa al centre metal-lic. Les espéecies homoconjudades estabilitzen els pa-
rells ionics. En aquest cas si s’ha localitzat el parell ionic, dihidrogen-ani6. El
tetrahidrur-anié, és el producte més estable de la tranferéncia protonica, i en
aquest cas té energia propera a la dels adductes hidrur-proté. El dihidrogen-
anio es troba lleugerament desestabilitzat respecte el tetrahidrur-anié. S’ha
estudiat la coordenada de reacci6 de I'interconversi6 entre el dihidrogen-anié
i el tetrahidrur-anié, i s’ha vist que la barrera és baixa. El producte de la
transferencia protonica és el tetrahidrur-anié, tant per la protonacié directa
al centre metal-lic, com per la protonacié a un hidrur. Aquests resultats con-
corden amb els experimentals, que observen el tetrahidrur com a producte.

Computacionalment s’han localitzat dos minims tetrahidrur i dos minims
dihidrogen com a productes de la transferéncia protonica. Un tetrahidrur
presenta els hidrogens situats en un pla paral-lel al que dibuixen els carbonis
del ciclopentadienil resultat de la protonacié al metall pel costat de I'hidrur
que esta “sol”. L’altre tetrahidrur presenta tres hidrurs a un costat de 1'eix
del centre Cp i el pla de les fosfines i un sol hidrur a l'altre, en aquest
cas els hidrurs no es troben en un mateix pla. Els dos dihidrogens sén
dihidrur-dihidrogens, un presenta el dihidrogen “sol” a un costat de 1'eix
ciclopentadienil fosfina bidentada. L’altre dihidrogen és fruit de la protonacié
d’un dels dos hidrurs que no esta “sol”, per tant queda un hidrur “sol”
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a un costat del pla i a ’altre costat un altre hidrur i el dihidrogen. Les
optimitzacions d’aquestes especies es van dur a terme tant per al sistema
model (amb Cp i dhpe) com per al sistema real (amb Cp* i dppe), es va
veure que les simplificacions efectuades en el sistema model només tenen
una petita influéncia en el valor de les energies relatives dels productes de la
protonacio.

També es va estudiar la formacié d’especies alcoxid com a productes finals
després de I'eliminacié d’hidrogen, i I'efecte de la coordinacié d’una segona
molecula de donador de protons. Es va veure que la formacié de ’especie a 18
electrons Cp*Mo(dppe)(CF3CH,O-H-OCH3CF3) esta clarament afavorida.

De la mateixa manera que en els altres treballs presentats sobre la
transferecia, les dades experimentals de les que es disposa sén dades d’es-
pectrocopia IR i NMR. La transferencia protonica va ser estudiada ex-
perimentalment amb donadors de protons de diferent forca, en dicloro-
meta. Van observar un equilibri entre una estructura adducte hidrur-proté
[Cp*Mo(dppe)Hs---HOR] i el tetrahidrur [Cp*Mo(dppe)Hy|"[ROHOR]".
L’estudi de la transferencia protonica amb TFE a baixes temperatures va
mostrar eliminacié d’hidrogen molecular, i la formacié d’un producte dia-
magnetic sense lligands hidrur, la qual cosa suggereix la formaci6 del complex
insaturat a 16 electrons Cp*Mo(dppe)(OCH3CF3) o que junt amb 'addicié
d’una altra molecula de TFE, es forma el complex saturat a 18 electrons
Cp*Mo(dppe)(CF3CH,O-H-OCH3CF3), estabilitzat per la formacié d’un en-
lla¢ d’hidrogen intramolecular

Altres resultats i dades sobre aquest sistema aixi com una explicacié i
discussié més detallada sobre els estudis duts a terme i els resultats trobats
es troba a ’article IV. On es presenten taules amb les energies relatives
dels diferents complexos, aixi com taules i figures sobre les geometries dels
complexos localitzats.

5.3 Efecte dels ions en solucio

L’altim treball sobre transferéncies protoniques que es presenta és una mica
diferent dels anteriors. Com ja s’ha explicat, el mecanisme de transferencia
protonica es pot donar des d'un donador de protons a un hidrur d’un complex
organometal-lic per formar un complex de dihidrogen, o bé des d’'un complex
de dihidrogen es pot protonar una base i formar un hidrur. En aquest tltim
treball es pretén estudiar la reaccié de desprotonacié del complex de dihidro-
gen trans-[FeH(n?-Hy)(dppe)s]™ que cedeix un proté a la trietilamina, que
actua com a base per formar cis-[FeHy(dppe)s] i HNEt3*. L’interés d’aquest
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complex rau en els resultats detectats pel grup de Basallote al efectuar un
estudi cinetic sobre la desprotonacié d’aquest complex. Quan s’afegeixen
contraions a la solucio, la cinetica de la reaccié s’accelera o es desaccelera,
segons la natura del contraié. En presencia de contraions BF,~ addicionals
la reaccié de desprotonacié és accelerada fins a un valor de la constant de
velocitat de segon ordre de 1.68 M~'.s™' (sense afegir electrolit el valor de
la constant de velocitat és de 0.18 M~*.s™!). Usant PFs~ com a contraié en
dissolucid, la constant de velocitat encara augmenta una mica més fins 2.4
M~1s7!. En canvi usant BPh,~ es va observar que la reaccié es desaccelera.
La dependencia de la velocitat amb la natura del contraid, i ’elevat valor del
factor d’acceleracié de la reacci6 fan que el canvi en la velocitat no es pugui
atribuir a ’augment de la forca ionica.

Figura 5.3: Geometria optimitzada de 'intermedi adducte hidrur-prot6 o complex

de dihidrogen “end-on” trans-[FeH(dhpe)s]-H-HNMes.

Per tal de determinar I’efecte dels contraions presents al medi de reaccio,
s’ha estudiat primer la transferéncia protonica en la seva abseéncia. El sistema
va ser modelat per trans-[FeH(n?-H,)(dhpe),]™ i trimetilamina, i estudiat en
fase gas, acetona i diclorometa. En ’estudi de la desprotonacié del complex
de dihidrogen es van localitzar els minims corresponents a reactius i produc-
tes, aixi com les geometries corresponents als diferents intermedis, adducte
hidrur-proto, parell ionic intim i ¢rans-dihidrur. De les geometries dels in-
termedis cal destacar la peculiar geometria de ’adducte hidrur-protd, que és
proxima a un complex de dihidrogen amb una geometria “end-on” (distancia
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H-H 1.211 A). A la figura 5.3 es presenta la geometria optimitzada d’aquest
intermedi, i a la figura 1.4 de 'introduccié es pot veure la diferencia entre un
dihidrogen “side-on” i un “end-on”.

Després de I'estudi sense contraions, es va estudiar el paper dels contraions
BF;,, PFy i BPh,, introduint aquestes especies en els calculs computacio-
nals. Dels resultats computacionals es desprén que el principal paper dels
anions en la reaccié de desprotonacio és afavorir la separacié dels productes
de reaccié formant un parell ionic estable entre I’amina protonada i ’anié

(A~, *HNMes).

[Fe]-H, BE; [Fe]-H; PF,
[Fe]-H, BPh, [Fe]-H> BPh;

Figura 5.4: Geometries dels parells idnics formats entre el complex de ferro [Fe]-
H; = [Fe(H(n?-Hz)(dhpe)2]™ i els contraions, la geometria de més a I’esquerra

correspon al contraié BF, , la segiient a PF, i les dues tltimes a BPh, .
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Aix0 explica per que els contraions BF, i PFy acceleren la reaccié, en
canvi no explica per a que BPh, la desaccelera. El cami de reaccié passa a
través de la formacié de parells ionics, només és donara la desprotonacié quan
el dihidrogen, la trietilamina i el contraié es puguin acostar. A partir dels
calculs es pot veure que la grandaria de ’anié BPh,~ impedeix que la base es
pugui acostar al complex de dihidrogen per captar el proté, per tant impedeix
que el complex es pugui desprotonar. La figura 5.4 mostra l'interaccié dels
contraions en dissolucié amb els reactius. En ella es pot veure que el parell
ionic que formen el BF; i el PF; amb el complex de ferro, deixa un costat
lliure que pot permetre a la base apropar-se al complex i captar un proté del
dihidrogen. En el cas del BPhj, la figura mostra la mateixa geometria desde
dos punts de vista diferents, es pot veure que perquée una base accedeixi a les
proximitats del dihidrogen i capti un proté és necessari que el parell ionic es
trenqui i el contraié s’allunyi del complex organometal-lic. A més a més cal
tenir en compte que el sistema model escollit és més senzill que I’experimental
que conté lligands voluminosos en la dppe i per tant els impediments esterics
en el sistema real encara sén més importants.

D’aquest estudi es desprén la importancia de la formacié de parells ionics
en les propietats cinetiques dels complexos de dihidrogen, que per contra
acostumen a ser considerats com a ions inerts. Més informacié sobre aquest
estudi, i les estabilitats relatives de les diferents especies formades es pot
trobar a ’article V.



Capitol 6

Estructures inusuals “SiHR)”

Es conegut que a través de migracions 1,2 els complexos amb lligands silil M-
SiR3 poden interconvertir-se en complexos amb lligands silile R-M=SiR,. El
que no és tant conegut és que aquests isomers classics poden interconvertir-se
en un conjunt d’isomers no classics estables. Els isomers no classics presenten
diversitat d’estructures, que hem classificat en tres tipus: “pontant” C1,
“paraigiies” C2 i “romboide” C3, veure figures 3.2 i 6.1.

En els articles VI i VII es presenta la recerca duta a terme sobre els
diferents isomers estables de complexos tipus [ML, “SiHRy”] i 'efecte que
tenen els substituents R en I'estructura i estabilitat dels diferents isomers.
Mitjancant tecniques computacionals s’han estudiat dos complexos de metalls
de transicid, el [(dhpe)Pt(“SiHR,”)]" (dhpe= HyP-CH,-CH,-PH,, R= H,
Me, SiHj3, Cl, OMe, SMe, NMe,), i el [Cplr(PH3)(“SiHRy”)]T (R= H, Me,
SiHj, Cl). Per tal d’observar l'efecte del substituent hidrogen en la formacié6
i estabilitat dels diferents isomers, a més a més d’aquestes especies amb
lligands hidrosilil “SiHR,”, s’han estudiat especies amb lligands silil tipus
“SiR3” [(dhpe)Pt(“SiR3”)|™ i [CpIr(PH3)(“SiR3”)]T, R= H, Me, SiH3, Cl).

L’eleccié dels dos complexos a estudiar no ha estat fortuita, en el nostre
estudi és important que els complexos tinguin una vacant a I’esfera de coordi-
nacio i siguin a 16-electrons ja que els centres metal-lics han de ser electrofils,
capacos de formar interaccions no classiques, en les que orbitals buits del me-
tall interaccionin amb densitats electroniques d’enllacos ¢, o formin enllagos
a 3c-2e. També és interessant disposar de dades experimentals sobre els com-
plexos, que en certifiquin I'estabilitat i donin informacio estructural. Per aixo,
els complexos escollits son models dels complexos estudiats experimentalment
pel grup de Tilley, el [(dippe)Pt(SiHMes,)]" (dippe = ‘ProP-CHy-CH,-PiPrs,
MeS:2,4,6—M6306H2) iel [(C5Me5)(PMeg)Ir(H81R2)]+
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silil A silile B pontant C1

paraigties C2 romboide C3 romboide C3'

Figura 6.1: Geometries optimitzades tipus silil A (R, R’=H), romboide C3
(R, R'=CH;), C3’ (R=SiHs;, R’=H) per [CpIr(PH3)(“SiR’'R,”")]*, silile B
(R=Cl, R’=H), pontant C1 (R, R’=Cl) i paraigiles C2 (R, R’=SiH3) per
[(dhpe)Pt(“SiR'Ry”)]*.

El complex [(dippe)Pt(SiHMess)|* passara a I’historia com el primer com-
plex silil, sobre el que es va observar una migraci6 1,2 H, per formar un hi-
drur silile.!”® Mitjancant raigs X es va resoldre I'estructura del complex silil
[(dippe)PtMe(SiHMes, )], precursor del complex de plati mencionat. Es va
observar que reacciona rapidament amb B(CgF5)3; en diclorometa i els au-
tors van proposar la formacié de [(dippe)(H)Pt=SiMes,|"[MeB(CeF5)3]™ a
partir de dades d’espectroscopia NMR. Un treball posterior amb un complex
semblant, els va permetre caracteritzar el sililé neutre [(CysP)oPt=SiMes,],
Cy: C6H5.397

El sistema [(CsMes ) (PMe3)Ir(HSiR2)]™ va ser estudiat experimentalment
per a diferents substituents R= Mes, Me, Ph i *Bu.'®""'%* Alguns dels pro-
ductes i intermedis van ser identificats com a especies pontants. L’estu-
di de I’hidrosilil substituit per dos metils va mostrar que el complex silil
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[(CsMes)(PMes)Ir(SiMes)]| ™, és capag de dur a terme una transferéncia 5 H
per formar el complex [(CsMes)(PMe3)Ir(n?-CH,SiMe, ) (“H”)| T i una migra-
ci6 1,2 H per formar el metil silile [(CsMes)(PMes)(Me)Ir(SiMey)]*+.192

Les estructures classiques i no classiques que poden formar els complexos
ML, “SiHR5”, les hem classificat en tipus A, B, C1, C2 i C3, d’acord amb
I’esquema presentat a les figures 3.2 1 6.1. D’entre les especies tipus pontant,
diferenciem un subtipus C1’. Anomenem especies C1 a aquelles que tenen
un atom pontant entre el metall i el silici, i C1’ a les que presenten un enllag
pontant, que forma un [S-agostic. Les estructures “romboide” C3 poden
formar dues estructures diferents, anomenem C3 a la que forma ’hidrogen
pontant pel costat del silici (substituit), i C3’ la que té 1’hidrogen pontant
al costat contrari al silici (substituit). Els complexos derivats de ’hidrosilil
poden presentar subtipus d’estructura depenent de la posicié relativa que
ocupin H o R. L’estructura tipus silile B, pot formar un hidrur silile H-ML,-
SiRy B(H), o el silile R-ML,-SiHR B(R). En lestructura pontant C1, el
complex pot tenir com a pontants, ’hidrogen C1(H) o el grup R C1(R).

Les estructures inusuals SiR3 no tenen un hidrogen substituit al silici i
només presenten un tipus d’estructura B i C1. Els resultats que s’obtenen
per ML, SiR3 i ML,SiHR, sén els mateixos quan R=H. Les descripcions ge-
ometriques dels diferents minims localitzats es troben detallades als articles
VIi VIL

6.1 Els complexos

[(dhpe)Pt(“SiHR,”)]* En general les estructures tipus silil A es troben
fortament desestabilitzades i només han estat localitzades per a R=H, OCH3,
SCH3 i N(CHj3)s. Per a ’hidrogen s’han localitzat dos isomers estables, un
silil A i un hidrogen pontant C1. L’estructura més estable per a R=CHjs, Cl
és un hidrur silile B(H), s’han localitzat dos isomers tipus pontant C1(R),
per R=CHj3 a més a més s’han localitzat dos isomers C1’(R). Per a R=SiH3,
cap de les especies anteriors és estable, s’han localitzat dos isomers tipus
paraigiies C2 (els més estables), un tipus pontant C1(H) i I'inica especie
tipus romboide C3. Per als grups R= OCHj, SCH3 i N(CHj3)3, no s’han
considerat les estructures amb geometria fixada. Els minims localitzats, son
estructures tipus silil A, silile B(H) i pontant C1(R). L’hidrur silile B(H)
és I'isomer més estable per a R=0OCHj3, N(CHjs),, per a R=SCHj és estable
pero el minim absolut és tipus pontant C1(R). Cap estructura tipus B(R)
ha estat localitzada. Les estructures no classiques sén en general estables,
lestructura C1(R) s’ha localitzat per a tots els substituents excepte per a
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R=SiH3;. Més informacié sobre aquestes espécies es pot trobar a l'article
VI, que presenta a més a més altres resultats interessants, com la recerca
d’estats de transicié d’isomeritzacio de les diferents especies, o ’estudi dels
isomers del complex [(dhpe)Pt(“CHR,")|*.

[CpIr(PH;)(“SiHR,”)]" En el complex d’iridi estudiat la formaci6 de
complexos silil A no és en general favorable, i només s’ha localitzat com a
minim per a R=H. El complex hidrur silile B(H) s’ha localitzat per a tots
els substituents estudiats, és 1’espécie més estable excepte per a R=SiHj,
I’isomer més estable del qual és I'estructura paraigiies C2. No s’ha localitzat
cap minim amb estructura pontant C1(H), en canvi les altres espécies no
classiques C1(R), C2 i C3 sén en general estables, sobretot per a R=SiHs.
Per a CH3 s’han localitzat les estructures pero sén poc estables. La descripcio

detallada de les geometries i altres resultats d’aquests sistemes es presenten
a I'article VIL

[(dhpe)Pt(“SiR3”)]* L’especie silil A tampoc es troba estabilitzada
en aquest complex i només s’ha localitzat com a minim per a R=H. Les
estructures tipus silile B estan clarament desestabilitzades, i no han estat
localitzades per a cap dels substituents estudiats. Les espécies no classiques
C1, C1’, C2, C3 i C3 s’han revelat com les més estables. L’hidrogen
i el clor no poden formar estructures tipus paraigiies C2 o romboide C3,
pero les estructures més estables sén pontants C1. L’isomer més estable per
al CHj és el que presenta una geometria tipus romboide C3, també s’han
localitzat els isomers pontant C1 i C1’, paraigiies C2 i romboide C3’. El
minim més estable per a R=SiHj respon a una geometria tipus paraigiies C2,
també presenta els isomers C3 i C3’. Els resultats obtinguts per a aquest
sistema es presenten a ’article VI, junt amb altres resultats i una descripcio
geometrica dels diferents minims localitzats.

[CpIr(PH;)(“SiR3”)]" L’especie silil A tampoc es troba estabilitzada,
i només s’ha localitzat un minim per a R=H. Si que s’han localitzat isomers
silile B que es troben molt estabilitzats, per a R= H és el més estable. Per
als altres grups R les geometries més estabilitzades corresponen a espécies
no classiques. L’espéecie més estable per a CHjz és tipus romboide C3 i per a
SiHj tipus paraigiies C2, per a R=CHj3 s’han localitzat totes les especies no
classiques possibles i per a SiHj totes menys les pontants C1 i C1’. Per a
R=CI només s’ha localitzat un tnic isomer estable, el clor pontant C1. Les
geometries i particularitats d’aquest sistema es presenten a l'article VII,
junt amb els seus parametres geometrics.
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Dels resultats es despren que les estructures dels isomers localitzats no
només corresponen als complexos silil i silile sind que es formen isomers es-
tables no classics tipus pontant, paraigiies i romboide. La prediccié d’estabi-
litat relativa dels isomers no és senzilla, ja que per exemple R=H afavoreix
la formacié d’un hidrogen pontant C1(H) en el complex de plati, perd en
el complex d’iridi afavoreix I’hidrur silile B(H). L’estabilitat dels isomers
també depen fortament dels substituents. Per a R=CHjs, el més proper a
R=H, I'isomer més estable en els complexos de platii d’iridi és I'hidrur silile
B(H).

Des d’un punt de vista computacional els estudis mostren 'alta sensibi-
litat d’aquests complexos a petits canvis quimics, fent que escollir el model
sigui clau, si I’estudi pretén obtenir una geometria acurada del minim expe-
rimental. Les propietats electroniques i els efectes esterics dels lligands dels
complexos estudiats (la fosfina en el complex de plati, i els metils del Cp* en
el complex d’iridi), i la presencia dels contraions poden influir en I’estructura
formada. Per tant, cal tenir en compte que els resultats obtinguts en els
articles VI i VII, poden no predir I'isomer format experimentalment, ja
que els lligands i substituents han estat simplificats.

L’estabilitat relativa dels diferents isomers depén del complex i els subs-
tituents. Seria interessant raonar el canvi de comportament associat al canvi
d’un substituent o complex. El complex de plati M-SiHj prefereix la forma-
ci6 de I’hidrogen pontant C1, mentre que el M-SiH(CHj), prefereix la de
I'hidrur silile B(H), aix0 es pot atribuir a la millor habilitat electrodonado-
ra del metil respecte I’hidrogen, que possiblement estabilitza la formacié del
silile. Aix0 és consistent amb el que s’observa per a CI, OR, SR, NR,, en els
complexos de plati i d’iridi. El complex d’iridi “SiH3” presenta una estruc-
tura B(H), 'hidrogen pontant C1(H) no és estable, possiblement perque el
complex d’iridi és més electroacceptor i té menys impediments esterics que
el de plati.

En general es pot veure que hi ha relaci6 entre els resultats trobats per
SiHRs i els trobats per SiRs, tenint en compte que les espécies tipus B(H) i
C1(H) no es poden formar per SiR;3. Si aquests isomers sén els més estables
per a SiHR,, per a SiR3 els més estables en general son el segon isomer més
estable o un isomer que no es formava per a SiHR».
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6.2 Les estructures

6.2.1 A, silil

Els complexos silil A no estan afavorits, només es troba com a minim forca
estable per a R=H. Les estructures tipus hidrur silile B(H), s’han localitzat
com a especies estables per a tots els substituents R excepte per a I’hidrogen
en el complex de plati, que prefereix la formacié d’un complex hidrogen
pontant C1.

6.2.2 B, silile

Les estructures B(H) s6n el minim absolut excepte per a R=SiHj, que forma
minims amb aquesta geometria pero forca alts en energia. La preferencia i
estabilitat de ’estructura tipus hidrur silile es justifica per la preferéncia en
la formacié de sililens amb silils substituits per grups m donadors o electrodo-
nadors. Per a R=SiHj3, aquestes espeécies sén relativament inestables, gracies
a que la hiperconjugacié del silici permet la formacié d’altres especies més
estables no accessibles per als altres substituents.

En el complex de plati els complexos tipus B(R) no han estat localitzats
per a cap substituent, cosa que pot ser explicada per la preferencia del silil
a ser substituit per grups 7 o electrodonadors enlloc d’hidrogen, per ma-
jors efectes estérics en el complex plano-quadrat de plati que en el d’iridi,
o preferéncia del complex de plati per la coordinacié = de dobles enllagos
C=Si, o Si=Si. Els sililens de tipus B(R) han estat localitzats en el com-
plex d’iridi per R= CHj i SiH3 (per a R=H seria B(H)). Per a R=CHj3, la
formacié d’una especie tipus metil silile es troba desestabilitzada per a un
complex ML,SiHR; (respecte B(H)) i forga estabilitzada per ML,SiR3 (res-
pecte C3). Per a Si(CHj)s l'estructura B es troba més estabilitzada, degut
a que el minim absolut en SiH(CHj); B(H), no es pot formar. En els com-
plexos d’iridi ML, SiH(SiHj)s i ML,Si(SiHs)s, el silil silile C1(R) es troba
lleugerament desestabilitzat respecte 1’estructura tipus paraigiies C2. Per a
R=ClI, les espécies B(R) no sén estables i només es localitzen els minims
B(H) i C1(R). Una possible explicaci6 és que degut a la ja comentada es-
tabilitzacié del lligand silile per grups m donadors, el complex prefereix els
sililens SiCl, B(H), que la formacié de sililens SiHC1 B(R)).
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6.2.3 C, estructures no classiques

En general la formacié d’especies no classiques C esta afavorida, exceptuant
els hidrogen pontants C1(H) que només es localitzen per R=H en el complex
de plati. En el complex de plati SiR3, i R=CHj3 s’han observat isomers quasi
isoenergetics de tipus C1, C1°, C2 i C3. Les estructures tipus B(H) es
troben afavorides respecte a les C1(H), les C1(R) s’han localitzat com a
minims per R=CHj3 i Cl, i no per SiH;. L’estabilitat relativa d’aquestes
especies depen del substituent i del complex metal-lic. En el complex de
plati aquestes especies es troben més estabilitzades que en el complex d’iridi,
i son més estabilitzades pel clor que pel carboni. En cas que els substituents
siguin metils, s’observa la formaci6 d’una interacci6 § C-H agostica C1’, i
una estructura que presenta una interaccié tipus a C-H agostic paraigiies
C2. Estructures romboide C3 no han estat localitzades per a metils en
SiHR;, cosa que s’interpreta com que la formacié del doble enllag C=Si no
esta afavorida, pero si que s’han localitzat estructures romboide C3 i C3’
per SiR3. Per R=SiHj3, l’estructura pontant C1(R) o C1, no s’ha localitzat
probablement degut a que evoluciona cap a una especie pontant de tipus
romboide C3. El substituent SiH; pot formar estructures tipus paraigiies
C2 i romboide C3’ clarament afavorides, degut a la tendencia del silici a la
hiperconjugacio.
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Respecte les transferéncies protoniques estudiades:

e La reaccié de transferéncia protonica des d’un donador de pro-
tons debil o moderat HOR als hidrurs organometal-lics estudiats,
CpRu(H)(CO)(PHj3), CpoNbH3, CpMo(dpe)Hs i CpW (dpe)Hs, es déna
segons un mecanisme de quatre passos que passa per tres intermedis.

— En el primer pas es forma un enlla¢ d’hidrogen entre el donador de
protons i el lligand hidrur per formar el complex adducte hidrur-
proto.

— En el segon pas ’adducte hidrur-proto6 transfereix el proté, es for-
ma ’estructura parell ionic intim que conté un lligand dihidrogen.

— En tercer lloc es separa el parell ionic intim formant el catié dihi-
drogen i la base conjugada.

— Per ultim el complex cationic allibera hidrogen molecular i el com-
plex organometal-lic addiciona la base conjugada del donador de
protons per formar un alcoxid.

e El complex trans-[FeH(n?-Hy)(dhpe),]™ és desprotonat per la trimetila-
mina, segons el mecanisme de transferencia protonica en sentit invers
al descrit. Per aquest complex I'intermedi tipus adducte hidrur-proté
presenta una geometria de dihidrogen “end-on”.

e La forca del donador de protons usat afecta decisivament 1’estabilitat
dels intermedis. Els donadors de protons moderats afavoreixen més
I’estabilitat dels intermedis que els donadors debils.

e La formacié d’especies homoconjugades, entre la base conjugada del
donador de protons i el donador de protons (ROHOR™), és clau per
que la protonacié d’hidrurs de metalls de transicié amb acids debils
tingui lloc.
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El dissolvent té un paper important en la reaccié influint sobretot en
I’etapa de separacié de carregues en el parell iénic intim. Els dissolvents
relativament polars fan la reaccié més favorable que els no polars.

El complex de niobi CpyNbHj3 presenta tres llocs de protonacié. La
protonacié a I’hidrur central en general esta més afavorida que en els
laterals. Els donadors de protons fluorats HOR donen energies d’inte-
raccié més grans que els respectius no fluorats.

Calculs B3LYP sobre les energies d’interaccié de complexos organo-
metal-lics amb alcohols fluorats, tenen associat un important error de
superposicié de base que pot arribar fins al 60%.

La protonacié des d’'un donador de protons tipus alcohol fluorat, a
un complex organometal-lic tipus Cp*M(dppe)Hs, M= Mo i W es pot
donar a un dels tres hidrurs o al centre metal-lic. En el complex de mo-
libdé la protonacié als hidrurs esta afavorida, mentre que en el complex
de tungste esta afavorida la protonacié al centre metal-lic.

En el complex Cp*Mo(dppe)H; la protonacié porta a I’eliminacié d’hi-
drogen molecular i la formacié d'un complex alcoxid que interacciona
amb una molecula de donador de protons per formar una especie amb
un lligand RO--H--OR coordinat pels dos oxigens.

La presencia de contraions en solucié afecta la desprotonacio del trans-
[FeH(n?-Hz)(dhpe)o]™. En general els contraions afavoreixen la reaccié
de desprotonacié ja que assisteixen la separacié dels productes mit-
jangant la formacié de parells idnics (B-HTA~, on B= base i A= con-
traid). Contraions voluminosos com el BPh; desacceleren la reacci6
degut a la formacié de parells ionics amb els reactius que impedeixen
I’atac de la base.
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Respecte de les estructures inusuals “SiHR,”, i “SiR5”:

e Els complexos [(dhpe)Pt(“SiHRy”)]" (dhpe= H,yP-CH,-CHy-PH,),
[(dhpe)Pt(“SiR3”)|T, [Cplr(PH3)(“SiHRy”)|* i [Cplr(PH3)(“SiR3”)|™,
per R= H, CHjs, SiH3, Cl i (OCHs, N(CHj3)s, SCH3) presenten dife-
rents minims propers en energia. Els isomers localitzats corresponen a
complexos tipus:

— Silil A, la formacié d’aquestes especies no esta afavorida i només
s’ha observat per R=H.

— Silile B, les especies hidrur-silile corresponen, en general, a minims
locals en la hipersuperficie de potencial.

— Estructures no classiques C, en general estan molt estabilitzades.
S’han localitzat gran varietat de geometries, que inclouen hidro-
gen pontants, clor pontants, formacié d’interaccions agostiques, o
coordinacié de tipus n?... que hem classificat en tipus: pontants
C1, paraigiies C2 i romboide C3.

e La natura del minim depen fortament de la natura del lligand i del com-
plex organometal-lic, petits canvis en els substituents del silici porten
a canvis importants en l’estabilitat de les estructures.

— En I'is de tecniques computacionals es necessari tenir aquest fet
en compte ja que la simplificacié del sistema a estudiar a un model
pot portar a importants errors.

— L’existencia de diversos isomers que només difereixen en la posicid
de I’hidrogen pot portar a errors d’interpretacié importants, en
estructures resoltes a partir de cristal-lografia de raigs X.
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Abstract: The interaction of the ruthenium hydride complex CpRuH(CO)(PCys) (1) with proton donors HOR
of different strength was studied in hexane and compared with data in dichloromethane. The formation of
dihydrogen-bonded complexes (2) and ion pairs stabilized by hydrogen bonds between the dihydrogen
ligand and the anion (3) was observed. Kinetics of the interconversion from 2 to 3 was followed at different
(CF3)3COH concentrations between 200 and 240 K. The activation enthalpy and entropy values for proton
transfer from the dihydrogen-bonded complex 2 to the (172-Hz)-complex 3 (AH* = 11.0 + 0.5 kcal/mol and
AS* = —19 £ 3 eu) were obtained for the first time. The results of the DFT study of the proton transfer
process, taking CFsCOOH and (CF3)sCOH as a proton donors and introducing solvent effects in the
calculation with the PCM method, are presented. The role of homoconjugate pairs [ROHOR]" in the
protonation is analyzed by means of the inclusion of an additional ROH molecule in the calculations. The
formation of the free cationic complex [CpRu(CO)(PCys)(?-Hz)]" is driven by the formation of the
homoconjugated anionic complex [ROHOR]". Solvent polarity plays a significant role stabilizing the charged
species formed in the process. The theoretical study also accounts for the dihydrogen release and production
of CpRu(OR)(CO)(PCys), observed at temperatures above 250 K.

Introduction

In recent years the formation of “unconventional” intramo-
lecular and intermolecular hydrogen bonds involving the hydride
ligand as a proton acceptor has been reported.! This nonclassical
bonding, also called dihydrogen bond, seems to have an
activating effect on the metal hydride toward H/D exchange
and possibly also toward catalytic hydrogenation.? The idea that
these H---H hydrogen-bonded complexes constitute important
intermediates of transition metal hydride protonation has been
subsequently proposed in a number of works>* and afterward
found its experimental confirmation.>® For example, the ap-

" A. N. Nesmeyanov Institute of Organoelement Compounds.
# Universitat Autdnoma de Barcelona.

(1) For reviews on the dihydrogen bonding see: (a) Crabtree, R. H.; Siegbahn,
P. E. M.; Eisenstein, O.; Rheingold, A. L.; Koetzle, T. F. Acc. Chem. Res.
1996, 29, 348. (b) Shubina, E. S.; Epstein, L. M. Coord. Chem. Rev. 2002,
231, 165. (c) Custelcean, R.; Jackson, J. S. Chem. Rev. 2001, 101, 1963.
(d) Epstein, L. M.; Belkova, N. V.; Shubina, E. S. In Recent Advances in
Hydride Chemistry; Peruzzini, M., Poli, R., Eds.; Elsevier: Amsterdam,
2001; Chapter 14, pp 391—418.

(2) Morris, R. H. In Recent Advances in Hydride Chemistry; Peruzzini, M.,
Poli, R., Eds.; Elsevier: Amsterdam, 2001; Chapter 1, pp 1—38.

(3) Wessel, E.; Lee, J. C.; Peris, E.; Yap, G. P.; Fortin, J. B.; Ricci, J. S.; Sini,
G.; Albinati, A.; Koetzle, T. F.; Eisenstein, O.; Rheingold, A. L.; Crabtree,
R. H. Angew. Chem., Int. Ed. Engl. 1995, 34, 2507.

(4) Shubina, E. S.; Belkova, N. V.; Krylov, A. N.; Vorontsov, E. V.; Epstein,
L. M.; Gusev, D. G.; Niedermann, M.; Berke, H. J. Am. Chem. Soc. 1996,
118, 1105.

(5) Ayllén, J. A.; Gervaux, C.; Sabo-Etienne, S.; Chaudret, B. Organometallics
1997, 16, 2000.
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plication of IR and/or NMR methods in a wide range of
temperatures allowed the establishment of the existence of a
slow equilibrium between M—H:+*H—OR and [M-(7*>-H,)]*-
[OR]" species in the case of RuHx(dppm),,> {MeC(CH,PPh,);}-
Re(CO),H,% and Cp*Ru(PCy3)Hs.” In the latter study, where
NMR experiments were performed using both toluene and a
liquefied Freon mixture CDF,CI/CDF; (2:1) as solvents, it was
realized that protonation takes place if the solvent polarity is
large enough. Interestingly, both the Freon mixture and CH»-
Cl; possess similar dielectric constants which increase drastically
by lowering the temperature. As a consequence, protonation
occurs at low temperatures as a solvent-assisted process in
contrast to nonpolar toluene, where only the M—H--*-H—OR
complex was observed.’

The above-mentioned studies of MH:+*HOR complexes fit
well into the received concept of proton transfer mechanism
where the dihydrogen bond formation is the first stage. Usually,
in the second stage the hydrogen-bonded complex is converted
into an ion pair, leading finally to free ions. In case of transition
metal hydrides the process can be visualized as shown in

(6) Shubina, E. S.; Belkova, N. V.; Bakhmutova, E. V.; Vorontsov, E. V_;
Bakhmutov, V. L; Ionidis, A. V.; Bianchini, C.; Marvelli, L.; Peruzzini,
M.; Epstein, L. M. Inorg. Chim. Acta 1998, 280, 302.

(7) Gruendeman, S.; Ulrich, S.; Limbach, H.-H.; Golubev, N. S.; Denisov, G.
S.; Epstein, L. M.; Sabo-Etienne, S.; Chaudret, B. Inorg. Chem. 1999, 38,
2550.
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Scheme 1 considered only in a few theoretical works.!3~17 Modeling the

M-H+HOR = M-H...HOR = [M-(n*-Hy)]"...OR" =

H
[M-(m*Hy)]' +OR” = M-OR

Scheme 1. If the cationic dihydrogen complex [M—(1?-H)]™
is unstable, the alkoxy complex M—OR would be the final
product.*~6

In our recent study® of low-temperature (200—250 K)
dihydrogen bonding and proton transfer to CpRuH(CO)(PCys3)
(1) in the low polar media of dichloromethane we have found
for the first time experimental evidence of the formation of the
hydrogen bond-stabilized ion pair 3. Moreover, slow intercon-
version of an He*H hydrogen-bonded complex 2a into a
hydrogen-bonded ion pair 3 was shown to be the rate-limiting
step of the proton transfer reaction and was followed in the case
of PFTB at 200 K. However in dichloromethane at temperatures
above 220 K both hydrogen-bonded ion pair 3 and free cationic
dihydrogen complex 4 easily lose dihydrogen, producing
alkoxycomplexes 6.

The role of homoconjugate ions ([X+++H+*+X]"°") in organic
chemistry is well known. Recently its importance in the
protonation equilibria has been recognized for organometallic
systems.>!? Norton et al.® have justified that the protonation of
CpHW(CO),PMe; by PhNH;™ occurs despite the weak acidic
character of PANH;™ because of homoconjugate pair formation
between PhNH;™ and its conjugate base PhNH,. The production
of [PhNH,++-H-+-H,NPh]* has been considered the driving force
of the protonation reaction. In our previous study of the
protonation of 1 by TFA we pointed out that the dissociation
of the ionic pair 3 into the free cationic complex 4 is assisted
by the formation of homoconjugate ions [RO+**H+**OR]~ (5).8
Such organic complexes with symmetric or quasi-symmetric
ionic hydrogen bonds are known as the most stable species in
solution whose features have been studied.!!

The first computational study on dihydrogen bonding ap-
peared almost simultaneously to the experimental ones,'? and
since then, dihydrogen bonding attracts considerable attention
of theoreticians.!® The nature and geometrical and energetic
features of dihydrogen-bonded complexes have been thoroughly
studied. In the very recent work of Alkorta et al.'* the influence
of proton donor strength on structural, energetic, and IR
spectroscopic properties of model X—H++*H—M (M = Li, Na)
complexes was studied. Nevertheless the role of dihydrogen-
bonded complexes as intermediates in protonation reaction is

(8) Belkova, N. V.; Ionidis, A. V.; Epstein, L. M.; Shubina, E. S.; Gruuen-
demann, S.; Golubev, N. S.; Limbach, H.-H. Eur. J. Inorg. Chem. 2001,
1753.

(9) (a) Papish, E. T.; Rix, F. C.; Spetseris, N.; Norton, J. R.; Williams, R. D.
J. Am. Chem. Soc. 2000, 122, 12235. (b) Papish, E. T.; Magee, M. P.;
Norton, J. R. In Recent Advances in Hydride Chemistry, Peruzzini, M.,
Poli, R., Eds.; Elsevier: Amsterdam, 2001; Chapter 2, pp 39—74.

(10) Fong, T. P.; Forde, C. E.; Lough, A. J.; Morris, R. H.; Rigo, P.; Rocchini,
E.; Stephan, T. J. Chem. Soc., Dalton Trans. 1999, 4475.

(11) (a) Castaneda, J. P.; Denisov, G. S.; Shreiber, V. M. J. Mol. Struct. 2001,
560, 150. (b) Drichko, N. V.; Kerenskaya, G. I.; Shreiber, V. M. J. Mol.
Structure 1999, 304, 73. (c) Yuchnevich, G. V.; Tarakanova, E. G.;
Maiorov, V. D.; Librovich, N. B. J. Mol. Struct. 1992, 265, 237.

(12) Liu, Q.; Hoffmann, R. J. Am. Chem. Soc. 1995, 117, 10108.

(13) For recent reviews of theoretical work on dihydrogen bonding see: (a)
Alkorta, I.; Rozas, I.; Elguero J. Chem. Soc. Rev. 1998, 27, 163. (b) Maseras,
F.; Lledds, A.; Clot, E.; Eisenstein, O. Chem. Rev. 2000, 100, 615. (c)
Clot, E.; Eisenstein, O.; Lee, D. H.; Crabtree, R. H. In Recent Advances in
Hydride Chemistry, Peruzzini, M., Poli, R., Eds.; Elsevier: Amsterdam,
The Netherlands, 2001; Chapter 3, pp 75—88.

(14) Alkorta, I; Elguero, J.; Mo, O.; Yaiiez, M.; Del Bene, J. E. J. Phys. Chem.
A 2002, 106, 9325.
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protonation of CpRuH(CO)(PH3) by H,O, CF;0H, and H;0™,
Scheiner et al.!® obtained dihydrogen-bonded or nonclassical
(7*>-H,) cationic complexes depending on the proton donor
strength. The critical role of proton donor acidity was lately
recognized by Lau et al.,'” but to our knowledge there is no
work where the roles of solvent and of homoconjugate anion
complexes have been taken into account for transition metal
hydride protonation, although they have been extensively studied
for organic systems.!®

Here we treat the influence of media polarity on the proton
transfer to 1 both experimentally and theoretically. The use of
nonpolar hexane instead of low-polar dichloromethane in the
IR study increases the stability of all species, allowing us to
look deeper into the mechanism of proton transfer to hydrides.
The results of the kinetic study in hexane utilizing a wider
temperature (200—250 K) and concentration range (in com-
parison to our previous study®) presented in this paper gave for
the first time the activation enthalpy and entropy of conversion
of the H+--H bonded complex 2 into the ion pair 3 and revealed
very interesting peculiarities of this proton transfer process in
nonpolar media. Introduction of solvent effects into DFT
calculations showed the stabilizing role of solvent in the
protonation process and explained the experimental findings.
Calculation of the protonation reaction with participation of
dimeric (ROH), species demonstrates the role played by
homoconjugate pairs stabilizing the protonation products.

Experimental Section

The hydride CpRuH(CO)PCys; (1) studied in this work was prepared
as described.' Fluorinated alcohols were from P&M company (Mos-
cow). All manipulations were performed in an atmosphere of dry argon
using standard Schlenk techniques. Hexane was dried by refluxing over
sodium and distilled under dry argon prior to use. IR measurements
were carried out on a “Specord M82” spectrometer in 0.1 cm CaF,
cells. The study of hydrogen bonds was carried out in the range of
XH-stretching vibrations of proton donors in low concentration (C =
1 x 1073 to 1 x 1072 mol L™!) in the presence of the hydride excess
(C = 107" to 2 x 1072 mol L™"). Positions of the band Vxy--tru
correspond to their center of gravity (s = £3 cm™'). Studies in the
range of stretching vibrations of carbonyl ligands (vco) were carried
out in the presence of equimolar amounts and of excess of proton
donors.

Low-temperature IR measurements were carried out in a Carl Zeiss
Jena cryostat in the temperature range 200—300 K using a stream of
liquid nitrogen. The accuracy of temperature adjustment was +0.5 K.
To suppress the reaction, reagents were mixed at low temperatures.
Then the cold solution was transferred into the cryostat precooled to a
required temperature. The reaction between hydride 1 and PFTB was
studied by following the increase of the carbonyl stretch at 1978 cm™!
corresponding to hydrogen-bonded ion pair 3. A representative set of
spectral changes is shown in Figure 2. The first-order rates were
obtained by plotting In(A. — A,) versus time. Fitting of eq 3 to obtain
ka and k—, values was done using STATISTICA software® (n = 8, R
= 0.91-0.97).

(15) Orlova, G.; Scheiner, S.; Kar, T. J. Phys. Chem. A 1999, 103, 514.

(16) Orlova, G.; Scheiner, S. J. Phys. Chem. A 1998, 102, 4813.

(17) Chu, H. S.; Xu, Z.; Ng, S. M.; Lau, C. P,; Lin, Z. Eur. J. Inorg. Chem.
2000, 993.

(18) Scheiner, S. Hydrogen Bonding: A Theoretical Perspective; Oxford
University Press: New York, 1997.

(19) (a) Chinn, M. S.; Heinekey, D. M. J. Am. Chem. Soc. 1990, 112, 5166. (b)
Chinn, M. S.; Heinekey, D. M. J. Am. Chem. Soc. 1987, 109, 5865.
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Figure 1. IR spectra in the vco range of CpRuH(CO)(PCy3) (1) (0.004
mol L) in the presence of excess PFTB at 220 K in hexane; ratio 1/PFTB
=1:6 (1), 1:8 (2), 1:12 (3), 1:16 (4).

0.8

A

2000 1850 1800 -1 1850
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Figure 2. Time-dependent IR spectra in the vco range of CpRuH(CO)-
(PCys) (1) (0.004 mol L™!) in the presence of 6 equiv of PFTB at 220 K
in hexane (over 30 min period).

Computational Details

Calculations were performed with the Gaussian 98 series of
programs.?! Density functional theory (DFT) was applied with the
B3LYP functional.?*> Effective core potentials (ECPs) were used to
represent the innermost electrons of the ruthenium atom as well as the
electron core of phosphorus atom.?* The basis set for the Ru and P
atoms was that associated with the pseudopotential,>® with a standard
double-§ LANL2DZ contraction,? supplemented in the case of P with
a set of d-polarization functions.”* A 6-31G(d,p) basis was used for
hydrogen, oxygen, and carbon atoms directly bonded to the metal, while
a 6-31G basis set was used for the rest of the atoms in the system.?
Solvent effects were taken into account by means of polarized
continuum model (PCM) calculations® using standard options.?' Free
energies of solvation were calculated with dichloromethane (¢ = 8.93)

(20) STATISTICA for Windows [Computer program manual]; StatSoft, Inc.:
Tulsa, OK, 1999.

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, L.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(22) (a) Lee, C.; Yang, W_; Parr, R. G. Phys. Rev. B 1988, 37, 785. (b) Becke,
A. D. J. Chem. Phys. 1993, 98, 5648. (c) Stephens, P. J.; Devlin, F. J.;
Chabalowski, C. F.; Frisch, M. I. J. Phys. Chem. 1994, 98, 11623.
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(24) Hollwarth, A.; Bshme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. Chem. Phys.
Lert. 1993, 208, 237.

(25) (a) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; Defrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654. (b) Hehre,
W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257. (c)
Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

Table 1. Dependence of IR vco Absorptions on Proton Donor
Used for Dihydrogen-Bonded Complex 2a, lon Pair 3, and Alkoxy
Complex 6, in Hexane and Dichloromethane?

HA veo(2a), cm~! Veo(3), cm™! veo(d), cm~! veo(6), cm™!
Hexane, vco(1) = 1920 cm™!
HFIP 1931 1972 1946
PFTB 1935 1978 1955
TFA 1940 2004 1963
Dichloromethane,® vco(1) = 1890 cm™!
PFTB 1960 1944
TFA 1996 2020 1957
HBF, 2020

4Data from ref 8.

and n-heptane (¢ = 1.92) as solvents, keeping the geometry optimized
for the gas phase species (single-point calculations). For technical
reasons, due to the program limitations, it has not been possible to
perform calculations in n-hexane. However, close values of the dielectric
constant were obtained for both solvents (e(hexane) = 2.0, e(heptane)
= 1.92), suggesting the results for both solvents must be very similar.

Results and Discussion

Hydrogen Bonding and Protonation of 1 in Hexane. The
hydride 1 is of moderate basicity (E;'*?” = 1.02) and forms
medium strength (AH® = —5.1/—7.3 kcal/mol) hydrogen bonds
with fluorinated alcohols.® The values of AH® = —7.3 kcal/
mol and of AS® = —21.6 cal K~ mol~! have been determined
for the dihydrogen-bonded complex of 1 with PFTB in hexane
from the temperature dependence of formation constants K;
obtained from vco intensity changes at 200—250 K.

This hydride exhibits in hexane a quite narrow (Avy, =7
cm™!) band vco(1) at 1920 cm™!. Upon addition of a proton
donor, a new band belonging to the hydrogen-bonded complex
2a arises immediately at higher frequency, which does not
overlap with the vco(1) band. The position of this vco(2a) band
depends on the complex strength: the more stable the hydrogen-
bonded complex, the larger the band shift (Table 1).

Studying the interaction of 1 with PFTB at different alcohol
concentrations surprisingly we observed another new band
vco(2b) at 1872 cm™!, Such low-frequency shift (—48 cm™') is
typical for hydrogen bonding to a carbonyl group,?® and we
believe this band belongs to the hydrogen-bonded complex 2b
(Scheme 2). At 6-fold PFTB excess (and higher) another band
arises at 1892 cm~! (Figure 1), which belongs to the hydrogen-
bonded complex 2¢ between 1 and two PFTB molecules
(Scheme 2). This situation is similar to what we observed for
the vno band of rhenium hydride ReHx(CO)(NO)(PEt3),.2° This
hydride formed hydrogen-bonded complexes of ReH:+-HOR and
NO-+*HOR types, which appeared in the IR spectra as two new
bands shifted to higher and lower frequencies relative to the
vno band of the free hydride. The hydrogen-bonded complex
with two alcohol molecules contained both H++*H and NO-+-H
bonds, and its vNo band appeared in the spectra 20 cm™! higher
than the vno band in the ReNO--*HOR complex.?

(26) (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027. (b) Amovilli, C.;
Barone, V.; Cammi, R.; Cances, E.; Cossi, M.; Mennucci, B.; Pomelli, C.
S.; Tomasi, J. Adv. Quantum Chem. 1998, 32, 227.

(27) logansen, A. V. Theor. Experim. Khim. 1971, 302—320.

(28) (a) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. J. Chem. Soc., Chem.
Commun. 1992, 994. (b) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. J.
Am. Chem. Soc. 1993, 115, 9069. (c) Hamley, P. A.; Kazarian, S. G.;
Poliakoff, M. Organometallics 1994, 13, 1767.

(29) Belkova, N. V_; Shubina, E. S.; Gutsul, E. I.; Epstein, L. M.; Nefedov, S.
E.; Eremenko, I. L. Inorg. Chim. Acta 2000, 610, 58.
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Similarly to the situation in dichloromethane,? the interaction A
does not stop at this point and all the vco bands of the hydrogen- 014
bonded complexes decrease in time, while the high-frequency '
vco band of the hydrogen-bonded ion pair 3 appears and grows
(Figure 2). The position of the vco(3) band depends on the
nature of the proton donor used. As can be seen from the data 0.09
in Table 1, a weaker proton donor having a more basic '
conjugated anion produces a larger low-frequency shift from
the position of the vco(4) band of the free cationic dihydrogen
complex, which can be associated with a stronger hydrogen- 0.04 : ‘
bonding interaction within the corresponding ion pair: TFA < "o 20 40 60
PFTB < HFIP. ¢ min

The strength of the proton donor determines not only the
strength of the hydrogen-bonding interaction in 2 and 3 but also
the protonation reaction rate and the time of the equilibrium
2 < 3 settlement. While the formation of ion pair 3 by the
reaction of 1 with TFA at 200 K proceeds almost immediately,
it takes about 1 h in the case of PFTB and even longer (3—4 h)
in the case of HFIP at the same temperature. So, we concentrated
our efforts on studying the kinetics of proton transfer from 2 to
3 in hexane using PFTB as a proton donor, which gives reaction
rates optimal for measurement by conventional IR techniques
with some freedom to change the reaction conditions such as
temperature and concentration of the reagents.

Kinetics of Proton Transfer in Hexane. We studied the
kinetics of protonation of 1 by PFTB at 200—240 K (with 10
K steps); concentrations used were 0.003—0.010 mol/L for 1
and 0.006—0.080 mol/L for the alcohol.

Despite the diversity of hydrogen-bonded species, the proton
transfer process in Scheme 2 can be simplified into two
consecutive equilibrium steps: 1 + PFTB <=2 == 3. From the
kinetic point of view this represents a typical reaction with so-
called rapid preequilibrium.

diffusion-controlled first stage:

1+ PFTB =2,K, ey
rate-limiting step:
223,k k4, K, 2)

We studied the kinetics of this reaction following the intensity

7718 J. AM. CHEM. SOC. = VOL. 125, NO. 25, 2003

Figure 3. Kinetic curve for the reaction of CpRuH(CO)(PCys3) (1) (0.004
mol L™!) with 2 equiv of PFTB at 240 K in hexane.

changes of the v¢o(3) band, which gave the same results as
’Vco(l) and Vco(za).

Unexpectedly we found that at low alcohol concentration an
induction period fing eXxists, as one can see from the representa-
tive kinetic curve in Figure 3. This induction period fing
(determined as depicted in Figure 3) gets shorter with the
increase of PFTB concentration and almost disappears at 6-fold
alcohol excess at 220 K (Figure 4a). Moreover the increase of
total concentrations of reagents (from 0.003 to 0.004 and 0.005
mol/L of 1 at 240 K) keeping the hydride—PFTB ratio at 1:5
leads to disappearance of the induction period, as does a
temperature increase.

The observed rate constants kq,s were determined from the
plots of In(A. — A,) versus time considering only the part of
the kinetic curve after the induction period. It appeared that
kobs becomes independent of PFTB concentration at the same
concentration as fipq disappears (Figure 4b).

The explanation of this phenomenon can be proposed on the
basis of the comparison of the hexane and dichloromethane
properties. The rather polar medium, in which proton transfer
is usually studied, preferentially stabilizes the ion pair, causing
proton transfer toward the base.!® Dichloromethane is indeed a
rather polar solvent, whose dielectric constant increases dramati-
cally by lowering the temperature.” Dichloromethane molecules
easily create a polar shell around the hydrogen-bonded complex,
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Figure 5. Eyring plot of log (k2/T) vs 1/T for transformation of CpRu-
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Figure 4. Influence of alcohol concentration on the induction period #ing
(a) and rate constant kqps (b) for the reaction of CpRuH(CO)(PCys3) (1) (0.004
mol L~!) with PFTB at 220 K in hexane.

which assists proton transfer by increasing local polarity.3® In
the case of nonpolar solvents such as hexane the oriented
polarization of the solvent molecules assists proton transfer
impossible in the gas phase.’! In addition, we suppose that the
orientation of the alcohol molecules can take place increasing
the shell polarity around the hydrogen-bonded complex. At low
proton donor concentrations such organization probably takes
some time, being the cause of the existence of the induction
period.

The observed rate constant in the present case can be
described by eq 3.

o = o —EA] )+k 3
obs — "2 1+K1[HA] —2 ( )

Fitting this equation gives real values for the k» and k-, rate
constants, which are 5.4 x 1072 and 1.1 x 1073 s7!, respec-
tively, at 240 K. Correspondingly, the equilibrium constant K>
= kolk— (eq 2) is equal to 49. Unfortunately at lower
temperatures we observed that the reaction does not reach
equilibrium. Instead at some point the intensity of the vco(3)
band decreases probably due to the low solubility and the
precipitation of the ion-paired complex 3. This fact precluded
us from determining K5 values at other temperatures. Neverthe-
less, we were able to estimate k» values taking into account
that k— is at least 2 orders of magnitude less than k and can
be neglected. So, obtained in this way the k, values range from
5.4 x 1072 s7! at 240 K to 4.5 x 107* s~ at 200 K. These
data allow us to use the Eyring plot (Figure 5) and calculate
(eq 4) for the first time the enthalpy and entropy of activation
for proton transfer from the dihydrogen-bonded complex to the
(7%-Hy)-complex: AH* = 11.0 + 0.5 kcal/mol and AS* = —19
+3eu

(30) Golubev, N. S.; Schenderovich, I. G.; Smirnov, S. N.; Denisov, G. S.;
Limbach, H.-H. Chem. Eur. J. 1999, 5, 492

findings (see below). The major difference observed when
moving from dichloromethane to hexane solvents is the decrease
in the stability of the dihydrogen-anion ion pair (found both
experimentally and theoretically) and the increase of the energy
barrier in the charge separation process, shown theoretically.

Theoretical Study of the Proton Transfer. The large amount
of experimental data accumulated for the protonation of CpRuH-
(CO)(PR3) complexes makes them a very good target to perform
a theoretical study of the factors governing the transition metal-
hydride protonation. First of all we will present the results for
the bimolecular reaction in the gas phase and we will analyze
further how they are modified when solvent effect and homo-
conjugate pairs are taken into account.

Proton Transfer in the Gas Phase. We have considered the
interaction of CpRuH(CO)(PH3) (1t) with H;0%, CFsCOOH
(TFA), and (CF3)3COH (PFTB) as proton donors of different
strength. As several structures had been calculated in the
theoretical study of Orlova and Scheiner, ' this preliminary study
will also serve to evaluate our methodology.

When the strong acid H;O™ is placed near 1t, a proton transfer
to the hydride takes place without barrier and the dihydrogen
complex [CpRu(CO)(PH3)(>H,)]T (4t) is formed. The opti-
mized geometries of 1t and 4t are depicted in Figure 6. In
agreement with the previous study no dihydrogen-bonded
intermediate is found. It is known that 1 forms a stable cationic
dihydrogen complex under the action of HBF4.!1 The same result
was obtained for the complex CpRuH(CO)(PPr3).3? Although
the presence of traces of the trans-dihydrido isomer have been
reported,?? it was found 3.5 kcal/mol less stable than 1t in the
previous study, and we have not considered it. The reaction

CpRuH(CO)(PH,) + H,0" —
[CpRu(CO)(PH,)(17°-H,)1" + H,O (reaction 1)

is very exothermic. Products are found 48.1 kcal/mol below
reactants.

(31) Denisov, G. S.; Kulbida, A. I.; Mikheev, V. A.; Rumynskaya, I. G.; Shreiber,
V. M. J. Mol. Lig. 1983, 26, 159.

(32) Esteruelas, M. A.; Gémez, A. V.; Lahoz, F. J.; Lépez, A. M.; Onate, E.;
Oro, L. A. Organometallics 1996, 15, 3423.
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Figure 6. Optimized geometries of CpRuH(CO)(PH3) (1t) and [CpRu-
(CO)(PH3)(17*-H2)]* (4t).
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Figure 7. Optimized geometries of CpRuH(CO)(PH3)---CF3COOH (2t-
TFA), CpRuH(CO)(PH3)--+(CF3);COH (2t-PFTB), CpRuH(PH3)(CO)---
(CF3)3COH (2bt-PFTB), CpRu(CO)(PH3)(OCOCFs3) (6t-TFA), and CpRu-
(CO)(PH3) (OC(CF3)3) (6t-PFTB).

When weaker proton donors such as TFA and PFTB are
placed near 1t, the optimization leads to the dihydrogen-bonded
complexes 2t-TFA and 2t-PFTB, respectively. Both complexes
present similar geometries, shown in Figure 7. The formation
of the hydrogen bond between the hydride and the proton is
reflected in the lengthening of the Ru—H and O—H bond
distances from their values in the isolated compounds (Ru—H,
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1.599 A in 1t; O—H, 0.972 A in TFA and 0.971 A in PFTB).
Our structures compare well with that previously reported for
CF30H.!¢ The thermodynamics of the dihydrogen bond forma-
tion with both proton donors is similar. In the gas phase, AE
values of —8.4 and —9.7 kcal/mol are found for TFA and PFTB,
respectively. These values compare well with calculated values
reported in the literature for this kind of interaction.!''> However,
our calculated value for PFTB is higher than the experimental
value of 1 in hexane (AH°® = —7.3 kcal/mol).

We have also considered the possibility of formation of a
CO++*HOR hydrogen bond. Starting the optimization with a
PFTB molecule in the carbonyl region, we have obtained the
structure 2bt-PFTB (Figure 7), which corresponds to the
proposed hydrogen-bonded complex 2b. The formation of the
hydrogen bond involving the carbonyl ligand is reflected in the
lengthening of the CO bond distance from its value in 1t (1.172
A in 2bt-PFTB, 1.162 A in 1t). The binding energy of this
CO-++*HOR hydrogen bond (—8.4 kcal/mol) indicates that it is
of similar strength to the MH---HOR dihydrogen bond and thus
that the carbonyl and hydrogen ligands can compete as hydrogen
bond acceptor sites.

Our results indicate that in the case of poor or moderate proton
donors, a dihydrogen-bonded intermediate is initially formed
in the protonation pathway. In the next step, proton transfer
from ROH to CpRuH(CO)(PH3) should lead to the formation
of the ionic pair [CpRu(CO)(PH3)(%-H,)]*+--OR~. We have
searched for this minimum, but all attempts to find it ended up
in the dihydrogen-bonded complexes 2t-TFA and 2t-PFTB.
Thus, in the gas phase the conjugate OR™ bases are so strong
that they pull the proton from the dihydrogen complex and no
minimum like 3 is found. Considering the cationic dihydrogen
complex and the anion infinitely apart we have calculated the
thermodynamics of the proton transfer reaction:

CpRuH(CO)(PH,) + ROH —
[CpRu(CO)(PH,)(7*-H,)]" + RO (reaction 2)

As expected, due to the net charge creation in the reaction
(neutral reactants and +1 and —1 products), this process is
extremely unfavorable in the gas phase. Products are found
107.7 kcal/mol (for CFzCOOH) and 111.5 kcal/mol (for (CF3)3-
COH) above the reactants.

It has been observed that at temperatures above 220 K 4 loses
a dihydrogen molecule and alkoxy complexes 6 are produced.
The protonation of similar hydride CpRuH(CO)(P'Pr3) with
HBF, in acetone leads to [CpRu(#'-OC(CHz3),)(CO)(P'Pr3)]*
by releasing H,.3> We have optimized the geometries of the
complexes CpRu(CO)(PH3)(OCOCF3) (6t-TFA) and CpRu-
(CO)(PH3)(OC(CF3)3) (6t-PFTB) (Figure 7). The feasibility of
the dihydrogen elimination can be appreciated looking at the
thermodynamics of the reaction

CpRuH(CO)(PH;) + ROH —
CpRu(CO)(PH;)(OR) + H, (reaction 3)

Products are found 6.8 kcal/mol below the reactants for ROH
= TFA and 2.7 kcal/mol above for ROH = PFTB.

Gas phase results show the dependence of the proton transfer
to a metal hydride on the proton donor strength.'¢ For a strong
proton donor there is no energy barrier for the protonation,
whereas moderate proton donors form complexes of H+:*H
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bonding type, but are unable to overcome the huge barrier
required for the formation of the dihydrogen complex 3 in the
gas phase. In the next section we will show how solvent assists
the proton transfer.

Solvent Effects. We have calculated the thermodynamics of
reaction | in n-heptane and dichloromethane. Both solvents
stabilize preferentially the smallest charged species (H;O™),
leading to a decrease of the exothermocity. In n-heptane products
are found 26.6 kcal/mol below the reactants, and in the more
polar dichloromethane 13.6 kcal/mol below the reactants.

We have performed solvent calculations for all the species
found in the gas phase study with TFA and PFTB proton donors.
Formation energies of the dihydrogen-bonded species change
only slightly when the solvent is taken into account, but in all
cases the interaction energy between the transition metal hydride
and the proton donor decreases when the polarity of the solvent
increases. Values of —5.2 and —2.4 kcal/mol have been obtained
for 2t-TFA in n-heptane and dichloromethane, respectively. For
2t-PFTB the calculated values are —5.6 kcal/mol in heptane
and —2.4 kcal/mol in dichloromethane. The calculated value
for 2t-PFTB in heptane is in reasonable agreement with the
experimental value in hexane (AH° = —7.3 kcal/mol). Thus,
theoretical values obtained in the gas phase overestimated the
strength of the H---H interaction. The binding energies for the
CO++*HOR hydrogen-bonded complex 2bt-PFTB in heptane
and dichloromethane are —4.9 and —3.2 kcal/mol, respectively.
These solution values do support the coexistence of the
dihydrogen-bonded complex 2a with the hydrogen-bonded
complex 2b, as suggested by the IR study (Figure 1).

As expected, polar solvents stabilize charged species, and the
strongest effect introduced by the solvent is on the relative
stabilities of the charged species 4t and OR™. The thermody-
namics of reaction 2 is dramatically changed. 4t + CF;COO~
are found 64.6 and 22.1 kcal/mol above the reactants, in heptane
and dichloromethane, respectively. Values for 4t + (CF3);CO™
are 72.5 kcal/mol (heptane) and 32.1 kcal/mol (dichlo-
romethane). We must point out that even considering the
strongest proton donor (TFA) and the more polar solvent
(dichloromethane), the solvent-separated ions are still 22.1 kcal/
mol above the reactants. With this result, we cannot account
for the observation of dihydrogen complexes in solution.

Given the electroneutrality of reaction 3, solvent effects are
not very important for this process. The stability of the products
slightly decreases increasing the solvent polarity. 6t-TFA lies
5.5 kcal/mol below the reactants in heptane and 4.2 kcal/mol
in dichloromethane. 6t-PFTB is found 6.0 and 8.1 kcal/mol
above the reactants, in heptane and dichloromethane, respec-
tively.

Role of Homoconjugate Anionic Species [ROHOR]™. To
investigate the possibility that homoconjugate ions play a role
in the protonation, we have theoretically studied the proton
transfer reaction with participation of two ROH molecules of
the proton donor, both in the gas phase and in solution. After
the proton transfer takes place a [ROHOR]™ anion will be
present in the media. The overall reaction is

CpRuH(CO)(PH,) + 2ROH —
[CpRu(CO)(PH,)(17°-H,)1" + [ROHOR] ™ (reaction 4)

CF3COOH As Proton Donor. There are multiple possibili-
ties for hydrogen bonding in a system with the metal hydride 1

3t-2TFA

Figure 8. Optimized geometries of CpRuH(CO)(PH3)--+(CF3COOH), (2t-
2TFA), (CF3COOH)», [CpRu(CO)(PH3)(17%-Hz)]"+++[CF:COOHOOCCF;]~
(3t-2TFA), and [CF3COOHOOCCF;] ™.

and two molecules of TFA. As we are interested in [ROHOR]™
anion formation, we have not performed a systematic search of
all the minima, but we have taken as a starting point the
optimized geometry of 2t-TFA and placed a new molecule of
the acid forming a hydrogen bond with the carbonylic oxygen
of the former. In this way we have found the dihydrogen-bonded
complex 2t-2TFA, in which H:+*H and O-+*H hydrogen bonds
are present (Figure 8a). An energy scheme with the relative
energies of all the species involved in the proton transfer with
the TFA dimer is depicted in Figure 9. The zero of energy in
this figure corresponds to the hydride 1t, with two CF;COOH
molecules infinitely apart. The dihydrogen-bonded complex is
found 24.5 kcal/mol below the reactants. The extra stabilization
with respect to the monomer case is due to the hydrogen bond
between the two TFA molecules. If 1t with the (CF;COOH),
dimer is taken as the origin of energies, the interaction energy
is only 1.7 kcal/mol. This low value comes from the destabiliza-
tion introduced by the rupture of one strong O—H---O interac-
tion, present in the bifurcated dimer (Figure 8b), which is in
part compensated by the new Ru—H-+*H—O interaction.

One important point when considering the dimeric species
is that now the ion pair 3, formed by the cationic dihydrogen
complex and the anion, is found as a minimum, even in the gas
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Figure 10. Potential energy curves for the 2t-2TFA — 3t-2TFA process taking the O—H distance of the transferring proton as a reaction coordinate.

Energies are in kcal/mol.

phase. Starting from 4t and (CF3COO:--H--*OOCCF;)~ the
optimization does not revert to the dihydrogen-bonded complex
2t-2TFA, but it ends up in the ion pair 3t-2TFA (Figure 8). In
this intermediate the 7?-H; acts as a hydrogen bond donor to
the electronegative atom of the incoming base RO™. For the
first time such an intermediate in the proton transfer pathway
between a moderate proton donor and a neutral hydride has been
obtained in a theoretical study, thus supporting the experimental
evidence of this kind of intermediate.® A hydrogen bond between
the dihydrogen ligand and the oxygen of the anion is at work,
stabilizing this ion pair complex. As a consequence of the
hydrogen bond, the Ru—H distances of the dihydrogen ligand
are not equivalent, and the dihydrogen is tilted. We can see in
Figure 9 that 3t-2TFA is found only 10 kcal/mol above the
reactant complex 2t-2TFA. In gas phase calculations the
presence of [ROHOR]™ stabilizes the dihydrogen. The reduced
basicity of [ROHOR]™ in front of that of RO~ prevents pulling
out a proton from the dihydrogen complex and allows it to be
a stable species. However, even with the introduction of an
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additional TFA molecule the charge separation process, which
leads from the ion pair to solvent-separated ions, is extremely
unfavorable. Solvent will play a major role in this step.

We have calculated the energies of all the species involved
in the proton transfer between 1t and a dimer of TFA in heptane
and dichloromethane. Solvent effects are minor for neutral
species. When increasing solvent polarity, both the dihydrogen-
bonded complex and the ion pair are destabilized with respect
to the separated reactants (Figure 9). However solvent effects
play a minor role in the dihydrogen-bonded complex/ion pair
equilibrium. The thermodynamics of the proton transfer step
(energy difference between 3t-TFA and 2t-TFA) are not very
much affected by the solvent. The ion pair is 10 kcal/mol above
the dihydrogen-bonded complex in the gas phase, 7.8 kcal/mol
above in heptane, and 5.9 kcal/mol in dichloromethane. On the
contrary, the solvent polarity is crucial in the charge separation
process, from the ion pair to the solvent-separated ions. Solvents
of low dielectric constant, like hexane and dichloromethane,
will favor the formation of ion pairs. On the contrary, in solvents
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of high dielectric constant most of the ions will be solvent-
separated and not ion-paired.

The formation of the [RO-+<H++*OR] ™, with a strong hydrogen
bond (Figure 8), stabilizes the solvent-separated ions and
displaces the equilibrium in reaction 2 toward the products.
‘When both the formation of the homoconjugate anion complex
and the solvent effects are taken into account, the protonation
of the ruthenium metal hydride by a moderate proton donor
such as TFA becomes feasible. As can be seen in Figure 9, the
process in dichloromethane exhibits a very smooth energy
profile. The highest energy species (the solvent-separated ions)
lies only 1.7 kcal/mol above the separated reactants. A consider-
ably slower charge separation is predicted in heptane, as
experimental data in hexane indicate. Our theoretical study
confirms the proposal that the formation of homoconjugate pairs
can be the driving force for the protonation of transition metal
hydrides by weak acids.

Until now we have considered only the thermodynamics of
the proton transfer. We will focus now on the kinetic aspects.
As no transition states are expected either for the process of
formation of a dihydrogen-bonded complex or for the charge
separation process, we have considered only the proton transfer
step. To estimate the energy barrier for this step, we have
computed the potential energy curve for the 2t-2TFA — 3t-
2TFA process, taking the O—H distance of the transferring
proton as a reaction coordinate and optimizing all the geo-
metrical parameters at each fixed value of this distance. The
O—H distance varies from 1.000 A in the dihydrogen-bonded
hydride to 1.891 A in the dihydrogen cation. The potential
energy curves in the gas phase, n-heptane, and dichloromethane
are depicted in Figure 10, taking as zero energy that of each
dihydrogen-bonded complex 2. The energy profiles present a
low barrier, in agreement with the fast process observed for
the formation of an ion pair by reaction of 1 with TFA.
Increasing the media polarity decreases slightly the barrier, and
the lowest barrier is found for the reaction in dichloromethane.
A slightly larger stabilization due to solvent effect is found for
the ion pair than for the dihydrogen-bonded hydride. This factor
makes the barrier for the reverse reaction (deprotonation of the
dihydrogen) increase when the media polarity increases. In fact
this reaction has almost no barrier in the gas phase, in agreement
with the difficulties encountered in locating a stable dihydrogen
complex—anion ion pair.

(CF3);COH As Proton Donor. We have performed the same
calculations described above with (CF3);COH as proton donor.
Calculated structures are depicted in Figure 11, and an energy
scheme of the whole process is shown in Figure 12. We first
optimized the dihydrogen-bonded species 2t-2PFTB (Figure
11). As in the previous case, we did not perform a search for
several hydrogen-bonded minima, but we added a PFTB
molecule to the optimized structure of the monomer, with the
O—H bond of the second molecule interacting with the O of
the former. The main difference with TFA is that now the same
oxygen atom is involved in the two hydrogen bonds. The relative
energy of the 2t-2PFTB complex with respect to the monomer
case reflects the extra stabilization caused by the additional
hydrogen bond.

We have also considered the formation of a species such as
2¢, in which one molecule of PFTB is forming a dihydrogen
bond with the hydride while a second molecule of PFTB is

2t-2PFTB
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Figure 11. Optimized geometries of CpRuH(CO)(PH3)+++((CF3) 3COH)»
(2t-2PFTB), ((CF3)3COH), (2PFTB), CpRuH(CO*+*HOC(CF3)3)(PHz)++*
(CF3);COH (2¢t-2PFTB), [CpRu(CO)(PH3)(17%-H,)]*+*+[(CF3);COHOC-
(CF3)3]~ (3t-2PFTB), and [(CF3)3COHOC(CF3)3]".

forming a hydrogen bond with the carbonylic oxygen atom. The
optimized structure of this adduct (2ct-2PFTB) is given in
Figure 11. Comparing the relative energies of this adduct in
the gas phase, heptane, and dichloromethane (—17.6, —7.8, and
—2.5 kcal/mol, respectively) with the same values for 2t-2PFTB
(—19.6, —7.7, and —1.9 kca/mol, see Figure 12), it is clear that
the hydroxylic oxygen of the dihydrogen-bonded PFTB mol-
ecule and the carbonylic oxygen of the CO ligand are competing
as hydrogen-bonding acceptors for the proton of the second
PFTB molecule. This result accounts for the experimental
detection of 2c¢ at 6-fold and higher PFTB excess.

We have not been able to locate a minimum structure
corresponding to the ion pair minimum 3t-PFTB in the gas
phase. This result can be explained looking at the gas phase
energy profile for TFA (Figure 10). With a less strong acid such
as PFTB (a stronger conjugated base) it can be expected that
the reverse reaction occurs without barrier, thus giving rise to
only a minimum (2t-PFTB). To estimate the energy of the ion
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Figure 12. Energy scheme of the protonation of 1t with ((CF3)3COH),. Energies are in kcal/mol.

pair and to get a structure to perform calculations in solvent,
we have optimized the structure of the ion pair with the
dihydrogen H—H distance and the Ru—H—H angle fixed at the
values we obtained for 3t-2TFA (0.847 A and 80.2°, respec-
tively). This structure, depicted in Figure 11, is found 4.5 kcal/
mol above 1t + ((CF3);COH); (Figure 12).

Solvent effects are not very important for the relative
stabilities of the dihydrogen-bonded and the ion pair species.
In all cases both species are destabilized with respect to
separated reactants. It is worth mentioning the interaction energy
calculated for the (CF3);COH dimer in dichloromethane. Its
positive value (+1.5 kcal/mol) nicely shows that our calculations
are able to reproduce that this alcohol is not susceptible to self-
association. An interesting point is the energy of the proton
transfer step (2t-2PFTB — 3t-2PFTB). The process is endo-
thermic, with energy differences of 16.7, 10.8, and 11.0 kcal/
mol in the gas phase, n-heptane, and dichloromethane, respec-
tively. We have seen for TFA that the energy barrier for the
proton transfer is very small and that the energy differences
are not very far from the potential energy barriers (Figure 10).
So, our calculated energy difference for the proton transfer in
heptane with PFTB as a proton donor (10.8 kcal/mol) is in good
agreement with the experimentally determined AH* (11.0 £ 0.5
kcal/mol). The calculated values for PFTB are considerably
higher than those for TFA, in agreement with slower proton
transfer.

Given the low dielectric constant of the solvents we are using,
the charge separation step to obtain solvent-separated ions
appears as a difficult process, in the same way as that for TFA.
Energy differences between the ion pair 3t-2PFTB and the
solvent-separated ions are similar to those obtained for TFA.
However for PFTB all the species from the dihydrogen-bonded
complex to the alkoxy product are found between 5 and 15 kcal/
mol higher than for TFA.

Conclusion

Despite its apparent simplicity, the protonation of a transition
metal hydride appears as a complicated process in which hydride
basicity, proton donor strength, solvent polarity, secondary
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interactions among the acids and bases present, and concentra-
tion effects are relevant. The hydride ligand of the CpRuH-
(CO)(PR3) complexes is basic enough to be protonated not only
by strong acids but also by moderate ones, offering the
possibility of analyzing all the factors that play a role in the
hydride protonation. With this in mind we used the combina-
tion of the low-temperature IR study and DFT calculations. In
DFT calculations the proton transfer process was studied both
in the gas phase and in low-polar media. The solvent nature
and homoconjugate anion effects were taken into account for
the first time. The protonation with a strong acid takes place
without barrier, and only the cationic dihydrogen complex or
products of the dihydrogen elimination are obtained. In this case
increasing the solvent polarity decreases the exothermiticity of
the reaction.

The spectral and theoretical studies of proton transfer with
moderate or weak acids show a double-well energy surface. The
two minima are the dihydrogen-bonded hydride-proton complex
(2) and the ion pair stabilized by hydrogen bonds between the
dihydrogen ligand and the anion (3), and they are separated by
an energy barrier that depends on the proton donor strength and
the solvent. The stability of the hydrogen-bonded ion pair 3
increases with the counteranion basicity. Moreover, it is possible
to achieve a fine-tuning of the thermodynamics and kinetics of
the 2 to 3 transformation by means of the dielectric constant of
the solvent and the capability of the proton donor to form
homoconjugate pairs.

The DFT calculations also show the critical role of the solvent
polarity in the stability of the hydrogen-bonded ion pairs and
in the increase of the energy barrier in the charge separation
process, in agreement with the experimental finding. The use
of nonpolar hexane in the IR experiments really increases the
stability of all the species, allowing us to look deeper into the
mechanism of proton transfer to hydrides. Very interesting
peculiarities of the proton transfer process in nonpolar media
were revealed, such as the competition between hydride ligand
and CO groups as the additional site of hydrogen bonding, the
existence of an induction period at low concentration of the
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proton donor, and the higher activation barrier than in CH,Cl,.
The results of the kinetic study gave for the first time the
activation enthalpy and entropy of conversion of M—H++*H—
OR hydrogen-bonded complex 2 into a [M-(17>-Hy)] *++*OR™ ion
pair 3. The computed values of the activation energy are in very
good agreement with those values.

A methodological conclusion arises from this paper: despite
the complexity inherent to the theoretical modeling of solution
processes, it is not always necessary to go to very complex
methods to represent the reactive media, as long as the key
interactions are included in the calculations. A combined
experimental and theoretical study of the hydrogen bonding to
OsHCI(CO)(P'BusMe), demonstrated the importance of the
proper modeling of the system when studying this kind of
problem.?? In our studied systems the numerical values would
be more precise and slightly different if more ROH molecules
would be included, but the agreement with the experimental

(33) Yandulov, D. V.; Caulton, K. G.; Belkova, N. V.; Shubina, E. S.; Epstein,
L. M.; Khoroshun, D. V.; Musaev, D. G.; Morokuma, K. J. Am. Chem.
Soc. 1998, 120, 12553.

data we have attained indicates that the essential part of the
interactions is already represented with only two ROH molecules
and including the solvent effects with a continuum model.
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In the past few years there is growing evidence that shows the
formation of stable ion pairs involving metal hydride and dihy-
drogen complexes and different anions.!2 However, most work to
date has dealt with the structural features of these ion pairs, and
no report has been made on their effect on the kinetic properties of
the complexes, despite the fact that ion pairing has been shown to
influence the reaction rate for other coordination compounds.? In
the present communication, we report on the kinetics of deproto-
nation by NEt; of the dihydrogen complex trans-[FeH(H,)(dppe)2]™
(1) (dppe= Ph,PCH,CH,PPh,) and demonstrate that ion pairing
leads to drastic kinetic changes, the reaction being accelerated or
decelerated depending on the nature of the anion. Complex 1 has
a pK, (12—13)* close to that of NEt; (10.8), and thus, reaction 1 is
expected to be displaced to the right only in the presence of a large
excess of base. NMR experiments in acetone and thf solutions
confirm that the addition of an excess of NEt; causes the complete
conversion of [1](BF,7) to cis-[FeHx(dppe):] (2) and show that the
process occurs without accumulation of any reaction intermediate.

1+ NEt, — cis-[FeH,(dppe),] + HNEt," (1)

Stopped-flow experiments yield kinetic traces that can be well
fitted by a single exponential, the observed rate constant increasing
linearly with the concentration of amine (Figure 1a) and yielding
a second-order rate constant of 0.18 M~! s1. When the kinetic
measurements are carried out in the presence of added BusNBF,,
the results are surprising because ionic strength effects are usually
small for reactions involving a neutral reagent,® and reaction 1 is
accelerated by a factor of 10 (k = 1.68 M~! s~ see Figure 1b).
Moreover, the effect is strongly dependent on the nature of the
anion because BusNPF; only increases slightly the second-order
rate constant to a value of 0.27 M~! s~! and NaBPh, causes a
significant decrease of the rate of reaction.” As the stopped-flow
experiments showed a clear effect of added anions on the reaction
kinetics, the NMR experiments were repeated in the presence of
added salts to confirm that the nature of the reaction product remains
the same.

These results show clearly that the anion plays an active role in
the deprotonation process, probably through the formation of an
adduct with some kind of interaction with the dihydrogen ligand.
To obtain information about these interactions, the relaxation time
of the H; ligand in 1 was measured at different temperatures in the
presence of the salts used in the kinetic studies. Although the added
salts only cause negligible changes in the 7imin values, the
temperature at which the minimum is achieved increases in the

* Universidad de Cédiz.
# Universitat Autdonoma de Barcelona.
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Figure 1. The dependence of the observed rate constant (25 °C, dry thf
solvent, Ar atmosphere) upon base concentration for the reaction of
[11(BF47) (2.0 x 107* M) with NEt; in the absence of added electrolyte
(a) and in the presence of 5.0 x 1072 M BusNBFy (b).

presence of any of the salts, in agreement with a longer correlation
time caused by adduct formation.® However, these experiments do
not show any difference when the nature of the anion is changed.
The'H NOESY spectrum of a solution of 1 with added NaBPh,
shows that the phenyl protons of the anion interact with both the
hydride and the dihydrogen ligands, which indicates that BPh,~
approaches the complex in the directions of these ligands, thus
imposing severe steric constraints to the approach of the base and
causing a deceleration of the deprotonation process. Unfortunately,
YF,'H HOESY experiments were unsuccessful in detecting any
interaction between the protons of 1 and the BF;~ anion, probably
because the short relaxation times of the H™ and H, ligands and
the fluorines in the anion cause the decay of any possible NOE
during the mix time of the HOESY experiments. In the absence of
information on the nature of the interaction between the H, ligand
and BF,~, DFT calculations were carried out on this interaction
and its role on the deprotonation process. To simplify the calcula-
tions, the model complex trans-[FeH(H;)(dhpe),]™ (1b) (dhpe =
H,PCH,CH,PH,) and NMe; were used instead of 1 and NEt3.2
Calculations were initially carried out considering exclusively
the 1b cation and NMejs, and the results are summarized in Figure
2. Deprotonation occurs through the initial formation of adduct 3
with a short H—H distance (0.810 A), followed by reorganization
to give a species 4 that can be described as a trans-dihydride/
protonated amine adduct, although the interaction is quite uncom-
mon because it involves the formation of a strong dihydrogen bond
with a quasi-linear arrangement of the Fe—H:**H—N unit and a
short H-+-H distance (1.211 A). The energy difference between 3
and 4 is quite small, but the overall deprotonation process is not

10.1021/ja039844j CCC: $27.50 © 2004 American Chemical Society
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Figure 2. Reaction energies (kcal/mol), in gas phase, acetone, and
dichloromethane, of the several steps of the 1b + NMes — cis-[FeHx(dppe)]
+ HNMe;™ process.

Figure 3. Optimized structure of the (1b, BF47) ion pair.

favored because the release of trans-[FeHy(dhpe),] (2t) and
HNMe;* from 4 is highly endothermic. Although the subsequent
isomerization to 2c¢ causes a stabilization, the overall process is
still unfavorable.

When one BF;~ anion is included in the calculations, an ion
pair is formed between 1b and BF,~, the anion interacting
preferentially with the H, ligand (Figure 3). This ion pair then
interacts with the base with the sequential formation of two adducts
5 and 6 with structures similar to 3 and 4, except that there is now
an additional interaction with the anion that is maintained through
the whole deprotonation process (see Supporting Information). From
6, the process continues with separation of the frans-dihydride and
an (HNMe;™, BF, ") ion pair, followed by isomerization to the cis-
dihydride. The breaking of 6 requires less energy than in the absence
of BF,~. For instance, the products 2¢ + HNMe;* are found 3.9
kcal/mol above 4 in dichloromethane, whereas 2¢ + (HNMe;™,
BF,7) lie 5.4 kcal/mol below 6. BF;~ follows the proton along its
transfer. Thus, it can be concluded that the role of the anion in the
deprotonation process consists mainly in favoring the separation
of the reaction products through the formation of a stable (HNMe;™,
BF,7) ion pair. From the mechanistic point of view, the acceleration
observed in the presence of added BF4;~ would be then caused by
the operation of a more favorable reaction pathway that goes
through ion pairs. This explanation clearly differs from that
previously proposed to explain the accelerating effect of small
anions on the deprotonation of [MoH(CO),(diphosphine),]BF,, for
which a mechanism has been proposed in which the anions act as
proton carriers from the sterically hindered proximity of the metal
center to the amine.!”

The accelerating effect is expected to be very dependent on the
nature of the anion. The reaction pathway through the ion pairs
will be effective only when the three starting species (1, the base,
and the anion) can approach each other, and the phenyl groups in
the dppe ligands impose serious steric constraints not considered
in the calculations.

The deceleration observed for BPh,~ indicates that the large size
of this anion hinders the approach of the base to the (1, BPhs™)

ion pair and the reaction must go through the free-ion pathway: as
the concentration of free 1 is very small in the presence of an excess
of BPhy™, the reaction is largely decelerated.

The results in the present report clearly show the relevance of
ion-pair formation in the kinetic properties of the dihydrogen
complexes. It is evident that for charged complexes, ion pairing
will be a general phenomenon in the solvents commonly used to
study these complexes, and thus, special care must be taken to
consider the possible effects of the usually considered “inert”
counterions when examining the reactivity of these species.
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DFT (B3LYP) calculations have been carried out in order to quantitatively evaluate the energies and stereochemistry
of the accessible structures of [(dhpe)Pt(SiHR,)]* (dhpe = H,P—CH,—CH,—PH,; R = H, CHj, SiHs, Cl, OMe, SMe,
NMe;,) and of [(dhpe)Pt(SiRs)]* (R = CHs, Cl). A number of different isomers have been located. The expected
terminal silyl or hydrido-silylene complexes are often not the most stable complexes. An isomer in which an H or
an R group bridges a Pt=SiHR or Pt=SiR, bond is found to compete with the terminal silyl or hydrido-silylene
isomers. In some cases, isomers derived from cleavage of a C—H bond and formation of a silene or disilene
ligand are obtained. The structures of the platinum silyls differ from that of the equivalent alkyl complex, calculated

for [(dhpe)Pt(CHa)]*.

Introduction

Silyl transition metal complexes have been studied ex-
tensively recently because of the number and variety of
transformations that the metal silylalkyl group can undergo.!
Understanding of the bonding is a prerequisite for under-
standing the reactivity patterns of this class of complexes
relative to the related metal alkyl. For instance, the Si—H
bond forms an a or b agostic bond more easily than does
the C—H bond.>~> The Si—Si single bonds have been
suggested to coordinate to a metal in an %> manner, but

this coordination is unknown, to our knowledge, for C—C
single bonds. A Si—C agostic interaction has been suggested’
whereas a C—C agostic interaction has been reported in the
case of a heavily strained system.? It is currently accepted
that Si-containing bonds are more reactive than the equivalent
bond with carbon.’ A silicon center is well-known for being
able to increase its coordination up to 5 and even 6, that is,
to become hypervalent, and this bonding situation is unfavor-
able for C.' The ability of Si to become hypervalent
rationalizes some unusual structures in late transition metal
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Scheme 1 Table 1. Relative Energies of the Various Isomers or Transition States
SiHR2 SiR, iRy (TSs) for [(dhpe)Pt(SiHR)]™ ¢
| - H | L type A type B L type D, E
MLn H=—MLn n R M—SiHR, H—M=SiR, Rbridged Hbridged  other
A B Cc H 3.1 3.8TS 0
CH; 0 8.2 04
o o ) SiH; 15.2 0,5.0
complexes'! and reactivity properties in lanthanide com- Cl 10.1 TS 0 0.4
plexes.'> From a computational point of view, the remarkable OMe  22.5TS 0.2.4 13.9
bili £Si—X o bond A . .. . SMe 239TS 1.9 0
ability of Si—X o bond to participate in agostic interactions NMe,  27.0TS 0 54

has been the subject of many studies.*>!"-'? The comparison
of the reactivity of silanes, alkanes, or alkylsilanes has shown
that the presence of Si lowers the energy barrier for oxidative
addition."?

In this paper, we start from the experimental fact that the
silylene [(dippe)Pt(H)(SiR2)]™ (dippe = Pr,P—CH,—CH,—
PPr,; R = mesityl) derived from a 1,2 H shift on the
associated Pt(SiHR,) complex observed by NMR.'* 1t is
possible that the two structures, silyl A and hydrido/silylene
B (Scheme 1), could be two valence tautomers separated by
a transition state (TS). The factors that favor tautomer A or
B are the subject of this paper. In the carbon analogues, there
is a reasonable understanding of the factors that stabilize a
M=CR, double bond! and also of the factors that favor a
carbene complex compared to other isomers.!® Transition
metal silylene complexes have also been the focus of a
number of studies.!” Computational studies of transition metal
SiH, complexes have been carried out.'>!® As expected,
silylene and carbene complexes obey the same general
bonding rules. However, the factors that control the relative
energy of isomers A and B are not understood. Furthermore,
the ability for Si to enter into unusual bonding modes derived
from either agostic interaction or hypervalent situations might
result in the occurrence of unexpected structures. Therefore,
we have carried out DFT calculations on a homogeneous
series of complexes [(dhpe)Pt(SiHR,)]™ (dhpe = H,P—CH,—
CH,—PH;; R = H, CH3, SiHs, Cl, OMe, SMe, NMe,) and
[(dhpe)Pt(SiR3)]T (R = CHj, Cl). The SiH; and CHj
complexes have been also compared so that the differences
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@ Energies in kcal-mol~!. See Figures 1—4 for details.

and similarities between silicon- and carbon-containing
ligands may be delineated. In some key examples, the
transition state structures connecting minima have been
calculated. The key result of this work is that structures other
than A and B are also minima and that the structural
preferences of this family of SiR3; complexes vary in an
unusual way with R. The type and relative energies of the
isomers for the various SiHR, complexes have been collected
in Table 1, and the geometries with the atom numbering
scheme are given in Figures 1—3.

Computational Details

The calculations were carried with the Gaussian 98 suite of
programs'® within the framework of DFT with the B3LYP
functional.?® The Hay and Wadt effective core potential ECP
(quasirelativistic for Pt) was used to replace the 62 inner electrons
of Pt,2! and the 10 inner electrons of Si, S, P, and C1.22 The double
¢ basis sets associated with the ECP were used for the valence
shell of these atoms and were augmented by a d polarization shell
for Si and P.23 Atoms not directly bonded to Pt like H, C, N, O, S,
and Cl were represented with a 6-31G basis set.”* The H bonded
to Si or to Pt was described with a 6-31G(d,p) basis set.”S Unless
mentioned, full optimization was carried out without symmetry
restriction. The nature of all extrema was characterized by analytical
frequency calculation. The topological properties of the electronic
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10.8 6C(Me)'

0.0 6B 8.4 6C(Me)

Figure 1. Optimized (B3LYP) structures for [(dhpe)Pt(SiHRy)]™
(dhpe = H,P—CH,—CH,—PH»; R = H, Me) and [(dhpe)Pt(CI—Iﬂ,;)]*. Relative
energies in kcal-mol™!. Selected geometrical parameters in A and deg.

charge density?® were investigated using Xaim?’ and a version of
the AIMPAC package.?® The basis sets in the density analysis were
those used for the geometry optimization except for Si. For this
atom, an all electron 6-31G(d) basis?® set was used to avoid the
difficulties associated with the ECP in the density analysis. CCSD-
(T) calculations®® on the DFT geometries were carried out for a
more reliable evaluation of the relative energies of the extrema in
selected cases.

The Simplest System, [(dhpe)Pt(SiH3)]", 1

Two minima, 3.1 kcal*mol™! apart, with a connecting
transition state 3.8 kcal-mol ™! above the most stable species
have been found for [(dhpe)Pt(SiH3)]™ (Figure 1). Single
point calculations of these structures at the CCSD(T) level
give the corresponding energy values of 4.6 and 5.0
kcal-mol ™', This indicates that DFT calculations give reliable
results for this class of compounds. Only this method of
calculation will be used for all other systems. In all extrema
(minima or transition states), the dhpe ligand is not planar
and takes its usual envelope shape. However, inversion of

(26) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Clarendon
Press: Oxford, U.K., 1990. Bader R. F. W. Chem. Rev. 1992, 92,
893.
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S.; DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654.

the envelope is essentially barrierless, and thus, deviation
away from an ideal C; symmetry has no chemical meaning.
For this reason, we will not discuss the difference between
structural parameters that would be averaged by inversion
of the envelope. One of the two minima is a silyl complex,
can be assigned the type A structure, and is thus labeled
1A. Complex 1A has a T shape with one P trans to the empty
Pt coordination site. The two arms of dhpe are thus
different: the Pt—P bond trans to the empty site is short
2.198 A whereas that trans to SiHj is longer (2.488 A)
because of a large trans influence. The three Si—H bonds
are different, but the averaging of the envelope of dhpe
results in only two different Si—H bonds: Si—H in (H;) and
out (H, and Hy) of the molecular plane. The Pt—Si—H; angle
is only 93.6° which puts H; 2.890 A away from Pt. The
average Pt—Si—H, angle is 113.8°. This may be indicative
of, at best, a weak o agostic Si—H; bond although the lack
of Si—H elongation (1.488 A compared to the average Si—
H, 1.485 A) is in contrast to the usual elongation observed
for an agostic Si—H bond.?”> The more stable minimum,
3.1 kcal'mol™! below 1A, cannot be considered as repre-
sentative of the type B species (Figure 1, Scheme 1) and is
thus labeled 1C. In 1C, the Pt—Si bond (2.250 A) is
significantly shorter than in 1A (2.386 10\); the H,—Si—Hy
moiety is essentially a planar silylene (angle sum at Si equal
to 359.5°) coordinated to Pt. Despite the apparent formation
of a silylene group, H; does not occupy a terminal position
expected for a hydride. H; is almost equally bonded to Pt
(1.747 A) and also to Si (1.772 A) and is best viewed as
bridging the Pt—Si bond.

A transition state, 1TS, connects 1A and 1C, and its nature
is confirmed by the presence of an imaginary frequency of
149i cm™'. 1TS is 0.7 kcal'mol™' above 1A, and the two
species have similar geometries. They differ by the Pt—Si—
H; angle (74.3° in 1TS and 93.6° in 1A to compare to 49.8°
in 1C). In 1TS, the average Pt—Si—H, is equal to 109°, and
the native silylene group is not yet planar (angle sum at
Si = 352.7°). The other parameters of 1TS intermediate
between that in 1A and 1C deserve no specific comment.

No true hydride/silylene complex could be located as a
minimum on the potential energy surface. To have an
estimate of the energy of this type of structure, an optimiza-
tion of a species with Si—Pt—H; angle fixed at 90° was
carried out. This partially optimized structure of type B was
found to be 3.4 kcal*mol~' above 1C and is thus even higher
in energy than 1A. It is notable that the silylene moiety has
the same metric parameters in the forced hydride/silylene
complex (the same Pt—Si distance, and a planar silylene
group) in 1C; only the position of H; differs. Clearly, a
terminal hydride is not favored in this system.

It is thus important to have a better understanding of the
bonding in 1C. For this, we have calculated (dhpe)Pt(SiH;)
and (dhpe)Pt(Me)(SiH3). The first species is a model for the
experimentally observed L,Pt(SiR;) (R = mesityl, L =
PCys3),’® and the latter is a model for the experimentally

(30) Feldman, J. D.; Mitchell, G. P.; Nolte, J.-O.; Tilley, T. D. J. Am. Chem.
Soc. 1998, 120, 11184.
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observed (dippe)Pt(Me)(SiRy) (R = mesityl).'* The geometry
of these complexes is well reproduced by the calculations.
In (dhpe)Pt(SiH,), the calculated Pt—Si bond length is 2.230
A in the trigonal planar Pt(0) complex, close to the
experimental value of 2.210 A, and the silylene is perpen-
dicular to the P—Pt—P plane as experimentally observed. In
(dhpe)Pt(Me)(SiH3), the Pt—Si single bond length is calcu-
lated to be equal to 2.367 A which is also close to the
experimental value of 2.388 A. On the basis of the good
reproduction of the metric of complexes with well defined
double and single Pt—Si bonds, we carried out an AIM study
of these Pt(0) and Pt(II) complexes and complexes 1C. The
value of p (0.1057) for the Pt—Si bond critical point is larger
in (dhpe)Pt(SiHy) than in (dhpe)Pt(Me)(SiHs) (p = 0.0936),
consistent with a double bond and a single bond, respectively.
The p value in 1C (0.1014) suggests a bond closer to that in
(dhpe)Pt(SiH,). The value of the ellipticity, €, in the Pt—Si
bond (¢ = 0.275) in 1C, slightly closer to that in (dhpe)Pt-
(SiH,) (e = 0.475) than in (dhpe)Pt(Me)(SiH3), (¢ = 0.026)
is consistent with a 7r Pt—Si bond in this unusual structure.
This bonding scheme is very different from that which has
been observed in transition metal complexes with an o
agostic C—H bond with, in particular, the absence of any
ring critical point.?!

The situation found for species 1C is analogous to that of
carbocations in which H™ bridges a C=C bond. For this
reason, a calculation of CoHs™ (2), Si;Hs™ (3), and CSiHs™
(4) was carried out with the same method and level of
calculations. The results are similar to these previously
published on these systems.?> Both C,Hs™, 2, and Si>Hs™, 3,
have a HT bridging an essentially planar frame. In the case
of the unsymmetrical SiCHs™, 4, the optimized structure is
that of a silylene bonded to a CHj; group. No bridged H™ is
obtained, and the positive charge resides on the more
electropositive center (Si vs C). The preference for a bridged
versus unbridged cation has been the center of considerable
discussions, and no further discussion in the case of 2, 3,
and 4 is needed. Our concern is the reason platinum complex
1C is bridged as in 2 or 3 but unlike 4. In the case of a
symmetrical species X,Hs™ like 2 or 3, a bridged structure
is found if the distances between the two X centers permit
a good overlap with H* so that the partial bonds of H™ with
the two X centers are stronger than that of H to a unique X
center. In the case of unsymmetrical systems such as 4 and
1C, the bond energy of H' to each center plays an important
role. The electronegativity of the two centers is related to
these bond energies. In 4, H prefers to make a bond to the
more electronegative center. A bridged 2e—3c structure is
preferred for 1C which is compatible with the fact that the
electronegativity difference is less between Si and Pt than
between C and Si. It should be kept in mind that the
nonbridged system 1A is very close in energy to 1C. The

(31) Haaland, A.; Scherer, W.; Ruud, K.; McGrady, G. S.; Downs, A. J.;
Swang, O. J. Am. Chem. Soc. 1998, 120, 3762. Scherer, W.; Priermeier,
T.; Haaland, A.; Volden, H. V.; McGrady, G, S.; Downs, A. J.; Boese,
R.; Bldser, D. Organometallics 1998, 17, 4406.
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potential energy surface which describes this system is rather
flat, and minor chemical changes at Si can easily modify
the structural preferences.

To better understand the geometry of the Pt—SiH; complex
relative to the Pt—CHj bond, the methyl complex (dhpe)-
Pt(CH;)™ was calculated. The methyl complex and the
hydrido-carbene complexes are both minima on the potential
energy surface, the hydrido-carbene complex being 26.3
kcal'mol™! higher than the methyl complex. These two
minima are both clear representatives of type A and B species
and are labeled SA and 5B. The geometry of the two
structures presents no remarkable features. The T shaped
methyl complex, 5A, has no strong agostic C—H bond (C—
H; is equal to 1.105 A compared to the two other C—H bonds
of 1.093 A), and the hydrido-carbene complex, 5B, presents
no possible interaction between the hydride and the carbene
(C—Pt—H; = 84.1°). The transition state, STS, connecting
the two minima is only 1 kcal-mol~! above the hydrido-
carbene complex 5B. Consequently, the geometries of STS
and 5B are very similar; the only significant geometry change
is the decrease of C—Pt—H; from 84.1° to 64.4° in STS.
The methyl complex is thus clearly the only accessible
structure on the potential energy surface. A search was made
for the structural equivalent of 1C, but no minimum was
found. The bonding preferences of SiH; and CHj in this Pt
complex are thus fundamentally different.

Substituted Systems [(dhpe)Pt(SiHR;)]", R = CH;, 6

The structure of silyl complexes strongly depends on the
nature of R, and calculations for representative R groups have
been carried out. In this section, we consider the case of the
methyl group. The geometry of the minima for this species
contrasts with that found for the SiH3 complex (Figure 1).
The most stable minimum is a hydrido-silylene complex,
which belongs to type B and is labeled 6B. The Pt—H;
distance (1.638 A) is that of a terminal hydride. The Pt—Si
bond is short, 2.257 A, appropriate for a Pt—Si double bond,
and the silylene group is perfectly planar (sum of angles
around Si = 359.5°). This geometry appears to be different
from 1C as confirmed by further analysis. For instance, the
Pt—Si distance is equal in 1C and 6B, and the angle Si—
Pt—H; is 66.6° which puts H; 2.197 A away from Si. This
distance Si-**H; is, however, too long to suggest any
significant interaction as confirmed by an AIM analysis
which shows no bond critical point between Si and H;. Thus,
6B is a true representative of species B of Scheme 1.

A complex representative of type A was not located as a
minimum on the potential energy surface. Geometry opti-
mization fixing the H—Si—Pt angle shows that an hypotheti-
cal SiHMe, complex would be more than 21 kcal*mol™!
above 6B. Furthermore, no structure with bridged H could
be located as minimum. A secondary minimum situated 8.4
kcal*mol™! above 6B has been located; it involves a CHj
group occupying a bridging position between Pt and Si and
is thus labeled 6C(Me). The Pt—Si bond, in 6C(Me), is not
very short (2.341 A) and is close to that in 1A, 2.386 A.
The carbon of the bridging CH3 is 1.918 A from Si and 2.579
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A from Pt. Remarkably, the C—H bond in the molecular
plane is positioned to suggest some agostic interaction with
a Pt-+-H distance of 2.209 A and a C—H bond elongated to
1.129 10%, the average distance of the other two C—H bonds
being 1.094 A A structure, 6C(Me)’, with the same bridging
CH; but without an agostic C—H interaction, has been
located as a transition structure for exchange H in the
bridging Me group, 2.4 kcal'mol™' above 6C(Me). The
transition state for the transformation of 6B into 6C(Me)
was not searched.

It thus appears that the two methyl groups significantly
stabilize the hydrido-silylene complex by donating electrons
to the silylene group through hyperconjugation. Furthermore,
with the methyl group being not a very good candidate for
a bridge bond, 6C(Me) is only a secondary minimum.

Why a structure similar to 1C is not located as a minimum
on the potential energy surface, especially because H' is such
a good candidate for bridging bonds, has no clear explana-
tion. A possible explanation is that the methyl groups on
silylene give more electron density to the Si center which in
turn polarizes the Pt—Si o bond toward Pt. This favors H*
to get closer to Pt and to become a hydride. Why the methyl
group assumes a bridging position and why there is no
SiMe,H complex of type A is also unclear. The agostic 3
C—H interaction from the bridging Me group in 6C(Me) is
not the only reason for the stability of this structure because
removing the agostic C—H interaction costs only 2.4
kcal*mol™! and keeps the Me group at the same position.
Species 6C(Me) and 6C(Me)” have truly bridging Me groups.

Case of [(dhpe)Pt(SiMe;)]", 7

How is the bonding of the commonly used trimethylsilyl
group related to that of SiMe,H and that of SiH3? The results
are shown in Figure 2. The number of isomers is large
because one can cleave a C—H bond to form a C—Si double
bond or a C—Si bond to form a silylene group. The most
stable structure results from the cleavage of a C—H bond.
The resulting CH,=SiMe, group is bonded to Pt, and the
remaining H center bridges the Pt—Si bond. This complex
does not belong to any of the previously defined structural
types and is thus labeled 7D. In 7D, the CH,=SiMe; is
almost planar. The Pt—C bond (2.174 A) is within the range
found for olefin complexes. The Pt—Si bond (2.646 A) is
long especially compared to that in 1C. The distance of the
bridged H to Pt and Si is around 1.7 A and is thus very
similar to that in 1C.

Another minimum, essentially at the same energy as 7D
(0.2 kcal*mol ! higher), has a Me group bridging a Pt=SiMe,
group and is thus labeled 7C(Me). As in the case of 6C(Me),
which it resembles, the ground state has a C—H bond
interacting with Pt. The transition state, 7C(Me)’, for rotating
the methyl group to remove the agostic interaction, is 2.1
kcal'mol™! above 7C(Me). The situation for 7C(Me) and
7C(Me)” is thus very similar to that for 6C(Me) and
6C(Me)". The next higher minimum, 7E, is a hydride/
SiMe,=CH, complex with H cis to the carbon center. It is
14.1 kcal'mol ™! above 7D. The binding of the SiMe,=CH,
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Figure 2. Optimized (B3LYP) structures for [(dhpe)Pt(SiMe3)]* and
[(dhpe)P(SiHR,)] " (dhpe = H,P—CH,—CH,—PHy; R = SiH3). Relative
energies in kcal-mol™'. Selected geometrical parameters in A and deg.

is slightly more symmetrical with respect to Pt than that in
7D. The Pt—H bond is typical of a terminal hydride.

The several extrema SiMe; complexes can be understood
from the previous results. When H is near a Pt—SiR, bond,
it has a preference for a bridging position (like in the Pt—
SiH; complex) whereas when it is near a CH, group it prefers
to make a unique bond to C or to Pt (like in the Pt—CHj;
complex), or to favor the formation of a methyl bridging

group.
Case of [(dhpe)Pt(SiH(SiH3),)]*, 8

The remarkable differences between CH3 and SiHj3 ligands
in these Pt complexes lead us to calculate the PtSiH(SiH3),
ligand and to compare it to the PtSiHMe,. The results are
shown in Figure 2. The most stable structure, 8D, has a H
bridging the Si=Si double bond. The next higher structure,
8E, (5 kcal-mol™~! above 8D) has a SiH(SiH;)=SiH, ligand
and H bridging the Pt—Si bond. The highest energy structure,
8C, 15.2 kcal*mol™! above 8D, has a Si(SiH3), group and
bridging H. The geometries of these systems have no
surprising metric parameters compared to the previous
structures presented in this work, and they will not be
discussed further. It is noteworthy that the disilene species
is nonplanar, suggesting electron donation from Pt to the
Si—Si z* orbital. The energy pattern is interesting. The
silylene group is not stabilized by a group like SiHj; resulting
in the silylene isomer being higher in energy. In contrast,
the methyl group is a stronger donor through mcy, (hyper-
conjugation) than SiHj;. The silylene group can thus be

Inorganic Chemistry, Vol. 41, No. 26, 2002 7109
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0.4 9C(CI)

13.9 11C(0Me) 225 11A

24 11B'

Figure 3. Optimized (B3LYP) structures for [(dhpe)PtH (SiHR»)]*
(dhpe = H,P—CH,—CH,~PH,; R = Cl, OMe) and (dhpe)P(SiCL). Relative
energies in kcal-mol™!. Selected geometrical parameters in A and deg.

stabilized by the CHj3; group and not by SiHs. Thus, a
complex with a Si=Si bond receiving electron density from
the Pt(0) center is favored. The small energy preference for
H bridging the Si=Si bond compared to a Pt—Si bond has
no obvious origin.

It clearly appears from this first set of calculations that
the presence of a Pt—silylene bond favors the formation of
a bridge with various other groups or atoms. Such features
are not present for the analogous carbon complexes.

Introducing Strong z Donors Cl, OMe, SMe, NMe,

We will now discuss the structures for [(dhpe)Pt(SiHX;)]*
(X = Cl, OMe, SMe, NMe,) and [(dhpe)Pt(SiCl;)]*. The
results are shown in Figures 3 and 4.

The X groups that are introduced on Si carry lone pairs
that make them good candidates for bridging positions. They
are also efficient at stabilizing the silylene group through &
donation into the empty p orbital of SiR,. These two factors
should favor the silylene structure (B type) or the unusual
bridge structure (C type) and disfavor the silyl A type
complex.

The preferred structure of [(dhpe)Pt(SiHCl,)]* is the
hydrido-silylene complex, 9B, but at almost the same energy
(0.4 kcal*mol ™! above) is a structure with Cl bridging the
Pt—Si(H)(C1) bond, 9C(Cl). The geometrical structure of 9B
is unremarkable. The structure of 9C(Cl) shows a Cl equally
bridging Si and Pt. For the transition state, 9A, (10.1
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00 13B 5.4 13C(NMe,) 270 13A

Figure 4. Optimized (B3LYP) structures for [(dhpe)PtH (SiHR»)]™
(dhpe = H,P—CH,;—CH,—PHj; R = SMe, NMsez). Relative energies in
kcal-mol~!. Selected geometrical parameters in A and deg.

kcal*mol~! above 9B) between 9B and 9C(Cl) the SiHCI,
group has no bridging atom. The replacement of the unique
H by CI in (dhpe)Pt(SiHCIy)*t leads to complex 10C(Cl),
that has a bridged Cl. No other isomer could be located on
the potential energy surface; only type C structures are found
for this system.

The preferred structure of [(dhpe)Pt(SiH(OMe),)]"™ has
many more minima due to some additional conformational
possibilities associated with the OMe group. The most stable
group of structures is of the hydrido-silylene B type. In the
most stable arrangement, 11B, the O—Si—O plane is in the
molecular plane. Another minimum, 11B’, with the O—Si—0O
plane perpendicular to the P—Pt—P plane is 2.4 kcal-mol™~!
above 11B, and the transition state between these two
rotamers is 2.9 kcal*mol~! above 11B. There is clearly easy
rotation of the Si(OMe), group. The next group of structures,
11C(OMe), 14 kcal'mol™' higher than 11B, has an OMe
group bridging the Pt—Si(H)(OMe) bond. The transition
state, 11A, between the bridged OMe species, 11C(OMe),
and the hydrido-silylene complex, 11B, has a SiH(OMe),
group with no bridging group and is found 22.5 kcal*mol ™!
above 11B. A transition state of comparable nature and
energy to 11A was found to exchange the bridging and
terminal methoxy groups.

When OMe is replaced by SMe, the most important change
compared to OMe is that the bridged SMe species, 12C(SMe),
becomes 1.9 kcal*mol ™! more stable than the hydrido-silylene
complex, 12B, where the silylene is stabilized by two SMe
groups. The transition state, 12A, between 12C(SMe) and
12B, with a nonbridging SiH(SMe), group is 23.9 kcal-mol™!
above 12C(SMe). The more diffuse orbitals of S compared
to O make it an especially good bridging group.

In the case of two NMe, groups, the hydrido-silylene
complex, 13B, is the most stable structure in accord with
the strong sz donating ability of N compared to O. The
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structure with a bridged NMe, group, 13C(NMe,), is 5.4
kcal-mol~! above 13B. The transition state, 13A, between
13B and 13C(NMe;) with a nonbridging SiH(NMe), group
is 27 kcal*mol™' above 13B.

Discussion

Our results generalize the results found for SiHRj3 to the
case of the SiH; group itself. In the case of SiR3—H, three
different structural types (Scheme 2) have been found
depending on the degree to which the hydride and the silyl
group interact.>!" In our case, the degree of Si—H bonding
also varies; the difference between SiR3—H and the present
case is that the former corresponds to a change of oxidation
state to the metal while the latter is not associated with a
redox process if the silylene is considered as a neutral ligand.
No such behavior is seen in carbon chemistry where the
bridged case is usually not found. As mentioned previously,
the bridging hydrogen atom in carbon chemistry is very well
documented in carbocation chemistry but not in transition
metal alkane, alkyl, or alkylidene species. When H forms a
bridge, it requires that the partial bonds to the bridge atoms
must be sufficiently strong to overcome the classical situation
when a H atom is bonded to a single carbon or silicon atom.
The strong C—H bond (100—110 kcal*mol ") disfavors such
a situation because the bond to the other atom would be
considerably weaker when the other atom is a transition
metal. The Si—H bond energy, around 90 kcal-mol™!,* is
closer to that of a M—H bond.* These energy considerations
account for the occurrence of a bridging situation like C type,
but these considerations do not say it will occur. They do
not give direction for when it does occur. Why is the bridge
situation favored with the SiH; group and not with SiHMe,?
The electron donating ability of Me probably stabilizes the
silylene group. This is consistent with the same effect seen
with all other & donating groups (Cl, OR, SR, NR»y)
considered in this work. However, in each case, bridged
structures appear as alternate minima. This is the case for
groups which are known to form bridge bonds by utilizing
their lone pairs. The ability for CH; and SiH; groups to take
a bridging position with the silyl ligand is remarkable.
Recently, Tilley et al. have found a Ta complex in which
the SiMe,H group of a CH,—SiMe,—SiMe,H chain is shown
to be bridging the metal center and also forming a y Si—H
interaction,® a structure which is said to be unprecedented.'®
Although the Ta complex is different from the systems
studied here, they both illustrate the ability of the SiH3 group
to take a bridging position.

(33) Becerra, R.; Walsh, R. In The Chemistry of Organic Silicon Com-
pounds; Rappoport, Z, Apeloig, Y, Eds.; Wiley: New York, 1998;
Vol. 2, p 153.

(34) Simoes, J. A. M.; Beauchamp, J. L. Chem. Rev. 1990, 90, 629.

(35) Burckhardt, U.; Casty, G. L.; Gavenonis, J.; Tilley, T. D. Organo-
metallics 2002, 21, 3108.

Although, as already mentioned, these bridging situations
are unprecedented for alkyl/carbene complexes, it is worth
mentioning that related structures can be found in the
chemistry of transition metal boryl complexes.3¢

In the case of the SiMes group, the calculations have
shown the presence of several isomers that are close in
energy. In our system, the least stable isomer is a Pt—
methyl—SiMe, complex. At lower energy are isomers with
a silylene group with a bridged or terminal H depending on
the position of H relative to the silylene and also a Pt—SiMe;
complex with a bridged Me group. The existence of these
nearly isoenergetic isomers is fully consistent with the
observation of a silene—silylene rearrengement in a cationic
iridium complex.’” It is also consistent with the observation
of a H elimination of an aliphatic C—H bond from a silyl
ligand to generate a silene complex of Ru(II).’® Likewise,
the redistribution of the Me group between silicon centers
in the bis-silyl tungsten complex attributed to the presence
of a silylene/silyl intermediate is probably related to our
finding.** The small calculated difference in energy between
the various isomers in our Pt complexes can easily be
modified by changing the metal and ligands. These points
require further studies. Our very different results on the Pt—
SiHz and Pt—CHj; complexes are also consistent with the
noted propensity for silyl complexes to undergo 1,2-
rearrangement. These migrations have been found to be
especially facile when a comparison is made to the behavior
of the corresponding alkyl derivatives.?®

The ability of a st donor group to function as a bridging
group is no surprise. Our results for the SR substituted silyl
group are fully consistent with the formation of [cis-(PEts)o-
Pt(u-S'Bu) (HSi(SBu)]* from [cis-(PEts),Pt(H)Si(S‘Bu),]*.#°
These two complexes, of type C and A according to our
classification, are calculated to be only 1.9 kcal-mol ™! apart.
A reversible 1,2 H-transfer was observed at low temperature
in the experimental system. The transition state for this
process has been calculated to be over 20 kcal-mol~! above
the two minima. This rather high transition state may be
stabilized by coordination of OEt, at the Pt empty site.

The groups that favor a stable silylene complex (i.e., a
minimum on the potential energy surface) are 5t donors either
with their lone pairs (Cl, OR, SR, NR;) or because of
efficient hyperconjugation. Thus, the silylene complex is not
a minimum for R = H and SiH;. However, there is no simple
rationale for understanding the relative energies of the
nonbridged and bridged Pt—silylene complexes because the

(36) (a) Hartwig, J. F.; Muhoro, C. N.; He, X.; Eisenstein, O.; Bosque, R.;
Maseras, F. J. Am. Chem. Soc. 1996, 118, 10936. (b) Muhoro, C. N.;
He, X.; Hartwig, J. F. J. Am. Chem. Soc. 1999, 121, 5033. (c) Lam,
W. H.; Lin, Z. Organometallics 2000, 19, 2625. (d) Montiel-Palma,
V.; Lumbierres, M.; Donnadieu, B.; Sabo-Etienne, S.; Chaudret, B.
J. Am. Chem. Soc. 2002, 124, 5624.

(37) Klei, S. R.; Tilley, T. D.; Bergman, R. G. Organometallics 2001, 20,
3220.

(38) Dioumaev, V. K.; Plossl, K.; Carroll, P. J.; Berry, D. H. J. Am. Chem.
Soc. 1999, 121, 8391.

(39) (a) Mitchell, G. P.; Tilley, T. D. J. Am. Chem. Soc. 1998, 120, 7636.
(b) Klei, S. R.; Tilley, T. D.; Bergman, R. G. Organometallics, 2002,
21, 3376.

(40) Pestena, D. C.; Koloski, T. S.; Berry, D. H. Organometallics 1994,
13, 4173.
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two situations can be stabilized by the occupied orbitals of
the R groups.

The very high sensitivity of the silyl complexes to small
chemical changes shown in this work shows that special care
must be exercised when choosing the model for carrying out
calculations when an accurate geometrical minimum is the
goal. This could be a limitation for using calculations for
determining the absolute minimum in this family of com-
plexes. The electronic property of the phosphine ligand, its
steric influence, as well as the presence of a counterion could
all influence the geometry of the Pt—SiR3 moiety and need
to be included in the calculations. A similar conclusion was
reached in a study of silyl groups interacting with a
lanthanide metal center.*! A general conclusion that emerges
from our studies is that special care should be taken when
using computational studies for determining the absolute
minimum of silicon-containing transition metal complexes.
They are probably more sensitive to the nature of all elements
of the complex than equivalent carbon complexes. For
instance, the geometry of the molecule which initiates the
work, [(dippe)Pt(H)(SiR2)]* (dippe = Pr,P—CH,—CH,—
PPry; R = mesityl), needs to be calculated with the complete

(41) Maron, L.; Eisenstein, O. New J. Chem. 2001, 25, 251.

7112 Inorganic Chemistry, Vol. 41, No. 26, 2002

Besora et al.

diphosphine ligand and the two mesityl groups. The work is
in progress using QM/MM methology.

Conclusions

The (diphos)Pt—silyl complexes reveal structural features
that are unusual and unprecedented in equivalent alkyl
complexes. Unusual bridged structures appear as possible
minima in addition to or in replacement of the traditional
silyl or silylene complexes that are derived from the analogy
with the analogous carbon complexes. Even groups such as
CH; and SiHj3 are candidates for bridging position in addition
to the usual groups Cl, OR, SR, and NR; for such position.
The nature of the minima depends strongly on the precise
nature of the ligands, suggesting that considerable caution
should be taken when modeling transition metal silicon-
containing complexes.
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First Investigation of Non-Classical Dihydrogen Bonding between an Early
Transition-Metal Hydride and Alcohols: IR, NMR, and DFT Approach

Ekaterina V. Bakhmutova,'” Vladimir I. Bakhmutov,**! Natalia V. Belkova,*"!
Maria Besora,'! Lina M. Epstein,”! Agusti Lledés,*'! Georgii I. Nikonov,**!
Elena S. Shubina,™ Jaume Tomas,'! and Eugenii V. Vorontsov™

Abstract: The interaction of [NbCp,Hj;]
with fluorinated alcohols to give dihy-
drogen-bonded complexes was studied
by a combination of IR, NMR and
DFT methods. IR spectra were exam-
ined in the range from 200-295 K, af-
fording a clear picture of dihydrogen-
bond formation when [NbCp,H;)/
HOR; mixtures (HOR; = hexafluoro-
isopropanol (HFIP) or perfluoro-tert-
butanol (PFTB)) were quickly cooled
to 200 K. Through examination of the
OH region, the dihydrogen-bond ener-
getics were determined to be 4.5+
0.3 kcalmol™ for TFE (TFE = tri-
fluoroethanol) and 5.740.3 kcalmol™
for HFIP. '"H NMR studies of solutions
of [NbCp,HSH#] and HFIP in [Dj]tolu-
ene revealed high-field shifts of the hy-
drides H* and H&, characteristic of di-
hydrogen-bond formation, upon addi-
tion of alcohol. The magnitude of
signal shifts and 7 relaxation time
measurements show preferential coor-
dination of the alcohol to the central

Introduction

The basicity of transition-metal hydrides is a well document-
ed phenomenon, manifesting in, for example, various hy-

hydride H*, but are also consistent
with a bifurcated character of the dihy-
drogen bonding. Estimations of hy-
dride—proton distances based on T
data are in good accord with the results
of DFT calculations. DFT calculations
for the interaction of [NbCp,H;] with a
series of non-fluorinated (MeOH,
CH;COOH) and fluorinated (CF;OH,
TFE, HFIP, PFTB and CF,COOH)
proton donors of different strengths
showed dihydrogen-bond formation,
with binding energies ranging from
—5.7 to —12.3 kcalmol ™, depending on
the proton donor strength. Coordina-
tion of proton donors occurs both to
the central and to the lateral hydrides
of [NbCp,H;], the former interaction
being of bifurcated type and energeti-
cally slightly more favourable. In the

Keywords: ab initio calculations -
hydrides - hydrogen bonds . IR
spectroscopy « NMR spectroscopy

case of the strong acid H;O%, the
proton transfer occurs without any bar-
rier, and no dihydrogen-bonded inter-
mediates are found. Proton transfer to

[NbCp,H;]  gives  bis(dihydrogen)
[NbCp,(W-H,),]* and dihydride(dihy-
drogen) complexes [NbCp,(H),(n*

H,)]* (with lateral hydrides and central
dihydrogen), the former product being
slightly more stable. When two mole-
cules of TFA were included in the cal-
culations, in addition to the dihydro-
gen-bonded adduct, an ionic pair
formed by the cationic bis(dihydrogen)
complex [NbCp,(n*-H,),]* and the ho-
moconjugated anion pair (CF;COO--
H--OOCCF;)” was found as a mini-
mum. It is very likely that these ionic
pairs may be intermediates in the H/D
exchange between the hydride ligands
and the OD group observed with the
more acidic alcohols in the NMR stud-
ies.

dride-transfer processes and in hydride-bridged structure
formation.!'! One major recent achievement in this area was

the discovery of non-classical hydrogen bonds between tran-
sition-metal hydrides and proton donors, also called a “dihy-
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drogen bond”.”! Having small interaction enthalpy, hydro-
gen bonding usually results only in small perturbations of
the electronic structures of participating molecules. Never-
theless, it modifies their properties, giving the opportunity
to fine-tune the properties of an organometallic complex.!*!
For example, the alteration of quantum exchange cou-
plings™ in polyhydride compounds upon dihydrogen-bond
formation has been observed.®! All these studies have been
performed for metals from the late and middle parts of the
transition series, but no example for early transition-metal
complexes has been reported. This is surprising in view of

Abstract in Catalan: La interaccio del [NbCp,H;] amb alco-
hols fluorats per donar complexos amb enllacos de dihidro-
gen ha estat estudiada combinant els métodes IR, RMN i
DFT. S’ha examinat Pespectre IR en [linterval 200-295 K.
S’hi observen senyals clars de formacio d’enlla¢ de dihidro-
gen quan les barreges [NbCp,H;[/HOR; (HOR; = hexafluo-
roisopropanol (HFIP) o perfluoro-tert-butanol (PFTB)) son
rapidament refredades fins a 200 K. A partir de lestudi de la
regio OH s’ha determinat que les energies de l’enlla¢ de dihi-
drogen sén 4.5+0.3 kcalmol™ per al TFE (TFE = trifluo-
roetanol) i 5.740.3 kcalmol™ per al HFIP. Els estudis mit-
jangant métodes '"H RMN de solucions de [NbCp,H5H"] i
HFIP en dgtolué revelen uns desplacaments cap a camp alt
dels hidrurs H* i H® després de 'addicié de I'alcohol, signe
caracteristic de la formacié d’enlla¢ d’hidrogen. La magnitud
dels desplacaments quimics i dels temps de relaxacio T,
mostra una preferéncia per la coordinacio de I’alcohol a I’hi-
drur central H", que és consistent amb un cardcter bifurcat
de lenlla¢ de dihidrogen. Les estimacions de les distancies
hidrur—proto a partir de dades T, estan en concordanga amb
els resultats dels cdlculs DFT. Aquests calculs mostren la for-
macio de Uenlla¢ de dihidrogen entre el [NbCp,H;] i series
de donadors de protons de diferent forca, no fluorats
(MeOH, CH;COOH) i fluorats (CF;OH, TFE, HFIP, PFTB
i CF;COOH). Agquests enllacos tenen energies entre 5.7 i
12.3 kcalmol™, segons la forca del donador. El donador de
protons es pot coordinar tant a [Phidrur central del
[NbCp,H;] com als laterals, la interaccié sobre I’hidrogen
central és de tipus bifurcat i és energéticament una mica més
favorable que la lateral. En el cas d’'un acid fort H;O™, la
tranferéncia protonica es dona sense barrera, i no es troben
intermedis amb enllagos dihidrogen. De la transferéncia pro-
tonica al [NbCp,H;] en resulten els complexos bis(di-
hidrogen) [NbCp,(2W-H,),]* i dihidrur(dihidrogen)
[NbCpy(H),(W-H,)]* (amb els hidrurs laterals i el dihidro-
gen central). Dels dos productes, el bis(dihidrogen) és una
mica més estable que el dihidrur(dihidrogen). Quan s’inclou-
en dues molécules de TFA en els calculs, a més a més de [’ad-
ducte amb enllag¢ dihidrogen es troba el minim parell ionic,
format pel complex cationic bis(dihidrogen) [NbCp,(1’-
H,),]* i el parell anionic homoconjugat (CF;COO--
H--OOCCF;)~. Aquests parells ionics poden ser intermedis
en lintercanvi H/D entre els lligands hidrur i el grup OD ob-
servat en els estudis de RMN amb els alcohols més acids.

662

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the fact that in a comparable ligand environment, the more
electropositive early transition metal renders the hydride
more basic and, hence, a stronger dihydrogen bond would
be expected.

Some of us have previously showed that basic metal-hy-
dride bonds of 18-electron Group 5 metallocene trihydrides
undergo direct reactions with Group 14 and 15 Lewis
acids.”” Analogous coordination of Group 13 Lewis acids to
the same system was studied by quantum mechanical calcu-
lations.'”) [NbCp,H;]*!! appears to be a perfect candidate
with which to study the phenomenon of dihydrogen bonding
in the early transition-metal hydrides, because this com-
pound has basic hydrides, but no coordination vacancy or
lone pairs on the metal or any other site of the complex,
thus providing a very clear “picture” of the hydride and
proton interactions. In addition, the structural and spectro-
scopic properties of this compound have previously been
thoroughly studied experimentally by X-ray'?! and NMR re-
laxation techniques,!'”! and computationally by DFT calcula-
tions.!"!

Here we report a comprehensive investigation of the in-
teraction of [NbCp,H;] with proton donors by a combina-
tion of IR, NMR and DFT methods.

Results and Discussion

IR studies: Infrared spectroscopy has proved itself to be the
most informative and useful method by which to investigate
hydrogen-bond phenomena in solutions and solids.l'! Study
of the M—H stretching region provides identification and as-
signment of the dihydrogen-bond formation, whereas the
OH stretching region in the IR spectrum provides strong
evidence of hydrogen bonding and allows one to obtain
quantitative information about the energetics of interaction.
Given our previous experience in this field,”***! we set out
to study the hydrogen bonding of [NbCp,H;] with several
proton donors of different strengths: perfluoro-ters-butanol
(PFTB), hexafluoroisopropanol (HFIP) and trifluoroethanol
(TFE).

IR spectra of the [NbCp,H;]/ROH systems in the voy
region show a typical picture of hydrogen-bond formation
(Scheme 1), exhibited by proton donors in the presence of

,@ M HOR;

Nb—H —

< QY
HOR¢ = fluorinated alcohols

Scheme 1. Hydrogen-bond formation in [NbCp,H;]/ROH systems.

hydrides. We carried out the IR measurements at low ROH
concentrations to avoid self association at room tempera-
ture. The intensities of free v,y bands decrease and new,
broad, low-frequency bands of the bonded group (vi®?
appear. The voy band shift (Avey = vis—vn®Y) depends
on the strength of proton donors (Table 1).

www.chemeurj.org Chem. Eur. J. 2004, 10, 661-671
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661-671

Table 1. IR spectral characteristics of the hydrogen-bonded adducts of
[NbCp,H;] (1) with alcohols.

VOH free VOH bonded Avoy —AH E,[a]
[em '] [em "] [em " [kcalmol ']
TFE 3628 3380 248 4.6 091
HFIP 3621 3270 33300 5.7 0.95
3585

[a] The basicity factor as defined in Equation (2). [b] Medium value of
tWO Vou ree Dands was used for Avgy calculation.

It is known that a new low-frequency ligand stretching vi-
bration band (such as vco, Vno» Vaci» Yan) indicates that this
ligand is a proton-accepting site. The bands of the ligands
not participating in the hydrogen bonding shift upwards.*"
IR study of [NbCp,Hj;] is straightforward in that only hy-

Abstract in Russian: BsaumopeiictBue [NbCp,H;] co
(GTOPHPOBaHHBIMM  CIIMPTaMH, TpPHUBOAfALIEE K 0Opa3OBaHHIO
KOMILIEKCOB C «IHBOJIOPOAHOIN CBA3BIO, OBUIO M3yYEHO METOAAMU
UK, AMP u T®II (DFT). UK cnekrpsl, u3MepeHHbIe B JUanasoHe
200-295 K, yeTko nokasbBatOT 00pa3oBaHHE AUBOJOPOIHOM CBI3H
B ciydae ObICTpo oxyaxaeHHo# cmecu [NbCp,H3)/HOR; (HOR¢ =
rekcaprop-2-nponavon  (HFIP) wunu  nepdrop-tpet-6yTanon
(PFTB)). OHtanbnuu oOpa3oBaHHs AWBOJOPOAHOH cBsa3zu (AH)
omnpezneneHbl Mo obnacTH BaneHTHbIX Kojebanuit OH-rpynmn u
cocrapmsior —4.5£0.3 kkan wmoms” mis  TFE (TFE=
TpudTopaTaHON) M —5.7+0.3 kxkan mons” ans HFIP. 'H SIMP
uccnenosanus pacteopos [NbCp,HP,HA] u HFIP B Tonyone-ds
nokassiBatoT cMeterue HA u HP rugpuasbix cHruanos B cusHoe
none npy J06aBJIEHHH CIIHPTA, YTO ABJIAETCA XapaKTEpHOH uepToi
o0pa3oBaHUs AMBOAOPOAHOH cBA3H. OTHOCHTENbHAs BeJNHYHHA
CHBWIa CUTHAJIOB U U3MepEHHe BpeMeH penakcauuu T ykasbiBaroT
Ha MpPEANOYTHUTENbHYI0 KOOPAHHALMIO CTHPTa MO LEHTPAJIbHOMY
runpuny H®, onmmako Takke cornmacyiorcs M ¢ GudypKaTHBIM
XapaKTepoM IHBOJOPOAHOH cBA3M. OlEHKa pacCTOSHHS TMAPHA-
MPOTOH, OCHOBaHHas Ha JaHHBIX T, XOpoLIO coriacyercs c
pesyabratamu pacuetoB TOII. Pacuersi TPII B3aumoaeHcTBus
[NbCp,H;] ¢ cepueii HepropupoBanHeix (MeOH, CH;COOH) u
¢ropuposanueix (CF;OH, TFE, HFIP, PFTB u CF;COOH)
NPOTOHOAOHOPOB  PA3JIMYHON CHJIBI MOKa3bIBAlOT 0Opa3oBaHHe
JMBOJOPOJHOM CBA3M C JHepruedl B3auMMoAeHcTBUA OT —5.7 10
—12.3 kkan Momb' B 3aBHCHMOCTH OT CHJIbl NPOTOHOJOHOPA.
KoopauHauus  NpOTOHOJOHOPOB  MPOMCXOOMT  Kak MO
LIeHTpaJIbHOMY, TaK 1 1o 60okoBoMy ruapunam [NbCp,H;], npuuem
nepBoe B3auMoeicTBHe ABIsAeTCs 61y pPKaTHBIM U SHEPreTHUECKH
HeMHoro Oosee BBITOAHBIM. B cilydae CHIBHOH KHCIOTBI H,0"
[EePEeHOC MPOTOHA MPOUCXOAUT Ge3 Oapbepa, W AMBOJAOPOAHO-
CBsi3aHHble MHTepMeauaTel He obpasytotcs. IIpoToHupoBaHHe
[NbCp,H;] npuBoauT k GHC-AWBOAOPOIHOMY [Nbsz(nz-H2)2]+ U
JIMBOOPOA-IUTHAPUIHOMY KOMIJIEKCaM [Nbsz(H)z(nz-Hz)]* (c
GOKOBBIMM THAPHAAMH M MOJIEKYJIOH AWBOJOPOAA B LIEHTPAILHOM
MOJIOXKEHHUH), TPUYEeM TepBbIi NMPOAYKT HEMHOro 6onee cTabuieH.
Korna mse monexynsi CF;COOH 6bumi BKIIOYEHBI B pacueT, B
JIOTIOJIHEHHE K IHBOAOPOJHO-CBA3aHHOMY ayKTy Obl1 HaiaeH
MUHHMYM, TpHHAQJUIOKAIUMA HOHHOM mape, o0Opa3oBaHHOM
KaTHOHHBIM OMC-AMBOJOPOJHBIM KOMIUIEKCOM [Nbsz('r]z-Hz)z]+ U

romoconpsokeHHsiM aHuoHoM (CF3COO:--+'H:--*OOCCFs)". Takue
MOHHbIE Mapbl, BECbMa BEPOSTHO, MOTYT ObITb MHTEpMEIHATaMH
H/D ofmena Mexay ruApuAHbIMM JuraHgamMu u OD-rpynnoi,
KOTOpBI Habmonancs B 3kMnepuMenTax SIMP ¢ ucnonszoBaHueM
6oJiee KHCIIBIX CTUPTOB.
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dride ligands can be the site of proton attack. Two types of
nonequivalent hydrides—one central (H*) and two lateral
(H®)—in the bisecting plane of the niobocene moiety are
present in the molecule of [NbCp,Hs]. Since the symmetry
of the molecule is C,,, three fundamental M—H stretching vi-
brations (2a,+b,) should, in principle, be observed in the IR
spectra.l') Being very close to each other,'! however, in
methylcyclohexane they give only an average band vy, of
medium intensity at 1724 cm™'. A decrease in the tempera-
ture leads to a steady decrease in the intensity of this band,
due to a fall in solubility.

Addition of HFIP and PFTB to a saturated solution of
[NbCp,H;] in methylcyclohexane at room temperature re-
sults in an approximately twofold decrease in the vy, band
intensity (Figure 1). The band broadens and its half-width

0.4
A [NbCpHs]
- = - [NbCpyH;] + HFIP
03 —— [NbCp;Hj] + PFTB

0.2

0.1

0
1900 1800 1700

, 1600

v/iem®

Figure 1. Room temperature IR spectra of [NbCp,H;| (1) in the presence
of HFIP and PFTB.

(Avypyy) increases to 45 and 60cm™' in the presence of
HFIP and PFTB, correspondingly (the initial Awi,yy is
32cm™'). The appearance of high- and low-frequency
shoulders on the vy, 4 band (band broadening) indicates
H:--H complex formation. A steady decrease in the tempera-
ture to 200 K leads to a drastic decrease and broadening of
the band. This trend is opposite to what would be expected
on the basis of an equilibrium between the hydrogen-
bonded and the free hydride, which should favour the for-
mation of the complexed species at low temperature. The
most likely cause of this trend is the precipitation of the ini-
tial hydride due to a drastic fall in solubility.

In contrast, rapid cooling of mixtures of [NbCp,H;] with
PFTB and HFIP in methylcyclohexane to 200 K results in a
dramatically different picture. IR spectra recorded immedi-
ately after preparation of the mixtures show a sharp increase
in the integral intensity and the formation of two new bands
(Figure 2). The intensity of the vy, band of the starting tri-
hydride decreases in the presence of HFIP (¢ = 0.05m) and
practically disappears in the presence of PFTB (¢ = 0.05m),
while new, low- and high-frequency bands appear. The low-
frequency shifted band (Av = —30-35 cm™!) can be assigned
to a vny stretching mode of the hydride ligand bonded to
alcohol. The high-frequency bands at 1751-1746 cm™ (Av =
+22-27 cm™) are attributable to vypy of the terminal NbH
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Figure 2. IR spectra of [NbCp,H;] (1) in the presence of HFIP or PFTB
at 200 K.

group of complexes with dihydrogen bonding. Comparison
of the IR spectra of [NbCp,Hj;] in the presence of HFIP and
PFTB shows that the equilibrium between the dihydrogen-
bonded complexes and starting trihydride shifts further to
the right in the case of a stronger proton donor. IR spectra
taken after rapid cooling to 230-270 K show formation of
only one broad band of high intensity, while repeated re-
cording of spectra from the same sample at any temperature
between 200 and 270 K shows a steady decrease in this
band. Further heating to room temperature restores the in-
tensity of the band to the values obtained when the reac-
tants are mixed at room temperature. These observations
suggest that rapid cooling of the sample and immediate re-
cording of the low-temperature IR spectra allow us to over-
come the problem of the low solubility of [NbCp,Hj;] at low
temperatures and to show the shift of the equilibrium to the
dihydrogen-bond formation on cooling.

Strength of the NbH--HO hydrogen bond: The hydrogen-
bonding enthalpy (—AH°) of the NbH--HO bond was deter-
mined from the empirical correlation —AH" versus Avgy
[Eq. (1)] proposed by Iogansen for organic systems!'> and
employed by some of us?**! for dihydrogen bonds.

18Aven

—AH" = Avon + 720 (1)

So far this has been used as a very simple and convenient
method to determine the hydrogen-bond strength. Here it
turned out to be the only method available, because we
could not exactly determine the concentration of the trihy-
dride [NbCp,H;] due to its partial precipitation from the so-
lution at low temperatures.

Calculations performed with Equation (1) showed that
the dihydrogen bonds NbH--HOR in the [NbCp,H;]/HOR
system are of medium strength, namely —AH’ = 45+
0.3 kcalmol™ for TFE and 5.7+0.3 kcalmol™" for HFIP.
The E; basicity factor® value [Eq. (2)] of 0.93 shows that

AH;
E = Am,P, @
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this hydride is indeed quite basic and that its proton-accept-
ing properties are comparable with those of hydride ligands
in [ReH{CH;C(CH,PPh,);}(CO),] (0.97)"" and [WH(CO),-
(NO)(PMej;),] (0.91).5

NMR studies: The formation of intermolecular dihydrogen
bonds between transition-metal hydride complexes and
Brgnsted acids can be readily identified by "H NMR techni-
ques.'” It has been shown that dihydrogen bonding affects
two NMR parameters: the hydride chemical shift and the 7
relaxation time. Upon complexation with a proton donor
the hydride signal shifts to high field, which is typical for a
hydride occupying a bridging position, whereas the T relax-
ation time diminishes because a proton in the vicinity of a
hydride provides an additional source of relaxation.

'"H NMR and 'H T, relaxation studies of dihydrogen
bonding between [NbCp,H*H5] (1) and HFIP have been
performed in [Dg]toluene. In full accord with previous re-
sults,["*! the variable-temperature "H NMR spectra of free 1
show that the chemical shifts of the hydride ligands are only
slightly dependent on the temperature. Both hydride reso-
nances undergo insignificant low-field shifts (H* and H® by
0.10 and 0.05 ppm, respectively) on cooling in the 295-230 K
temperature region. Also in agreement with related stud-
ies,"”! the hydride ligands in 1 show 'H Ty times of 0.109
and 0.133 s for the H* (central) and H® (lateral) protons, re-
spectively (190 K, 400 MHz). In addition, the Ty, time of
the Cp protons is measured as 1.024 s. The addition of an
equivalent of HFIP to the solution of 1 results in a high-
field shift of the H* hydride resonance from —2.38 to
—3.67 ppm at 230 K. On cooling to 180 K this resonance ap-
pears at —4.03 ppm (Figure 3). The effect of the presence of

N

220K

210K

A 190K

180 K

26 28 3.0 -32 34 36 -38 40 42 44 46
S /ppm

Figure 3. '"H NMR spectra for the interaction of 1 with HFIP.

HFIP on the chemical shift of H® is less pronounced
(Figure 3). Nevertheless, the H® resonance also undergoes a
high-field shift on addition of HFIP, from -3.40 to
—3.81 ppm at 230 K. As a result, both signals overlap at
about 210 K. An increase in the concentration of HFIP mag-
nifies this trend and at a ratio of 1 to HFIP of 1:2 the over-
lap is already observed at 250 K. These data can be inter-
preted well in terms of the formation of dihydrogen bonds
with the participation of both hydride ligands, with the pref-

www.chemeurj.org  Chem. Eur. J. 2004, 10, 661671
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erential formation of a dihydrogen bond to the central
ligand (H"). These results are also consistent with a bifur-
cated character of this dihydrogen bonding (see DFT calcu-
lations). In support of the occurrence of dihydrogen bond-
ing, we have measured the variable-temperature 'H 7, times
from the solution containing an equivalent of HFIP. The
main feature of the data collected is the fact that the T
time of the CH proton of the alcohol goes through a mini-
mum (0.136s) at 210 K, very close to the temperature of
minimal relaxation times for all the resonances of
[NbCp,Hj;] (200 K). Taking the small inertia moment of the
free alcohol into account, such behaviour provides good evi-
dence for intermolecular interactions between 1 and HFIP.
Unfortunately, the 7 times of the hydride ligands, measured
in the presence of an equivalent of HFIP, show minimum
values when the two hydride resonances overlap, whereas
the addition of 5-10 equivalents of HFIP to 1 results in
rapid decomposition into unidentified products, apparently
because of complete proton transfer. The overlapped hy-
dride signals show a 'H Ty(miny time of 0.106s (200 K).
Taking into account the twofold difference in the integral in-
tensities of H* and HE, this relaxation time characterises the
H" resonance. In the absence of HFIP, the Ty (H®) time
was determined as 0.133s. Thus HFIP causes a shortening
Of Tyminy(H®), usually attributed to additional dipole-dipole
interactions due to hydride—proton contacts.'”! This pro-
ton-hydride relaxation contribution is calculated as 1.91 s~
(0.1067'-0.1337") and translates into a H®~HO distance of
1.92 A by a standard treatment."”! The overlap of resonan-
ces H* and H® does not provide a direct measurement of
T (miny(H*). At higher temperatures (higher than the temper-
ature of the recording of the minimal relaxation time by 20,
30 and 40 K), however, resonances H* and H® are observed
separately, providing the relaxation measurements (Table 2).

Table 2. The 'H T, relaxation times (in [Ds]toluene) of 1, 1/HFIP (1:1) and 1/[D,]HFIP (1:1), measured for li-
gands H* and H® at temperatures higher than the temperatures of observations of minimal times (min) by 10,

20, 30 and 40 K.

are based on the assumption of a complete shift of the equi-
librium towards the hydrogen-bonded complexes. In spite of
this, the H*-+HO and H®--HO distances correspond well to
the results of DFT calculations, discussed in the next sec-
tion.

To verify the above conclusions experimentally, we at-
tempted the Ty, measurements for a Nb—H-+DOR dihy-
drogen-bond complex. The low-temperature addition of an
equivalent of [D,]JHFIP to a solution of 1 in toluene showed
the expected high-field shifts of hydride resonances H* and
H® with decreasing temperature. Unfortunately, the NMR
spectra also revealed a very fast isotopic exchange between
1 and [D,]HFIP, resulting in the formation of a mixture of
isotopomers [NbCp,H;], [NbCp,D*HPH?| and
[NbCp,HPHEDA]. In good agreement with the high-field iso-
tope shifts!” the H”* ligands in [NbCp,HSH"] and
[NbCp,D®H®H”] give the resonances at —3.78 and
—3.82 ppm with an integral intensity ratio of 3:1 at 240 K.
Poorly resolved H® signals of the isotopomers are observed
at —3.86 ppm. It is evident that the H/D exchange reduces
the probability of the formation of Nb—H”--DOR bonds in
relation to Nb—H”--HOR complexes. Nevertheless, taking
account of the 3:1 ratio described above, the probability of
the Nb—H"--DOR formation is significantly higher. Table 2
provides data from the 'H T, measurements for this isotopo-
meric mixture, leading to the following conclusions. Firstly,
the 7, times practically do not differ from those previously
reported for the same isotopomeric mixture except in the
absence of [D,JHFIP."*! According to reference [13] the in-
crease in T, on going from [NbCp,H®HPH"] to the D iso-
mers is explained in terms of reduction of H*-H® dipole—
dipole interactions. Secondly, the T;(H*) times in the pres-
ence of [D;]JHFIP are remarkably elongated with respect to
those measured for 1:HFIP. This effect clearly demonstrates
the decrease in the hydride—
proton dipole—dipole interac-
tions in the Nb-H”--DOR
pairs. Thirdly, the 7Tgmn(H")
times in free 1 and in the Nb—

H*+DOR complex are practi-

oT [K] 1 VHFIP = 1:1 V[D,JHFIP = 1:1

T,(HY) T,(H®) Ty(HY) Ty(H®) Ty(H™) Ty(HM)®! Ty(H?)®  cally identical. This strongly
min 0.109 0.132 00861 0.106 0.108 tdl 0.142 supports the above estimation
10 0.116 0.146 €] 0.120 0.147 0.182 0.211 of the relaxation contribution
20 0.167 0221 0.125 0.167 0.190 0239 0.291 due to the HA~HO contacts.
30 0253 0.345 0.149 0.222 0272 0311 0.401 Finally, it is very likely that
40 0.367 0.500 0.221 0.333 ’

[a] Estimated value. [b] Data for isotopomer [NbCp,H2DBH?]. [c] Data for the composite resonance of the H®
ligands in the isotopic mixture. [d] The H* signals of [NbCp,H®HPH"] and [NbCp,H®*DPH"] overlap. [e] The

signals of H* and H? overlap.

Comparison of these data with the 7 times, collected in a
solution of 1 in [Dgltoluene, shows that HFIP shortens the
T, times of both hydride resonances. On the basis of the
trend in Table 2 one can estimate Ty (H") as 0.086s. In
turn, the proton-hydride dipolar contribution is calculated
as 2.46s™', corresponding to a HA--HO distance of 1.84 A.
The distance estimations are semiquantitative, because they

Chem. Eur. J. 2004, 10, 661-671  www.chemeurj.org

this H/D exchange between
the hydride ligands and OD
group of the alcohol may pro-
ceed through the dihydrogen
complexes found in the DFT
calculations described below.

DFT study of the dihydrogen bonding

Structure and binding energy of the NbH--HOR complexes:
The interaction of [NbCp,H;] (1) with a series of proton
donors of weak and medium strengths [CH;OH (MeOH),
CH;COOH (AcH), CF;OH (TFM), CF;CH,OH (TFE),
(CF;),HCOH (HFIP), (CF;);COH (PFTB) and CF;COOH

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 665
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(TFA)] was studied by DFT calculations. In all cases the for-
mation of a dihydrogen-bonded adduct was observed. Be-
cause 1 has two basic sites, the central H* and lateral H® hy-
drides, two coordination isomers are possible and for each
of the proton donors considered; both forms, labelled as ¢
(central) and s (side), were found as true minima on the po-
tential-energy surface. The optimised structures with the
non-fluorinated proton donors are shown in Figure 4 and

] L ]
T80 g €2
L ]
L] * { ™ L
o
" "
o ® r = * b
. n o B -2
o @ 0 ¢ . ‘ t,’ - -
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(1-MeOH s {1-MeOH)e
© 80 @, eg °
. ‘Da
. &
a [ = Y s
s = N e [ : ° . s
- -
" o i o &
®
o8 o Q.- 2 o, .
L] L]
(1-AcH)s (1-AcH)e

Figure 4. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with MeOH and AcH.

those with the fluorinated ones in Figure 5. The main struc-
tural parameters and the interaction energies are collected
in Table 3. The formation of the dihydrogen bond is reflect-
ed in the lengthening of the Nb—H and O—H bond lengths
from their values in the isolated compounds. The hydrogen-
bond energies span a range between 5 and 12 kcalmol™'.
After correction of the basis set superposition error (BSSE)
the adducts are still stable, with interaction energies be-
tween 3 and 8 kcalmol™ (Table 3). These values compare
well with the calculated values reported in the literature for
this kind of interaction,*'®! although it has been shown that
theoretical values obtained in the gas phase overestimate
the strength of the H--H interaction.!"” From the structural
and energetic values the hydrogen bonds in this series of
[NbCp,H;]-HOR adducts can be classified as moderate.’!

In agreement with the experimentally obtained results,
the formation of the central adduct to the hydride H” is fav-
oured in almost all the systems, although for a given proton
donor the energy differences between adducts of the central
(H*) and lateral (H®) hydrides are small (less than 1.5 kcal -
mol™'). This behaviour can be attributed to the higher
hydridic character of H*. In [NbCp,H;] the Nb—H” bond is
significantly longer (0.014 A) than the two Nb—H® bonds,
suggesting less efficient electron donation in this site and
thus a more hydridic character for H*. However, a fast ex-
change of the ROH molecule between the A and B sites
can be expected from the low energy difference found be-
tween the two isomers. At high concentrations of the acid
both positions could be occupied. The magnitude of the
H---H interaction, reflected both in the H---H distance and in
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Figure 5. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with TFM, TFE, HFIP, PFTB and TFA.

the AE of interaction correlates with the proton donor
strength. Although the trihydride-alcohol interaction is
stronger in the central adducts, for a given proton donor the
H-H distance is shorter in the lateral adduct than in the
central one. This apparent contradiction is explained by the
bifurcated nature of the central dihydrogen-bond complexes.
The proton is further away from H* in ¢ than from H® in s,
but in ¢ there is an additional short proton--Hp distance
(see Table 3). As a result, the Nb—Hy bond length corre-
sponding to the hydride H® closest to the proton is slightly
elongated. The (Nb)H-H-O and Nb-H-H(O) angles also
confirm the bifurcated nature of these hydrogen bonds.

www.chemeurj.org  Chem. Eur. J. 2004, 10, 661671
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Table 3. Main geometrical parameters [distances in A and angles in degrees] and binding energies AE [kcalmol™'] of the lateral (s) and central (¢) dihy-

drogen-bonded complexes 1-HOR.

Nb-H” Nb-HER Nb-H¥ H-ORM H-HOR (Nb)H-H-O Nb-H-H(O) AEM

[NbCp,H;] (1) 1751 1.737 1737

(1-MeOH)s 1752 1.749 1733 0.972(0.965) 1.781 159.7 150.4 —~5.7(-3.3)
(1-MeOH)c 1759 1.738 1.736 0.972 1.79219/2,5930 160.6 133.4 —6.7(—4.1)
(1-AcH)s 1752 1.752 1732 0.988(0.972) 1.668 164.0 128.8 —8.3(—4.8)
(1-AcH)ce 1.759 1.741 1.734 0.986 1.707%/2,1911 60.1 130.6 —8.6(—5.8)
(1-TFE)s 1752 1.753 1731 0.979(0.967) 1.677 163.6 147.4 —8.7(—4.8)
(1-TFE)e 1.763 1.737 1.734 0.979 1.6461/2.8021%) 170.1 139.6 —~8.7(-5.9)
(1-HFIP)s 1751 1.753 1.730 0.986(0.969) 1.583 164.1 152.8 —~10.2(-3.8)
(1-HFIP)c 1.750 1.741 1.730 0.985 1.6351/2,0741% 164.3 126.0 —9.5(—4.5)
(1-PFTB)s 1751 1.755 1.728 0.992(0.969) 1.510 165.7 155.9 —~10.9(-5.1)
(1-PFTB)c 1755 1.740 1731 0.990 1.5891/2.0541 165.3 125.6 —11.1(—6.4)
(1-TFA)s 1750 1.756 1.729 1.001(0.973) 1.467 170.9 148.7 —~10.0(-~7.5)
(1-TFA)e 1764 1.742 1733 0.996 1.5871/2.0861"! 161.4 128.6 —11.3(-8.7)
(1-TFM)s 1751 1.762 1.728 0.997(0.968) 1.503 1745 134.0 —11.9(—6.7)
(1-TFM)c 1.764 1.741 1.734 0.990 1.670%/1.9611 159.0 121.9 —~12.3(-8.0)

[a] Hydride H® closest to the proton. [b] Values in brackets are O—H bond lengths in free alcohols ROH. [c] Hydride H”, [d] BSSE-corrected binding en-

ergies in brackets.

While the former angle has similar values in the central and
lateral adducts (between 160 and 170°), the latter is much
more closed in the central complexes. The values of the Nb-
H*-H(O) angle (about 125°) place the proton not very far
from the hydride H® (at about 2 A) in the central adducts.
Additional interactions between the fluorine substituents
and the H atoms of the Cp rings (in TFM, TFE, HFIP and
PFTB) or between the carbonyl oxygen and the H atoms of
the Cp rings (in AcH and TFA) further contribute to the
stabilisation of the adducts. The shortest distances between
the hydrogen atoms of the Cp rings and the F or O atoms
are about 2.3-2.4 A,

The binding energies of the fluorinated proton donors are
higher than those of the non-fluorinated ones. The weakest
dihydrogen bond is formed with MeOH, and the strongest
with TFA and TFM. The order of the [NbCp,H;]-HOR in-
teractions is: MeOH < AcH~TFE < HFIP < PFTB ~ TFA <
TFM. When the BSSE is corrected the binding energies are
considerably reduced, but the order is little affected. The
only exception occurs with the HFIP adducts. Without con-
sideration of the HFIP adducts, the mean percentage of the
BSSE in the calculated binding energy is 42.4 % for the side
adducts and 34.3 % for the central ones. Correction for the
larger BSSE found in the HFIP adducts [62.6% in (1-
HFIP), and 52.3% in (1-HFIP)] places HFIP between
MeOH and AcH in the ordering of the proton donors by
their binding energies.

The presence of the proton donor breaks the pseudo C,,
symmetry of the trihydride niobocene. Now the two lateral
hydrides Hy are no longer equivalent. The Nb—H bond
lengths already show this nonequivalence, but the main con-
sequences are to be found in the H*--H® distances. Because
of the C,, symmetry of the isolated [NbCp,Hj;], its two later-
al hydrides H® are equidistant from H* (H"--H®
1.776 A). In the central adducts with proton donors the cen-
tral hydride H”* interacting with the proton moves away
from the H® closest to the proton and approaches the
second noninteracting hydride H® (H®). For instance, in
(INbCp,H;]" TFA), the H*--H® separation is 1.901 A and the
HA--HY distance is 1.738 A. Similarly, in the lateral adducts
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the H®-proton interaction induces a remarkable shortening
of the H*-+-H? distance. For instance, in ([NbCp,H;]- TFA),
the HA--HP separation is 1.808 A, whereas the HA--H® dis-
tance is 1.722 A. These structural changes can be understood
by regarding these hydrogen bonds as incipient proton-
transfer reactions.” At the limit, increasing dihydrogen
bonds should lead to a complete transfer of the proton on
the hydride and result in the formation of a n’-dihydrogen
ligand. Indeed, there is mounting evidence that the H---H di-
hydrogen-bond complexes constitute important intermedi-
ates of transition-metal hydride protonation.?*'! Protona-
tion at H* should give a H*-H dihydrogen ligand and so
the central adducts could be intermediates in the formation
of a dihydrogen—dihydride product. Protonation at H® pro-
duces a H®—H dihydrogen ligand. The formation of this -
acceptor ligand in the coordination sphere of niobium could
induce the formation of a second dihydrogen ligand through
the approach of H* to H®. The decrease in the H*--H® dis-
tances in the lateral adducts indicates that these dihydrogen-
bonded complexes could be intermediates in the formation
of a bis(dihydrogen) product. The same behaviour was
found in a theoretical study of the trihydride niobocene with
Lewis acids.'”! The decrease in the electron density around
the metal caused by the interaction between the lateral hy-
dride H® and the proton induces the incipient formation of
a H*~H" bond.

We have tried to obtain the proton-transfer products—
namely, the ion pairs composed of the Nb-dihydrogen
cation and the RO anion—but all attempts to optimise such
structures have ended up in the initial hydride—proton ad-
ducts. The protonation of a transition-metal hydride in the
gas phase appears to be a difficult process with the weak or
moderate proton donors considered above. The reaction en-
ergies AE (+168.4, +131.5, +105.4, +144.7, +125.4, +107.4
and +103.8 kcalmol™) were calculated in the gas phase for
the proton-transfer reactions with MeOH, AcH, TFM, TFE,
HFIP, PFTB and TFA, respectively. Looking at the thermo-
dynamics of the proton transfer from R—OH to [NbCp,Hj;],
it is clear that this reaction in the gas phase is highly unfav-
ourable. This is an expected result, in view of the fact that
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this process entails the creation of two net charges (+ and
—) from two initially neutral species. The final products
could only be obtained if a polar solvent were to assist the
charge-separation process by solvolysis of the ions. The en-
thalpies of protonation in solution must be much lower. For
technical reasons relating to the size of the systems it was
not possible to calculate the solution values of these ener-
gies. However, we think that the obtained AE values should
be usable to classify this series of RO—H proton donors ac-
cording to their tendency to protonate [NbCp,H;]. It is
worth mentioning that the protonation energies follow the
same trend as the magnitude of the H---H interactions, rein-
forcing the assumption of dihydrogen-bond formation as in-
cipient proton-transfer reactions.

Proton transfer from H;0% to [NbCp,H;]: We have also
studied the interaction of a strong acid, modelled as H;O7,
with [NbCp,H;]. In this case no dihydrogen-bonded species
was obtained as a minimum. With this strong acid a proton
transfer to the hydride occurs without any barrier, leading
to dihydrogen complexes (Figure 6). The process (1+H;O*
—[NbCp,(17*-H,),]* +H,0) is very exothermic in the gas
phase (AE = —58.9 kcalmol ™).

L]
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Figure 6. The optimised structures of 1 and the protonation products [NbCp,(n*-H,),]* (2) and [NbCp,H,(n’*-

Hy)I* 3).

As for the other proton donors, two isomers correspond-
ing to the protonation of H* and H® result. The protonation
at the lateral hydride H® gives the compound 2 shown in
Figure 6. Compound 2 is a bis(dihydrogen) complex
[NbCp,(1?-H,),]*. In this compound, as a result of the for-
mation of the HPH dihydrogen ligand, the two remaining
hydrogen atoms approach in such a way that another dihy-
drogen ligand H*H? is formed. In 2 there are some differ-
ences in the bonding parameters of the two M—H, units and
the two M—H distances of each coordinated H, are slightly
different.

The formation of the bis(dihydrogen) complex 2 can be
compared with what happens when a m-acceptor ligand is
present in a [MCp,H,L]* system:?'! namely, the m-acceptor
ligand stabilises the dihydrogen form. The d?> [MCp,LH]
complexes behave as Lewis bases and they can therefore be
protonated by acids at room temperature to give the corre-
sponding cationic complexes. When L is a s-acceptor ligand,
the dihydrogen complex can be prepared.”! Compounds
such as [NbCp,(n>-H,)(CO)]* and [NbCp',(n*-H,)(CNR)]*

668

€
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have been thoroughly studied both experimentally and com-
putationally. In 2, one of the dihydrogen ligands can be re-
garded as playing the role of a m-acceptor ligand L, and
such behaviour has previously been observed in other sys-
tems.”!

In [MCp,H,L]* there is a possibility of finding two stereo-
isomers, depending on whether the two hydrides are cis
(cisoid) or whether L is placed between them (transoid). In
addition to the cisoid-isomer 2, in which the two cis-hydrides
approach to form a dihydrogen molecule, we have also
found the transoid-isomer, actually a dihydrogen—dihydride
structure (3) (Figure 6), the product of protonation of the
central hydride H* in 1. Structure 3 lies only 1.7 kcalmol™
above the bis(dihydrogen) form 2. The short H-H distance
(0.817 A) and long M—H distances (1.963 A) in the Nb-1-
H, unit of 3 suggest that a very easy H, release can take
place in this compound.

These results clearly show that the dihydrogen species are
formed from the interaction of 1 with strong acids. Previous-
ly, protonation of metallocene hydrides had been experi-
mentally addressed in the case of [MCp,H,] (M = Mo, W).
It was shown that protonation by HCI occurs through dihy-
drogen intermediates.*!

Influence of homoconjugated

eq - anionic species [RO-+-H--OR]”

0O o on the protonation: The impor-

o 00 1.742 tance of the homoconjugate

% o63 pairs formed by the acid and

D oz7 its conjugate base in the proto-

0 g 1"-}{ 4';’6-’- nation processes of transition-
0 @ - metal hydrides is becoming
o2 recognised.”™ The production

s » of such species has been re-

3 garded as the driving force of
the protonation reaction with
not very strong acids. The in-
volvement of two alcohol mol-
ecules and the formation of a
homoconjugate pair in the protonation of [RuCp(H)-
(CO)(PCy);]"**! and [FeCp*(dppe)H]"*! has been demon-
strated recently. It has also been reported that treatment of
[TaCp’,H;] (Cp’ = v’-tBuCsH,) with excess trifluoroacetic
acid leads to the formation of the dicarboxylate tantalum(v)
complex [TaCp',(H)(OCOCF;),], with evolution of H,.*!
Protonation of the trihydride by TFA has been proposed as
the first step of the reaction. We have theoretically ad-
dressed this possibility in the niobocene trihydride complex,
by considering the participation of two molecules of TFA.
There are multiple possibilities for hydrogen bonding in a
system composed of the trihydride 1 and two molecules of
TFA. As we are interested in the formation of [ROHOR]™
ion, we did not perform a systematic search of all the
minima, but have taken as a starting point the optimised ge-
ometry of 1-TFA (vide supra) and placed a new molecule of
the acid so that it would form a hydrogen bond with the car-
bonyl oxygen of the former. In this way we found the dihy-
drogen-bonded complex 1-2TFA, in which both the H--H
and the O--H hydrogen bonds are present (Figure 7). In this
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Figure 7. The optimised structures of the adducts of 1 with two molecules
of TFA: [NbCp,H;](TFA), (1-2TFA) and [NbCp,(W-H,),]*
(OOCCF;+HOOCCF;) (2-2TFA).

structure a bifurcated dihydrogen bond is found, with the
proton interacting both with the central and with one of the
lateral hydrides. The dihydrogen-bonded complex is found
242 kcalmol™ below the reactants. The extra stabilisation,
of more than 10 kcalmol™ with respect to the monomer
case, is mainly due to the hydrogen bond between the two
TFA molecules. If the sum of the energies of 1 and of the
(CF;COOH), dimer is taken as the origin of the energy, the
interaction energy is only 5.3 kcalmol~'. This low value is
the result of the destabilisation introduced for the rupture
of one strong O—H--O interaction present in the bifurcated
(TFA), dimer, partly compensated for by the new Nb—
H:--H—O interaction.

The most important point in consideration of the dimeric
acid species is that the ion pair 2-2TFA formed by the cat-
ionic bis(dihydrogen) complex [NbCp,(1*-H,),]* and the di-
meric counteranion is now found as a minimum, even in the
gas phase. Starting from 2 and (CF;COO--H-+-OOCCF;)~,
optimisation does not return to the dihydrogen-bonded
complex 1-2TFA, but ends up in the ion pair 2-2TFA
(Figure 7). In this intermediate, one n>-H, ligand acts as a
proton donor to one of the oxygen atoms of the incoming
base CF;COO~, while the hydroxy proton of the second
TFA molecule forms a strong hydrogen bond with the
second oxygen of the carboxylate group. Such an ionic pair
intermediate has been already found in the protonation of a
Ru—H hydride with TFA."! As a consequence of the hydro-
gen-bond formation, the Nb—H distances in the dihydrogen
ligand interacting with OR™ are not equivalent and the dihy-
drogen is tilted.

Two effects account for the influence of the [ROHOR]|™
homoconjugated ion on stabilizing the dihydrogen complex.
On one hand, the reduced basicity of [ROHOR]™ relative to
RO prevents abstraction of the proton from the dihydrogen
complex and allows it to be a stable species. On the other
hand, the presence of a strong [RO--H--OR]  hydrogen
bond introduces an additional factor at work, which stabilis-
es the proton-transfer product through the delocalisation of
the negative charge. As a result of the two effects, the bis-
(dihydrogen) complex 2-2TFA is found only 9.1 kcalmol™
above the dihydrogen-bonded complex 1-2TFA. However,
even with the introduction of an additional TFA molecule,
the charge-separation process leading from the ion pair to
the solvent-separated ions is extremely energy-consuming.

Chem. Eur. J. 2004, 10, 661-671  www.chemeurj.org

The gas-phase AE for the hydride protonation with TFA is
reduced from 103.8 kcalmol™ to 66.5 kcalmol™ when the
participation of the second TFA molecule is taken into ac-
count, but this value is still too much higher to justify the
existence of 2 as a product of the protonation with ROH
acids. It has been shown in a study of the protonation of
[RuCp(H)(CO)(PCy);] that solvent plays a major role in as-
sisting the charge-separation step.™!

The finding of energetically accessible [NbCp,(1-H,),]*
[RO--H-+-OR]" ion pairs strongly supports our proposal of
the participation of dihydrogen complexes in the observed
H/D exchange between the hydride ligands of [NbCp,H;]
and the OD groups of the more acidic alcohols and also ac-
counts for decomposition of [NbCp,H;] in the presence of
excess proton donors, such as HFIP, in nonpolar solvents.

Conclusions

Although early transition-metal hydrides are usually formed
by metals in high oxidation states, thanks to the highly elec-
tropositive nature of the early metals they can exhibit a dis-
tinctive hydridic character. In this work the basic nature of
an early transition-metal hydride such as [NbCp,H;] has
been demonstrated by study of the phenomenon of dihydro-
gen-bond formation with perfluorinated alcohols by IR,
NMR and DFT studies. In spite of the formal oxidation
state (v) of the niobium in this complex, the energetics of
the dihydrogen bonds NbH:-+-HOR determined by IR spec-
troscopy are medium in strength, being 4.5(3) kcalmol™" for
trifluoroethanol and 5.7(3) kcalmol™" for hexafluoroisopro-
panol. The DFT study provides important details on the di-
hydrogen bonding: namely, 1) both nonequivalent hydride
sites of [NbCp,H;] form dihydrogen bonds, the central hy-
dride being the preferential position and 2) coordination of
the protons to the lateral hydride is normal, whereas bond-
ing to the central hydride is bifurcated. From the DFT study
the strength of the [NbCp,H;]-"HOR dihydrogen bond fol-
lows the trend: MeOH < AcH~TFE < HFIP <PFTB~
TFA <TFM. Proton transfer on [NbCp,H;] occurs with
excess alcohol or when stronger acids are used. DFT calcu-
lations showed that the proton transfer products are bis(di-
hydrogen) and dihydride(dihydrogen) complexes, the
former being slightly more stable. Acids as strong as H;O*
afford proton transfer without intermediate formation of di-
hydrogen bonds. According to the DFT study, medium
strength acids such as trifluoroacetic acid can give proton-
transfer products as a consequence of the stabilizing effect
of the homoconjugate anions [RO-+H--OR]".

Experimental Section

All operations were carried out under dry argon with use of standard
Schlenk techniques. Methylcyclohexane was dried over Na/K alloy and
distilled before use. The [NbCp,H;] complex was prepared by the litera-
ture method™ and recrystallised from diethyl ether. HFIP, TFE and
PFTB were purchased from commercial sources. O-Deuterated HFIP
was prepared by deprotonation of HFIP by BuLi with subsequent addi-
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tion of weak D,SO, in D,0, followed by separation and distillation. IR
studies were carried out as described previously.”!

NMR studies: All NMR studies were carried out by standard techniques
in NMR tubes sealed under vacuum. [Dg]Toluene was dried and deoxy-
genated by conventional procedures. NMR data were collected on
Bruker AC200 and AMX 400 spectrometers. The conventional inver-
sion-recovery method (180-7-90)%! was used to determine 7;. T and
Tys relaxation times were measured by application of selective 180°
pulses provided by the decoupler systems of the spectrometers. The dura-
tion and power of the 180° selective pulses (180 ,—7-90) were regulated
to excite only one or two NMR resonances. The calculation of relaxation
times was made by use of the nonlinear three-parameter fitting routine
of spectrometers. In each experiment, the waiting period was S times
longer than the expected relaxation time and 16-20 variable delays were
employed. The duration of pulses was controlled at every temperature.
The errors in 7} determinations were lower than 4%. The details of re-
laxation theory are given in reference [13].

Computational details: Calculations were performed by use of the Gaus-
sian 98 series of programs.””! Density functional theory (DFT) was ap-
plied with the B3LYP functional.®™ An effective core potential (ECP)P!!
and its associated double-f£ LANL2DZ basis set® were used for the
niobium atom. The C, O and hydride and hydroxyl H atoms were repre-
sented by use of the 6-31G(d,p) basis set, whereas the 6-31G basis set
was employed for the F and the rest of the H atoms.” All the geometry
optimisations were full, with no restrictions. The basis set superposition
error (BSSE) was computed by the counterpoise method,* through the
use of the MASSAGE keyword in the Gaussian program.?’]
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Hydrogen bonding and proton transfer involving the trihydride complexes
Cp*M(dppe)H; (M = Mo, W) and fluorinated alcohols:
the competitive role of the hydride ligands and metal*
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The protonation of complexes Cp*M(dppe)H; (dppe is ethylenebis(diphenylphosphine),
M = Mo (1), W (2)) by a variety of fluorinated alcohols of different acid strength (FCH,CH,0OH,
CF;CH,O0H, (CF;),CHOH, and (CF3);COH) was investigated experimentally by the variable
temperature spectroscopic methods (IR, NMR) and stopped-flow technique (UV-Vis). The
structures of the hydrogen-bonded and proton transfer products were studied by DFT calcula-
tions. In agreement with the calculation results, the IR data suggest that the initial hydrogen
bond is established with a hydride site for complex 1 and with the metal site for complex 2.
However, no intermediate dihydrogen complex found theoretically was detected experimen-
tally on the way to the final classical tetrahydride product.

Key words: transition metal polyhydrides, IR spectroscopy, UV-Vis NMR spectroscopy,

hydrogen bonding, proton transfer.

Proton transfer to transition metal hydride complexes
has been extensively studied as a method to access
dihydrogen complexes and for its biological relevance for
hydrogenases enzymes.! It has been established that
hydride ligands are the kinetically preferred protonation
sites for hydride complexes. Whether direct protonation
of the metal center in such complexes can occur under
any experimental conditions has been the matter of some
debate.2 Even when the most stable protonation product
is a classical complex A, i.e., the product of formal pro-
ton transfer to the metal atom, detailed investigations
proved the intermediacy of nonclassical complexes B

* Materials were presented at the Mark Vol pin Memorial In-
ternational Symposium "Modern Trends in Organometallic and
Catalytic Chemistry” dedicated to his 80th anniversary.

** Laboratoire de  Synthese et  d’Electrosynthdse
Organométalliques (LSEO UMR 5632), Université de
Bourgogne, Faculté de Sciences «Gabriel», 6 boulevard Gabriel,
21000 Dijon, France.

*** Departament de Quimica, Edifici Cn, Universitat
Auténoma de Barcelona, 08193 Bellaterra, Espana.
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(Scheme 1).3—7 A recent report of the rate ratio between
the hydride and metal attack for the CpW(CO),(PMe;)H
complex is based on indirect measurements and does not
demonstrate that a direct metal protonation occurs.8 Our
recent kinetic investigation of the Cp*Fe(dppe)H proto-
nation provides strong evidence that, at least for this sys-
tem, direct protonation at the metal site is not competi-
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tive with hydride protonation.® The investigation of hy-
drogen bonding and the determination of the site at which
this interaction occurs also gave useful information on the
first step of the proton donor approach to the hydride
complexes. In addition, theoretical investigations provide
an increasingly accurate description of the energetics and
geometry of the molecular interactions in solution, with
the consideration of the solvent effect being possible
through the use of polarizable continuum models.!?

We report here preliminary investigations comprising
spectroscopic, kinetic, and theoretical approaches, of the
interaction of the fluorinated alcohols (FCH,CH,OH,
MFE; CF;CH,0OH, TFE; (CF;),CHOH, HFIP;
(CF;);COH, PFTB) with the complexes Cp*M(dppe)H
(dppe is ethylenebis(diphenylphosphine), M =
Mo (1), W (2)).

Results and Discussion

As shown by X-ray diffraction and confirmed by DFT
calculations, 12 the geometry of complexes 1 and 2 is as
shown in structure C and features the Cp* and dppe ligands
in opposite positions, with one hydride ligand on one side
and two hydride ligands on the other side with respect to
the Cp* .nier—M—P, plane. Both complexes yield the
classical tetrahydrido product [Cp*M(dppe)H,]*, when
protonated by strong acids in weakly coordinating sol-
vents (e.g., ether, THF). A difference is noted in MeCN:
whereas the W analogue still yields the same cationic
tetrahydride product, the Mo complex yields
[Cp*Mo(dppe)H,(MeCN)|* with loss of H, 12

According to well established protocols,!3an IR analy-
sis of the v(OH) absorption of MFE and TFE in the
presence of excess hydride complex shows the hydrogen
bond formation. Use of the empirical logansen’s rela-
tionships!415 furnishes the enthalpy (AH°) and basicity
factor (£)) data (Table 1). The E; values, especially that of
compound 2, are among the highest ever reported values
for transition metal hydride complexes (¢f. 1.45 for
[ReH;(n*-N(CH,CH,PPh,);)],'¢ where the site of
hydrogen bonding is the metal atom, and 1.66 for
[OsH,{P(CH,CH,PPh;);}],!7 where the hydrogen bond

0.15

0.10

0.05

1920
A
i b
0.3 F
02
Y 2 \/\
2010 1860 v/cm™!

Fig. 1. IR spectra in the v(MH) region: a, complex 1
(0.075 mol L1 (1) and the product of its interaction with TFE
(25 equiv.) in THF at 200 K (2); b, complex 2 (0.035 mol L)
and the product of its reaction with MFE (15 equiv.) in CH,Cl,
at 200 K (2).

occurs at hydride ligand). Detailed analysis of the v(MH)
region of the IR spectrum (Fig. 1) shows low-frequency
shifts in the case of the Mo complex, whereas the W
system gives rise to small high frequency shifts. Following
the available literature,!3:18 this represents evidence for
H-bonding to the hydride sites in the Mo case and to the
metal site in the W case.

In order to analyze the structure of hydrogen-bonded
complexes more in detail, we carried out theoretical in-
vestigations. The proton donor HFIP was chosen for
analysis, since it gives stronger interactions, and the Cp*
and dppe ligands were modeled by Cp and dpe
(PH,CH,CH,PH,) for reasons of computational speed.
The most important results of the study are summarized
in Table 2. Five hydrogen-bonded structures were found
for both metals, which can be classified depending on the

Table 1. Spectral characteristics and enthalpies of formation of hydrogen bonds between Cp*M(dppe)H; and MFE or TFE in CH,Cl,

Alcohol V(OHjee) Cp*Mo(dppe)H; (1) Cp*W(dppe)H; (2))
ROH cm™!
/ V(OHpgngea) Av —AH° ¢ l E}b v(OHpondea) Av —AH® 4 l E; b
Jem-! /kcal mol Jem-! /kcal mol
MFE 3612 3368 244 4.9 1.44 3230 364 6.0 1.65
TFE 3604 3248 364 5.9 1.41 3136 468 6.7 1.64

@ Calculated by Togansen’s empirical relationship!¥: —AH° = 18Av/(Av + 720), where AV = Vg — Vponded-
b Basicity factors calculated as E; = AH;/(AH | P) 15 where AH°j is the enthalpy of the H-complex, AH®; is the enthalpy of the
standard phenol—diethyl ether H-complex (AH°}; = —4.6 kcal mol~! in CH,Cl,), P; is the acidity factor of the proton donor.
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Table 2. Calculated H-bonded distances (d), angles (o), and enthalpies of formation for H-bonded

CpM(dpe)H; complexes with HFIP

M Structure d/A o/deg —AH? AG?
H..H—O0 M..H—O H..H—O0 M..H—0 kcal mol~!

Mo a 1.649 — 159.5 151.7 9.07 0.39
b 1.560 (>3) 169.1 161.4 10.29 —0.77
c 2.008 2.717 134.6 173.3 9.94 —0.49

W a 1.706 — 151.7 150.6 9.00 0.43
b 1.578 (2.898) 151.5 158.9 8.67 —0.57
c 2.032 2.690 133.0 172.8 10.82 -1.73

2 Enthalpy of formation of the complex in the gas phase.

b Free energy of complex formation in CH,Cl,.

proton acceptor site: hydride, metal, or involving both
sites. The coordination geometry of the metal center is
not significantly perturbed by H-bonding. Although all
the structures are close in energy, the hydrogen bond to
the left-hand side hydride ligand (Fig. 2, structure a) is
least favorable. The analysis of geometry (M...H and H...H
distances, M...H—O and H.....O—H angles) helps to dis-
tinguish different interactions and allows one to compare
hydrogen bonding with the hydride (structures a and b)
and with the metal (structures ¢) (see Fig. 2). Thus, for
Mo the most favorable interaction is with the hydride
ligand (b) (almost linear dihydrogen bond, H...H—O angle
is 169.1°, short H...H distance 1.65 A), while for W that is
hydrogen bond to the metal atom (c¢) (M...H—O angle is
172.8°, M...H distance is 2.69 A) with some additional
interaction with the hydride ligand (H...H distance of
2.03 A is less than the sum of van der Waals radii (2.4 A),
but the H...H—O angle 133.0° is indistinctive for inter-
molecular hydrogen bonds).

Another important computational result is the identi-
fication of a local minimum for the nonclassical Mo pro-
tonation product, [CpMo(dpe)(H,)(H),]" (3.4 kcal mol~!
higher than the classical tetrahydride complex), whereas
all attempts to locate an analogous W derivative system-
atically collapsed to the classical tetrahydride product
[CpW(dpe)(H),]*. The identification of a nonclassical
intermediate during the protonation of complex 1 was
attempted by an !H and 3!P NMR study. However, even

when using the weaker proton donor TFE in CD,Cl,, the
NMR spectra showed only the resonances of the starting
complex and classical tetrahydride product (—3.57 ppm,
T\ min = 173 ms at 230 K). Thus, proton transfer occurs
directly at the metal or the intermediate nonclassical com-
plex rearranges too rapidly (very small barrier) to be ob-
served, even at 200 K. Nor could a nonclassical interme-
diate be observed during the protonation of complex 2 by
TFE. Additionally, preliminary kinetic stopped-flow in-
vestigation showed a single-step process for the protona-
tion of 2 by HFIP and by PFTB. Together with finding of
hydrogen bond to the metal atom only, this suggests that
direct attack of the metal atom takes place for tungsten
hydride. The rate constants obtained have first order de-
pendence on the fluorinated alcohol concentration (k =
1300432 L mol~! s~! for HFIP; 1250+32 L mol~! s~! for
PFTB). As detailed recently!? for the analogous investi-
gation of the Cp*Fe(dppe)H—RpOH 9 system and theo-
retical calculations of the CpRuH(CO)(PCy;) protona-
tion, this result shows the involvement of two alcohol
molecules, with the formation of a homoconjugate pair

[Cp*W(dppe)Hg]...HORF + RFOH ===
=== [Cp*W(dppe)H,]*[RFOHORF]".

Our theoretical calculations are in support of this in-
terpretation. The energy change associated to the produc-
tion of the homoconjugate pair from a separate alcoholate

Cc

Fig. 2. Calculated structures for hydrogen-bonded complexes of CpM(dpe)H; with HFIP (a, b, ¢).
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and alcohol molecules is —22.3 kcal mol~! in CH,Cl,.
Analogous kinetic studies for 1 are in progress.

In conclusion, a combination of spectroscopic, ki-
netic, and theoretical data suggest that the trihydride com-
plexes 1 and 2 undergo proton transfer from fluorinated
alcohols directly at the metal center via the hydrogen
bond to the metal (for 2) or with hydride ligand and
unobservable dihydrogen complex intermediate (for com-
plex 1).

Experimental

Compounds 1 and 2 were prepared according to literature
procedures. 11:12

Variable temperature spectra were recorded on a Specord
M-82 spectrometer (IR) as described.10:16

'H and 3'P NMR experiments were carried on Bruker
AMX-400 instrument (400.13 and 161.98 MHz, respectively).
Chemical shifts in 'H NMR spectra were measured relative to
the residual signal of CD,Cl, at 5.31 ppm. The conventional
inversion-recovery method was used to determine the 77, re-
laxation times.

All calculations were carried out by the DFT approach with
the B3LYP functional, the LANL2DZ basis set for the metal
atoms, the double-{+ polarization basis set for the atoms di-
rectly bound to the metal and the atoms involved in hydrogen
bonds, and the double-{ basis set for the rest of the atoms. Free
energies of solvation were calculated with dichloromethane
(e = 8.93) as solvent by means of the PCM model, using stan-
dard options.1?
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Introduction

Proton transfer processes to and from transition metal centers and hydride ligand sites continue to attract considerable
research interest because of their fundamental importance for catalysis and in biochemistry.l 2 The kinetic preference for
hydride vs. metal protonation is now quite firmly established,**! though exceptions have recently been reported from studies
carried out in our laboratories."” ! The proton transfer occurs via intermediates, for which characteristic spectroscopic
signatures have been established, that contain hydrogen bonds between the proton donor and the proton acceptor (the metal
center or a hydride ligand), see Scheme 1.['> ! The term “non-classical hydrogen bonding” has been coined to address these
interactions, while H-bonding specifically involving a hydride ligand has also been termed “dihydrogen bonding”."*! The
relationship between the preferred thermodynamic site of hydrogen bonding (i.e. the relative energy of species I and I'V) and
the kinetic site of proton transfer (i.e. the relative energy barrier leading to species II and V) is of interest to us. We have
recently presented combined experimental and theoretical results showing that the preferred hydrogen bonding site for
compound Cp*Fe(dppe)H, i.e. the hydride site, corresponds to the site of preferred proton transfer.'*! In parallel work, some
of us have studied the mechanism of the hydride protonation, analyzing the influence of medium polarity and concentration
effects, both experimentally and theoretically.'s'® We have demonstrated the involvement of ion pairs formed by cationic
dihydrogen complexes and the anionic conjugate base of the proton donor. In these studies the stabilizing role of the solvent
and the homoconjugate anions [A'--H-A] in the protonation process has also been recognized.
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In order to determine the general relationship between the thermodynamics of hydrogen bonding to various possible
sites and the energy barrier leading from each of these sites to proton transfer, a greater number of case studies is necessary,
especially for polyhydride complexes where the hydride ligands occupy inequivalent positions so that it is also possible in
principle to discriminate between different hydride sites. For this reason, we have selected compound Cp*Mo(dppe)Hs,
which was synthesized in one of our laboratories a few years ago.'” In this system there are four basic potential sites (the
metal and the three hydride ligands) able to establish hydrogen bonds with a proton donor. Moreover several isomers could
result from the proton transfer process. The X-ray structure of the trihydride compound was of sufficient quality to locate the
hydride ligands and showed that they occupy two different sites as shown in Scheme 2.”” The geometry is best described as
an ideal trigonal prism if the Cp* ligand is considered to occupy a single position in correspondence to its ring centroid.
However, the compound is highly fluxional and a single hydride resonance, which is split into a binomial triplet by the two
equivalent P nuclei, remained sharp down to 183 K.!'")

Protonation studies have previously been carried out only with HBF,, leading to the formal product of metal
protonation, the classical tetrahydride complex [Cp*MoH.,(dppe)]'.** However, this product is unstable and easily looses
H,. It could be isolated upon low temperature protonation in ether, where it precipitates. An X-ray structure was not obtained
for the Mo complex, but the analogous W derivative displays a pseudo-pentagonal bipyramidal structure. Since the two
metal complexes show analogous NMR properties, the same structure is also assumed to be adopted by the Mo complex and
is illustrated in Scheme 2. They are fluxional at room temperature, showing only one hydride resonance and one phosphorus
resonance, but the P resonance decoalesces at low temperature, whereas the hydride resonance does not. The protonation of
Cp*Mo(dppe)Hs; in MeCN or the dissolution of [Cp*MoH,(dppe)]* in MeCN gives a variety of products resulting from the
substitution of H, with MeCN. The tungsten compound is stable under these conditions.!"”

Preliminary studies of the hydrogen bonding and proton transfer to the Cp*M(dppe)Hs (M = Mo, W) compounds with
weaker proton donors has been recently communicated.”] We present here a full report of our investigation on the Mo
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compound, whereas further details concerning the W system, including a comparison of the two metal complexes, will be
reported in a forthcoming paper.’*?
Experimental section

General. All manipulations were carried out under an argon atmosphere by standard Schlenk techniques. The
Cp*MoH;(dppe) hydride was synthesized according to the literature.'”! All solvents used (CH,Cl,, THF, toluene) have been
dried using appropriate agents and freshly distilled prior to use.

IR and UV-visible investigations. The IR measurements were performed on a “Specord M82” spectrometer using
CaF, cells (0.12 cm path length). In order to limit the significance of self-association phenomena, a concentration of the
proton donor between 0.005 and 0.01 M was used for the v(OH) measurements. The UV measurements were performed on
Specord M-40 and Varian Cary 5 spectrophotometers. Low temperature IR and UV measurements were carried out by use of
a cryostat (Carl Zeiss Jena) in the 200-290 K temperature range. The accuracy of the temperature adjustment was +£0.5 K.
The reagents were mixed at low temperature and the cold mixtures were subsequently transferred into the pre-cooled
cryostat.

NMR investigations. The NMR studies were carried out in standard 5 mm NMR tubes containing solutions of the
complexes in CD,Cl,. The 'H and *'P NMR data were collected with a Bruker AMX 400 spectrometer operating at 400.13
and 161.98 MHz, respectively. The conventional inversion-recovery-pulse method (180-1-90) was used to determine the
variable-temperature longitudinal relaxation time T,. Low temperature experiments were carried out in the 180-260 K
temperature range using a TV-3000 Bruker temperature control unit. The accuracy and stability of temperature was +1 K.
All mixings between the alcohols and the hydride complexes were performed at low temperature.

Stopped-Flow Investigations. The stopped-flow kinetic runs were carried out at 293 K with a Bio-Logic SF20
apparatus coupled to a TIDAS diode-array UV-visible spectrophotometer using a cuvette with a 0.15 cm pathlength. The
data were collected within the first 10 s, yielding reproducible results. Data analyses were carried out by using the
SPECFIT31 global analysis package of programs. At least three runs were averaged to yield the reported results.
Computational details. Calculations were performed with the Gaussian98/*’! package at the DFT/B3LYP level.***¢!
Effective core potentials (ECP) were used to represent the innermost electrons of the molybdenum atom as well as the
electron core of phosphorous atoms.”” 28! The basis set for the Mo and P atoms was that associated with the
pseudopotential,”” *®! with a standard double-{, LANL2DZ contraction,” supplemented in the case of P with a set of d-
polarization functions.” The carbon and hydrogen atoms of the transition metal complexes that are not bonded to the metal
atom, together with the atoms of proton donor molecules (C, F, H) that are not involved in hydrogen bonds, were described
with a 6-31G basis set.*” The carbon and hydrogen atoms directly bonded to the metal and the proton donor molecules
hydrogen and oxygen atoms involved in hydrogen bonding were described with a 6-31G(d,p) set of basis functions.”"
Solvent effects were taken into account by means of polarized continuum model (PCM) calculations, ** ysing standard
options.”®! The solvation free energies were computed in dichloromethane (¢ = 8.93) at the gas phase optimized geometries.
The gas phase complexation energies were corrected from the basis set superposition error according to the counterpoise
method of Boys and Bernardi.*

Results and Discussion

1. Experimental Studies

Two solvents — THF or CH,Cl, — were used for spectroscopic studies. Their relatively high polarity (¢ = 7.3 for THF
and 8.9 for CH,Cl,) helps maintain the ionic proton transfer products in solution. However, THF has itself pronounced
proton acceptor properties and competes with the hydride complex for hydrogen bonding the proton donor. Therefore, much
higher proton donor concentrations are needed in order to observe similar spectral changes to those in CH,Cl,.>”
Unfortunately, compound Cp*Mo(dppe)H; slowly decomposes at room temperature in dichloromethane, probably by attack
of the solvent C atom by the hydride ligand. The stability of the trihydride complex in CH,Cl, is greatly enhanced at low
temperatures, no visible change occurring at 200 K for at least 3 h. Thus IR and UV-vis studies were carried out either in
THF or in CH,Cl, at low temperatures, or in CH,Cl, at higher temperatures within a short timescale relative to the
decomposition reaction. The NMR studies were carried out at low temperatures in CD,Cl,. In all cases, the extent of
decomposition was carefully monitored to insure the significance of the results. The proton donors used in this study were 2-
monofluoroethanol (MFE), 2,2,2-trifluoroethanol (TFE), hexafluoroisopropanol (HFIP), perfluorotert-butanol, (PFTB), and
p-nitrophenol (PNP).

(a) Analysis of the vy region in the IR spectra

The interaction between Cp*Mo(dppe)H; and proton donors was first studied by IR in the voy range by using MFE
and TFE in CH,Cl,. The observed decrease of the intensity (A) of the Vo(se) band and the appearance of a low-frequency
shifted broad voy band for the hydrogen-bonded OH group is unquestionable evidence for the formation of hydrogen bonds
between the alcohol OH proton and the transition metal hydride complex, although it does not establish the nature of the
hydrogen bonding site. The Avoy band shift [Avon = Vorfee) - Vorpondeq)] increased with the strength of the proton donors
(see Figure 1 and Table 1).



Article IV 169
02, - 18Av
0.15 | A -AHpg= —————
ot ' Av + 720
S\ V(OH)bond
o0s{ [\, ! P Equation 1
0 S X 1

T T T T T v,
3700 3600 3500 3400 3300 3200 3100

Figure 1.IR spectra in the v(RrO-H) stretching region showing the interaction
between Cp*MoH;(dppe) and MFE (1) or TFE (2) in CH,Cl,.

Table 1. Parameters of the dihydrogen bonding interaction between Cp*MoH;(dppe) and MFE or TFE, and basicity
factors.

ROH VOH(free) VOH(bonded) Av AHyg" AHHBb ASHBb Ej
cm’! cm’! cm’! kcal/mol kcal/mol cal mol K'!

MFE 3612 3368 244 -4.9 -4.94+0.2 -15.7+£0.7 1.44

TFE 3604 3248 364 -5.9 -6.1+0.3 -20.4+1 1.41

# Calculated by the empirical relationship of Equation 1. ® From van’t Hoff’s method.

The hydrogen bond enthalpies, AHyg, were obtained by two independent methods (see Table 1). The first one is
based on the empirical correlation outlined in Equation 1, originally established for classical H-bonds and later extended to
hydrogen-bonds to metal centers and to hydride ligands as proton acceptors.!'> ®! The Van't Hoff method uses the integrated
IR intensities for the free alcohol absorption band in the presence or absence of the hydride complex as a function of
temperature. It has the advantage of also yielding the reaction entropy. There is quite good agreement between the reaction
enthalpies obtained from the two methods. It is to be noted that the computed values for the interaction with TFE (see later)
are in good agreement with these experimental results.

(b) Analysis of the vy, region in the IR spectra.

The trihydride complex displays wide vyy; bands of complex shape with the maxima at 1772 cm™ in CH,Cl, and at
1785 em™ in THF. Decomposition, after subtraction of overtones due to the phenyl groups, yields two overlapping bands at
1821 and 1772 em™ (Avy, = 57 and 54 cm™, correspondingly), see Figure 2. A third, much weaker band is found at 1904 cm’
' (Avy, = 41 cm™). However, its parameters are less reliable because of the low intensity and superposition with one of the
phenyl overtones. Therefore, it will not be used later for the comparison with the theoretical data. The intensities of the vy
bands increase as the temperature is decreased. The extinction coefficient of the strongest band increases from 49.0 to 60.3 1
mol™ cm™ upon cooling from 290 to 200 K in THF.

0.35 (a)
0.30 0.2 AN
0.257 . (c) \\
§ g / A\
g 0.20 8 01 / A\
o .
é 0.15 5 )/ (b)
0.107 P 4
0.057 < )
o, 0
0.00 - 1910 1860 1810 1760 1710
2000 1800 1800 1700 1600 viem!
vem Figure 3. IR spectra in the v(Mo-H) stretching region of

Cp*MoH;(dppe) (0.084M) in THF at 200 K. (a)
Without proton donor. (b) With HBF4 (1.1
equiv). (c) With HFIP (7 equiv) after subtraction
of the HFIP spectrum.

Figure 2. IR spectrum in the v(Mo-H) stretching region
of Cp*MoHj;(dppe) (0.030 M) in CH,Cl,, after
subtraction of the phenyl overtones, showing
the band decomposition.

The IR analysis in the vy stretching vibration range was carried out with the goal of learning about the nature of the
preferred hydrogen bonding site. Previous studies on monohydride complexes have demonstrated that the interaction with a
hydride ligand has the effect of shifting the M-H stretching vibration to lower frequencies, whereas the opposite effect is
associated to an interaction with the metal site or other ligands."'> ¥ For polyhydride compounds, however, the situation
may not be so simple, since each vibrational normal mode results from the combination of more M-H bond stretching
vibrations, each of which may be affected by hydrogen bonding in a different way. A previous combined experimental and
theoretical study on the dihydride complex Ru(PP;)H, [PP; = P(CH,CH,PPh,);]”*! was simplified by the fact that the two M-
H bonds, being trans to ligands that exert a very different trans effect, do not mix extensively with each other, thus each of
the two bands is composed of an essentially pure M-H stretching vibration. The study of hydrogen bonding implicating the
Cp,NbH; complex,™® having C,, symmetry and one vy vibrational band resulting from the overlap of 2a; + b,
vibrations,?® revealed the formation of dihydrogen bonded complexes leading to band splitting with a low frequency shift
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for the hydrogen bonded vy band. Although hydrogen bonding for other polyhydride compounds has been investigated,!""
no detailed analysis of the normal modes and how these are affected by hydrogen bonding have been reported. We intend to
carry out such an analysis here for the Cp*Mo(dppe)H; complex, by a combination of experimental and computational
methods.

Upon interacting the Cp*Mo(dppe)H; complex with MFE at 200 K in CH,Cl, the vy band becomes wider and shifts
to lower frequencies by ca. 5 cm™. A band decomposition analysis carried out after the subtraction of both dppe and MFE
spectra shows that the two major bands become wider and appear at different positions: 1822 and 1769 cm™ (Avy, = 73 and
60 cm™, Av =+1 and —3 cm}, respectively). These changes, although very subtle, can be attributed to the effect of hydrogen
bonding on the MoH; moiety. The experiments in THF, as expected, necessitated the use of the stronger proton donors TFE
or HFIP in order to observe similar changes. Using a 10-fold excess of TFE, the only observed change was an intensity
decrease upon increasing the temperature, just like in the absence of alcohol, without a shape change. This change is
reversible up to 270 K, demonstrating that no proton transfer occurs with this alcohol in THF up to 270 K (¢f. proton transfer
in CH,Cl, later). A deeper analysis of the M-H stretching vibrations in the absence and presence of proton donors will be
carried below in the light of the theoretical data.

(c) NMR and IR studies of proton transfer

As stated in the introduction, the molybdenum trihydride complex can be protonated by HBF,Et,O to give the
tetrahydride complex [Cp*Mo(dppe)H,]"."*! New 'H NMR investigations carried out at low temperatures (200-250 K) in
CD,Cl, using either HBF4Et,0 or TFE show a direct transformation, without the detection of any intermediate (notably
nonclassical species), and the establishment of an equilibrium between the starting Cp*Mo(dppe)H; complex and the
protonated product. Note that, even by using the strong acid HBF4-Et,0, a quantitative proton transfer does not occur when
using a stoichiometric amount. With the weaker proton donor TFE, a larger excess is needed to achieve a similar extent of
proton transfer.

As well established, free and hydrogen bonded complexes exchange rapidly on the NMR time scale, yielding only
one resonance. Typically, the effect of hydrogen bonding on chemical shifts is small, especially in the case of polyhydrides
where the effect is averaged over the various hydride ligands. The [Cp*Mo(dppe)H,]" complex on one side, and the rapidly
equilibrating mixture of the free trihydride complex and the hydrogen bonded adduct Cp*Mo(dppe)H;--*HORF on the other
side, give rise to triplet resonances at ca. & -3.7 (Jyp = 37.4 Hz) and -6.0 (Jyp = 48.0 Hz) in the '"H NMR spectrum at low
temperatures (190-210 K). The positions of these peaks changes significantly with the temperature, moving to ca. -3.5 and -
5.7 at 300 K. The chemical shift difference between these resonances decreases steadily from 2.32 ppm at 200 K to 2.22
ppm at 300 K. On the other hand, both chemical shifts, at a given temperature, do not seem highly dependent on the nature
of the proton donor (TFE, HFIP or HBF,), nor on its concentration. Furthermore, the Jgp values remain practically
unchanged over the entire temperature range. Therefore, the chemical shift changes are probably unrelated to variations in
hydrogen bonding equilibria. Parallel monitoring of the *'P{'"H} NMR spectrum affords the relative amounts of the
tetrahydride complex (resonance at -75.0 ppm) and the rapidly equilibrating mixture of the free trihydride complex and the
hydrogen bonded adduct Cp*Mo(dppe)H;--HORg (resonance at -92.8 ppm). As for the case of the "H NMR resonances,
these *'P{'"H} NMR resonances do not depend on the nature and concentration of the proton donor.

The establishment of hydrogen bonding is more clearly evidenced from the change of longitudinal relaxation time
(T)) for the trihydride resonance, see Table 2. As expected, this value decreases upon addition of proton donors.” '*l, The
greater decrease in the presence of the stronger proton donor suggests a stronger H---H interaction, as expected. The T; of
the tetrahydride product is smaller relative to the parent complex, but not in the range expected for dihydrogen complexes.*”
This decrease is expected since the dipolar relaxation implicates four hydride ligands instead of three. Note, however, that
the tetrahydride resonance T, value is also sensitive, like that of the parent trihydride, to the nature of the proton donor used.
A possible interpretation of this difference is a stronger hydrogen bonding between one or more hydride ligands with the
stronger conjugate base CF;CH,O", thereby increasing the average H---H distances.

Table 2. T, (ms) for Cp*Mo(dppe)H; in CD,Cl, solution under different conditions.

Tnin (K) Cp*Mo(dppe)H; [Cp*Mo(dppe)H,]"
free 220 302
+HBF, (1 equiv) 230° 274 174
+ TFE (6 equiv) 230° 295 191

*Both resonances has a minimum T, at the same temperature.

Complex [Cp*Mo(dppe)H,]" was also characterized by means of IR spectroscopy (see Figure 3). After the addition of
1.1 equivalents of HBF,, new bands appeared in the spectrum at 1818, 1839 and 1920 cm™ (see spectrum b). Formation of
bands at higher frequency upon protonation is spectroscopic evidence for the formation of a cationic classical product.
Treating Cp*MoH;(dppe) with 7 equivalents of HFIP in THF at 200K did not lead to significant proton transfer, only a
minor decrease of the initial 1785 cm™ band being observed after the subtraction of the HFIP spectrum (see spectrum c).

The protonation process was studied more extensively with a wider range of fluorinated alcohols of different strength
in dichloromethane by variable temperature IR. An equilibrium between the hydrogen bonded system and the tetrahydride
complex was observed, which shifts toward the protonation product for stronger alcohols and higher alcohol/Mo ratios. For
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PFTB, the complete disappearance of the starting material occurs in the presence of a twofold excess at 200 K. The addition
of 2 equivalents of TFE leads to only 20% conversion, while a tenfold excess is required to consume nearly all the hydride
precursor (see Figure 4).

For the case of the weakest fluorinated alcohol MFE, a 50-fold excess lead only to a moderate decrease of the MoH
band intensity. Above 250 K, a slow evolution of the spectroscopic properties was observed, indicating instability for the
tetrahydride product (see below). A quantitative measurement of the equilibrium position in a wide temperature range was
not possible by IR spectroscopy because of the complex shape of the spectra, further complicated by the temperature
dependence of the extinction coefficients. The thermodynamic parameters of this equilibrium were obtained from UV and
NMR investigations as shown below.
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Figure 4. IR spectra in the v(Mo-H) stretching region of
Cp*MoH;(dppe) (0.037 M) in CH,Cl, at 200 K. Figure 5.
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(d) Establishment of the proton transfer stoichiometry
One interesting issue for proton transfer reactions to hydride molecules is the number of proton donor molecules that
are involved in proton transfer. Although the involvement of only one molecule should be sufficient in principle, it has been
shown in several cases that the protonation product contains the homoconjugate anion, therefore implicating two proton
donor molecules in the reaction stoichiometry.™ ' "] It was also shown by kinetics investigations that a second proton donor
molecule is necessary to trigger proton transfer from fluorinated alcohols to the hydride complex Cp*Fe(dppe)H.** *! On
the other hand, when the stronger acid CF;COOH was used with the same hydride system, even a single acid molecule was
sufficient to transfer the proton. We have carried out equilibrium and kinetics studies in order to establish the protonation
stoichiometry for the current system.

The equilibrium resulting from the interaction between Cp*MoH;(dppe) and p-nitrophenol (PNP; P; = 1.27) was
investigated by UV-visible spectroscopy. This was rendered possible by the sensitivity of the proton donor chromophore to
hydrogen bonding and proton transfer,*” making it possible to probe the nature of the species in equilibrium. However,
quantitative information on the concentration of each species was not accessible. Spectra were recorded for CH,Cl, solutions
of PNP (0.001 M) in the presence of Cp*MoH;(dppe) at different ratios from 1:0.1 to 1:2, in the 200 - 250 K temperature
range, where the observed changes were fully reversible. The spectra show wide overlapping bands of both the phenol in its
various forms and the hydride complexes (both free and dihydrogen bonded). The absence of free phenolate is signaled by
the absence of a band at 430 nm. A decomposition analysis yields three bands with maxima at 312, 351, and 395 nm. The
first two bands are assigned to free PNP and to the dihydrogen bonded complex [Cp*(dppe)MoH;]*-HOCsH4NO,. Note that
the 351 nm band is red shifted not only relative to free PNP (AL = 39 nm), but also to the related iron complex
[Cp*(dppe)FeH]-*-HOC¢H,NO, (340 nm, AX = 11 nm), signaling a stronger hydrogen bonding interaction. This is consistent
with the higher basicity factor of Cp*Mo(dppe)H; (Table 1), vs. that of Cp*Fe(dppe)H (1.35-1.38).%81 The band at 395 nm
is attributed to a hydrogen-bonded phenolate ion, since this is blue-shifted from the free phenolate band by 35 nm. Notably,
this band is red shifted in comparison to the corresponding band previously attributed to [Cp*(dppe)Fe(H,)]"-[ArOHOAr]
' The assignment of this absorption to the 1:1 hydrogen-bonded ion pair [Cp*(dppe)MoH,]*-[OAr]", rather than to a
species containing a homoconjugated pair [ArOHOAr], was confirmed by the titration experiment (see Figure 5).
Therefore, the proton accepting strength of the Cp*(dppe)MoH; complex is sufficiently high to abstract a proton from a
single molecule of PNP.

The stoichiometry was then probed with a weaker proton donor, i.e. HFIP (P; = 1.05) and we have adopted a kinetics
approach in this case. The reaction was studied in toluene at 293 K under pseudo-first order conditions with HFIP/MoH,
ratios in the 20-80 range, using the stopped-flow technique. The proton transfer step required a few seconds to reach
equilibrium. On a much longer time scale, a slower decomposition reaction occurred as indicated by the NMR monitoring
(see below). The time evolution of the spectra could be properly fitted on the basis of a first order decay, giving an observed
rate constant that turned out to be essentially independent of the alcohol concentration, see Figure 6. The average value for
kiops is 10.120.2 s, This result is consistent with the involvement of a single HFIP molecule in the rate-determining step
(Scheme 3Scheme ), because the hydrogen bonding pre-equilibrium is heavily shifted to the adduct under these conditions,
see Equation 2. Therefore, since Kyg[HA] >> 1, the expression simplifies to kys = (k1 + k;). In the previously published
kinetics study of the Cp*Fe(dppe)H+HFIP system, on the other hand, a first order dependence on [HFIP] was observed
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under the same (Kyg[HA] >> 1) conditions. This difference is again consistent with the higher proton accepting ability of
Cp*Mo(dppe)H; vs. Cp*Fe(dppe)H.

Cp*Mo(dppe)H; + RFpOH ———— Cp*Mo(dppe)H;-HORf Kyp
Cp*Mo(dppe)H;*HOR; =——= [Cp*Mo(dppe)H,]*-ORy Kpr = kylk 4
Scheme 3
k1Kyp[HA]
- 4k

hovs = g [HA]
Equation 2 HB
(e¢) Thermodynamics of the proton transfer equilibrium.

The equilibrium of proton transfer to Cp*MoH;(dppe) was investigated by UV-visible and *'P NMR spectroscopies
in the 200-240 K temperature range using TFE as proton donors. The results of the UV-visible study using TFE as shown in
Figure 7. The spectra of the initial trihydride (a) and final tetrahydride (b) complexes have very different extinction
coefficients at the A, of the trihydride species (400 nm): 2128 and 245, respectively. The UV-visible properties of the
dihydrogen-bonded complexes are essentially indistinguishable from those of the free hydride complex: the UV-vis spectra
of Cp*MoHj3(dppe). MFE do not differ significantly from those of pure trihydride. The same phenomenon was observed
earlier for iron hydride.[39] Upon addition of TFE at 200 K, 54% of the complex converts to the tetrahydride, leading to an
absorption decrease. The intensity of the band increases upon heating, showing that the equilibrium shifts towards the initial
complex. These changes are perfectly reversible in the 200-240 K range.
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Cp*Mo(dppe)H and TFE (4 equiv) in CH,Cl,. (2) Initial
complex C = 0.02 M. (b) tetrahydride C =0.02 M. (¢) T=
200 K. (d) T= 240 K. The other intermediate spectra were
recorded at each 10 K step.

The temperature reversibility enabled the determination of the equilibrium constant for the formation of
Cp*Mo(dppe)H;/TFE. It was assumed that the equilibria involve only one alcohol molecule, as experimentally verified for
the PNP and HFIP systems (see above, Scheme 3). Taking into account the above determined Kyp constant for the hydrogen
bond formation, the analysis of the data of Figure 7 led to the calculation of Kpr at each temperature. A van’t Hoff analysis
of these Kpr constants yields AHpy = -2.8+0.4 kcal kcal mol ™! and ASpr = -15+2 cal mol™ K™! for the proton transfer process.

The proton transfer equilibrium constants were also obtained by 'H NMR spectroscopy. Like for the UV-visible
investigation, the NMR technique only provides information on the sum of the concentrations of rapidly equilibrating free
trihydride and its hydrogen bonded adduct. Knowledge of the Kyg allowed the calculation of the individual concentrations,
from which the Kpr constants could be calculated at each temperature. The van’t Hoff analysis yields AH, = -2.7+0.5 kcal
mol™ and AS, = -1142 cal mol! K. These values are identical to those established from the low-temperature UV-visible
data within experimental error.

(f) Decomposition of the proton transfer product: hydrogen evolution.

NMR monitoring of the Cp*MoH;(dppe) — TFE interaction at high temperatures (> 280 K) revealed further irreversible
evolution. The hydride resonances of the starting trihydride and the protonated tetrahydride complexes disappeared
completely at 300 K. No new hydride resonance appeared in the spectrum. On the other hand, the formation of a new
diamagnetic product was indicated by the replacement of the Cp* resonances (3 1.69 for the trihydride and 1.83 for the
tetrahydride complexes) with a new one at § 1.58 in the "H NMR and by the appearance of a resonance at & -69.5 in the
3p{'H} NMR spectrum. This indicates the formation of a single diamagnetic product, which contains no hydride ligands.
This evolution is accompanied by the appearance of a new sharp resonance at & 4.61 in the '"H NMR spectrum, which is
characteristic of free H, All this evidence points to reductive elimination of two H, molecules from the tetrahydride

Figure 6. Pseudo-first order rate constants (k) for the
proton transfer from HFIP to Cp*Mo(dppe)Hs;.
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complex [Cp*MoH,(dppe)]”, the product being presumably stabilized by coordination of the trifluoroethoxide anion. Since
the Cp*Mo(dppe)(OCH,CF;) product is unsaturated (16-electrons) according to the c-bonding scheme, it is possible that
one additional TFE molecule coordinates to afford an 18-electron adduct, which could even be further stabilized by
intramolecular hydrogen bonding, s. The '"H NMR spectrum does not remove this ambiguity, because the 8¢y, resonance of
TFE always remains in the same position (0 ca. 3.9). It is not split nor shifted by the deprotonation process, possibly
because of a rapid exchange between the free alcohol and its conjugate anion. Thus, the absence of a new resonance in this
region which could be attributed to a coordinated TFE molecule represents only negative evidence, because fast exchange
could also average the resonances of free TFE/CF;CH,0" with that of any coordinated TFE. Neither does the OH resonance
give any useful information, since it also remains unsplit under all conditions because of the rapid exchange processes. In
addition, the position of this resonance is highly temperature and concentration dependent, even before any dihydrogen
evolution from [Cp*MoH,(dppe)]" takes place.

Scheme 4
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There are literature precedents suggesting that the Cp*Mo(dppe)(OCH,CF3) molecule may be stable without the
need of additional TFE coordination. In fact, stable 16-electron compounds of type (CsRs)MoXL, exist when the X ligand
has 7-donating properties, e.g. CpMo(AsBuY)(CO),,* Cp*Mo(PPh,)(PHPh,)(PMe;),*) Cp*MoCl(dppe),*! and
CpMo(OH)(PMe;),.1*> *1 Interestingly, compounds CpMo(OH)(PMes), and Cp*MoCl(dppe) have two unpaired electrons,
whereas the presumed Cp*Mo(dppe)(OCH,CF;) complex is diamagnetic [like compound Cp*Mo(PPh,)(PHPh,)(PMes)].*
This spin states dichotomy for complex Cp*Mo(dppe)(OCH,CF;), as well as the thermodynamics of further TFE
coordination has been investigated by DFT calculations (vide infra). All our attempts to isolate the final product in the
crystalline state have unfortunately afforded impure products.

2. Computational studies

The interaction of Cp*MoH;(dppe) with fluorinated alcohols has been studied theoretically by using the model
complex CpMoH;(dpe) (dpe = H,PCH,CH,PH,) (MoH;) and TFE and HFIP as proton donors, both in gas phase and in
dichloromethane. Test calculations for the real complex have also been performed. The computational study was carried out
with several objectives in mind: (i) explore the thermodynamics of hydrogen bonding at different sites; (ii) investigate the
effect of hydrogen bonding at different sites on the vibrational modes of the MoH; moiety; (iii) investigate the stability of the
protonation products and the possible involvement of nonclassical intermediates during the proton transfer process; (iv)
determine the protonation pathway; (v) rationalize the further evolution of the protonation product.

(a) The free trihydride complex.

The optimization of the free CpMo(dpe)H; model system gave a geometry that is in close correspondence with that
observed experimentally™™ 2! for the real Cp*Mo(dppe)H; system. For the purpose of the present discussion, the most
important parameters are those related to the MoH; moiety, see Figure 8. Taking the plane that contains the two P atoms and
the center of the Cp as a reference, the three H ligands are disposed asymmetrically, two (H1 and H2) on one side and one
(H3) on the other side. The unique H3 atom shows the longest distance to the Mo center (1.724 A). The other two hydrides
seem to occupy approximately symmetric positions relative to the Mo-H vector to the unique H ligand (H3-Mo-H1 = 132°,
H3-Mo-H2 = 129°), but they in fact show quite different Mo-H distances. One distance (to H2) is similar to that of the
unique hydride (1.717 A), whereas the other one is much shorter (1.682 A). The three hydride ligands have quite different
charges: -0.017, -0.003 and —0.053 for H1, H2 and H3, respectively. Thus H3 is clearly the most hydridic site. The distance
between H1 and H2 (1.753 A) indicates that they do not directly interact with each other because it is longer than the longest
separation between hydrogen atoms in what have been described as “stretched dihydrogen ligands” (e.g. 1.49 A in
[OsHs(PMe,Ph);]1).! In addition, a theoretical analysis of another stretched dihydrogen complex (ie.
[Os(H:-H)(NH,CH,CH,NH,)(HCO,)]" with a distance of 1.428 A) indicates no critical point connecting the two atoms.*®!

The analysis of the M-H normal modes in the free complex, also represented in Figure 8, will serve as a basis for
discussion of the changes induced by hydrogen bonding in the next section. A comparison between the experimental
spectrum for compound Cp*Mo(dppe)H; and the computed one for the CpMo(dpe)H; model shows a rather good agreement,
both in terms of the frequencies and the relative intensities. As shown in Figure 8, the higher energy normal mode (v,) is
essentially a pure stretching vibration of the hydride ligand H1, which shows the shortest (and therefore strongest) bond.
The other two vibrations are relatively close to each other in frequency and are a mixture of the other two M-H bond
vibrations, the higher frequency one (v,) being an in-phase combination with the major contribution from the shorter bond to
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H2, and the lower frequency one (v;) being an out-of-phase combination with the major contribution from the longer bond to
H3.

(b) Hydrogen bonded adducts with TFE: structures and vibrational modes

CpMoHj;(dpe) has four potential hydrogen bonding sites: the three hydrides and the metal (Scheme 5). To account
for all the possible hydrogen bonded minima we optimized the adduct between TFE and the CpMoHj3(dpe) starting from the

different regions around the metal. In this way five stable hydrogen-bonded structures were obtained, as shown in Figure

9.
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CpMo(dpe)H; and the CpMo(dpe)H;--TFE
hydrogen-bonded adducts A-C.

Table 3. Relevant optimized geometrical parameters (distances in A; angles in degrees) for CpMo(dpe)Hs - TFE (A-C)

adducts.?
A B1 B2 B3 C
Mo-H1® 1.678 1.687 1.684 1.682 1.680
(-0.004)  (+0.005)  (+0.002)  (0.000)  (-0.002)
Mo-H2° 1.722 1.713 1.725 1.736 1.725
(+0.005)  (-0.004)  (+0.008)  (+0.019)  (+0.008)
Mo-H3? 1.734 1.724 1.720 1.717 1.731

(+0.010)  (0.000)  (-0.004)  (-0.007)  (+0.007)
O-H° 0.977 0.980 0.977 0.979 0.979
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(+0.012)  (+0.015)  (+0.012)  (+0.014)  (+0.014)

H---H1 4.042 2.057 1.944 2.942 3312
H--H2 4.704 1.779 1.799 1.653 4.383
H---H3 1.816 4.104 4.524 4.545 2.104
H:--Mo 3.068 2.927 3.034 2.987 2.864
O-H--H1 151.6 152.5 148.5 147.1 146.7
O-H--H2 161.0 150.1 150.6 160.3 160.0
O-H:-H3 155.2 139.6 164.5 171.0 140.0
O-H--Mo 152.9 160.4 177.8 170.4 172.4

“For the location of H1, H2 and H3, see Figure 8.
®Values in parentheses are the changes relative to free CpMo(dpe)Hs.

“Values in parentheses are the changes relative to free TFE. Table 3 shows the relevant optimized geometrical parameters. The
computed frequencies and the normal modes for the M-H stretching vibrations are depicted in Figure 10. The adducts can be
classified depending on the proton acceptor site. System A is the only one where TFE interacts with the unique hydride
ligand H3. In systems B (B1-B3) the interaction occurs at one or both of the other two hydride ligands H1 and H2 that
occupy pseudo-equivalent positions. Systems B2 and B3 are topologically related since they exhibit the same Mo-H--H-O
moiety. They differ in the relative orientation of the proton donor molecule, which places the C-H bond in front of the
second hydride in B3 and in the opposite direction in B2. Probably for this reason, system B2 is also capable of establishing
an additional secondary interaction with the other hydride ligand (H--H1 distance of 1.944 A, vs. 1.799 A for the primary
interaction H---H2). This situation is similar to that described for the Cp,NbH;-HORy adducts as a “bifurcated dihydrogen
bond”."® In B3 the proton is interacting only with H2, with H2++sH-O and Mos*H-O angles of 160.3° and 170.4°,
respectively. In system B1 the alcohol molecule is placed with the same relative orientation as in B2 but farther from the Cp
ring. As in B2 the proton is closer to H2, but also interacting with H1. Thus, this geometry may be better described as
containing a bifurcated hydrogen bond. In addition, in system B1 the distance of the proton from the metal center is also
relatively short. Finally, system C is the only one where the most important interaction appears to involve the metal center,
as indicated by the shortest Mo--H distance and the almost linear M:-H-O bond. The metal-proton interaction is
accompanied by a relatively long H--H3 interaction (2.104 A). This initial description of the hydrogen-bonded adducts,
based on the structural data, will be reinforced by the analysis of the changes in the vibrational frequencies and atomic
charges of the MoHj; moiety upon interaction with the proton donor.

It has been shown for monohydride compounds that the MHeeeHX interaction weakens the MH bond (low
frequency shift for the M-H stretching vibration) and that the HMes+HX interaction strengthens it (high frequency shift).['> !>
“Nl The calculation results provide us, for the first time, with theoretical insight on how hydrogen bonding influences the
vibrational modes for a polyhydride compound, in particular how a M-H vibration is affected by hydrogen bonding to
another MH bond. As it turns out, an analysis of the evolution of the Mulliken charges on the hydride atoms and Mo atom
on going from the free complex to the TFE adducts is particularly interesting. The relevant charges are collected in Table 4.

Table 4. Computed Mulliken charges for selected atoms in the CpMo(dpe)H; complex and for its TFE adducts.?

H(TFE) Mo H1 H2 H3

CpMoH;(dpe) -0.316 -0.017 -0.003 -0.053
TFE 0.326

A 0.353 -0.307 -0.015 -0.001 -0.128

Bl 0.373 -0.367 -0.017 -0.076 -0.047

B2 0.368 -0.310 -0.046 -0.088 -0.051

B3 0.364 -0.296 -0.020 -0.123 -0.049

C 0.373 -0.422 -0.010 0.002 -0.072

“For the location of H1, H2 and H3, see Figure 8

The O-H bond is lengthened in all complexes, in comparison to free TFE (0.965 A). The magnitude of this
elongation is variable but is always rather large (0.012 — 0.015 A). The positive charge of the proton increases by 0.027 —
0.047 units. In system A TFE interacts only with the unique hydride ligand (H3). The negative charge of H3 increases from
-0.053 to -0.128 (Aq = -0.075), whereas the charges of H1 and H2 remain essentially unchanged and that on Mo slightly
decreases (Aq = +0.009). The Mo-H3 bond is significantly elongated (Ary.gz = +0.010 A), whereas the Mo-H1 and Mo-H2
bonds are less affected (slight contraction for the former and slight elongation for the latter). The composition of the three
M-H vibrational modes remains close to that observed in the free trihydride (Figure 8). The v, mode is blue-shifted by +17
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cm’, in agreement with the slight contraction of the Mo-H1 bond, the v, mode does not shift significantly (the major
contribution is from Mo-H2, which maintains essentially the same distance) and the v; mode is strongly red-shifted (Av; = -
21 cm™), correlating with the weakening of the Mo-H3 bond by the hydrogen bond.

The H1 and H2 hydrides are involved in the hydrogen bond interaction in systems B1-B3. For system B3, the
major observed effects of hydrogen bonding are a significant lengthening of the Mo-H2 bond (+0.019 A), a slight shortening
of Mo-H3 (-0.007 A), a dramatic increase for the H2 negative charge (—0.120) and a slight decrease for that of Mo (+0.020).
Therefore, these charge and bond distance changes confirm the description of this adduct as involving a dihydrogen bond to
H2. The v, vibration is very little influence by the dihydrogen bonding (Av; = +4 cm™), whereas v, and v are dramatically
affected. In fact, hydrogen bonding with H2 weakens the Mo-H2 bond to such a point that the v, mode (to which the Mo-H2
vibration contributes the most) now appears at lower frequency than v; (Av, = -36 cm™). Conversely, v; is shifted to higher
frequency (Avs =+17 cm™), in agreement with the Mo-H3 bond shortening, and the band intensity is decreased by a factor of
two. An additional contribution to the red-shift of v, and to the blue-shift of v; may be associated with the modified mixing:
in-phase for v, and out-of-phase for vs, i.e. opposite with respect to the situation in the free trihydride.

Complexes B2 and B1 are nearly symmetrical, with the proton closer to H2 than to H1, see Table 3. For system B2,
the negative charge increases significantly, relative to the free trihydride complex, on both H1 (Aq = -0.029) and especially
H2 (Aq = -0.085), correlating well with the HeesH distances (longer for H1, 1.944 A; shorter for H2, 1.799 A). The charge
slightly decreases on Mo (Aq = +0.006). The trends of the HeesH distances and hydride charges agree with the evolution of
the Mo-H bond lengths: both Mo-H1 and Mo-H2 are lengthened (by +0.002 and +0.008 A, respectively), whereas Mo-H3 is
shortened (-0.004 A). The O-H vector bisects the HIMoH2 angle, with an essentially coplanar MoH1H2s++eHO fragment.
System B2, therefore, appears to be best described as having a bifurcated hydrogen bond with H1 and H2. This situation
reflects onto the vibrational modes as follows. The v, mode appears at slightly higher frequency (+3 cm™), which is
unexpected because the Mo-H1 bond is slightly lengthened by the hydrogen bond. The v, mode exhibits a moderate low-
frequency shift (-16 cm™; a compromise between the Mo-H2 bond weakening and the Mo-H3 bond strengthening), whereas
the v; mode correspondingly shows a moderate high-frequency shift (+3 cm™) for the same reasons.

For system B1, on the other hand, the charge on H1 remains unchanged, whereas it increases significantly on H2 (-
0.073) and also on the Mo atom (-0.051), suggesting that the metal center also participates directly to the hydrogen bonding.
The O-He=Mo distance is 0.1 A shorter in B1 than in B2. A folding of the O-H vector along the H1H2 axis by 141.2°
toward the metal, in the opposite direction from the Cp ring, signals an interaction that forces the proton donor to approach
the metal center. These changes suggest the description of adduct B1 as featuring a bifurcated hydrogen bond to H2 and Mo.
Note that, whereas the HeesH distances would suggest that hydrogen bonding with H2 is stronger in B1 than in B2 (1.779 A
vs. 1.799 A), the Mo-H2 distance shortens (-0.004 A), rather then lengthening, in B1. Tn addition, the charge on H2
increases to a smaller extent in B1 than in B2. These perturbations may be caused by the Moe**HO interaction and suggest
that variations of charges and M-H bond lengths are better indicators of hydrogen bond strength than the HeeeH distances.
The low-frequency shift for v, (-12 cm™) correlates with the lengthening of the Mo-H1 bond and the strong high-frequency
shift for v, (+23 ecm™) correlates with the Mo-H2 bond compression, whereas there is no clear correlation with the HeesH
distances. Note that system B1 exhibits mixing of the Mo-H1 and Mo-H2 vibrations in v; and v,, whereas v; is an essentially
pure Mo-H3 vibration. The latter experiences no shift relative to the free trihydride compound, consistent with the
invariance of the Mo-H3 bond distance.

Finally, system C shows a dramatic increase of the metal negative charge (Aq = -0.106), whereas the charge on H3
increases only slightly (Aq =-0.019). It shows the shortest Hs*sMo distance (2.864 A) amongst all computed adducts, while
the Moe**H-O moiety is very close to linear (172.4°). This is accompanied by a relatively long but non negligible HeeeH3
interaction (2.104 A, H3seeH-O = 140.0°). Therefore, this adduct can also be considered as having a bifurcated interaction
with both the metal and the H3 sites, though dominated by the metal site, and is unique amongst all the optimized adducts A-
C in this respect. It is interesting to observe that not only the Mo-H3 bond is elongated in this adduct (+0.007), but so is also
the Mo-H2 bond (+0.008 A), whereas the Mo-H1 bond is slightly shortened. This phenomenon does not find an obvious
explanation. The evolution of the normal modes is again in line with the observed changes of Mo-H bond lengths: v, shows
a small high-frequency shift (+4 cm™), whereas v, and v; exhibit large low-frequency shifts (-33 and -20 cm™, respectively).

A first conclusion of this investigation is that the evolution of the vibrational frequencies follows, in most cases, the
trends previously established for monohydride complexes: low-frequency shift for modes that involve M-H vibrations
implicating a hydrogen bond to the hydride site, high-frequency shift for modes that involve M-H vibrations implicating a
hydrogen bond to the metal site or to other hydride sites. However, the high mixing of the various Mo-H stretching
vibrations in the normal modes calls for a more detailed and in-depth analysis. In addition, the changes of certain Mo-H
bond length are found to be opposite to expectations based on HeseH distances (e.g. shortening of Mo-H2 in B1, lengthening
of Mo-H2 in C). The existence, in the present case, of interactions that simultaneously involve more than one proton
accepting site (bifurcated hydrogen bonds) may be the major cause of such complications. A second conclusion is that an
interaction involving exclusively the metal center, without involvement of at least secondary interactions with hydride
ligands, does not occur for this compound. It can be easily imagined, by extrapolation, that a direct hydrogen bond with a
metal site may be difficult in general, if not impossible, when the system has a relatively crowded coordination sphere and
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especially when more than one hydride ligand is present. Also, the same circumstances may favor the establishment of
simultaneous interactions with more than one hydride ligand. When one imagines the reaction trajectory leading to proton
transfer, it can be predicted that system C may lead to the classical tetrahydride complex directly, whereas systems A-B
could yield dihydrogen intermediates.

(c) Hydrogen bonded adducts with TFE: relative stability

The relative stability of these systems was estimated by different ways, see Table 5. Comparing the energy changes
associated to the hydrogen bond formation, the stronger interactions are those involving the two equivalent hydride ligands.
Structures B show the most exothermic hydrogen bond. This behavior can be traced back to the establishment of two
dihydrogen bonds in B1 and B2 or only one but strong dihydrogen bond in B3.'! Although the primary interaction is
shorter in system B3, the relative stability of the three systems is not too different. A fast exchange of the ROH molecule
between the three B sites can be expected from the structural features and low energy differences found between the three
isomers. The interactions at the unique hydride site (A) and at the metal site (C) have similar energies, around 2 kcal/mol
less exothermic than for the B structures. A fast exchange between the A and C sites can be also expected. The gas phase
complexation energies span a range between 9 and 12 kcal/mol, similar to those calculated for the same kind of interactions
in other transition metal hydride systems,!'” '® **1 and notably higher than the experimental enthalpies. Previous results
concerning hydrogen bonding in transition metal systems showed that the Basis Set Superposition Error (BSSE) can be very
important in this type of systems.!"®! BSSE-corrected bonding energies have been calculated, showing that the basis set
superposition error account for 40-50 % of the interaction energy. However, after correction all the adducts are still stable,
with interaction energies between 5 and 8 kcal/mol. It is worth mentioning that a negative and significant interaction energy
remains at the metal site after the BSSE correction, in contrast with we have found in a recent study of the hydrogen bonding
to the Cp*Fe(dppe)H.*” This result demonstrates the basicity of the molybdenum center in this compound and points
towards a competition between the hydride and the metal sites for the proton.

The calculate enthalpies, taking the BSSE-corrected energies, are slightly decreased, but the ordering B> C > A is
preserved. The interaction enthalpy was also estimated on the basis of Togansen’s empirical relationships (Equation 1“*! and
Equation 3% using the computed v(OH) stretching vibration frequencies or v(OH) band intensities A that are also reported
in Table 5. Remarkably, the AH computed in the different ways are very similar. Indeed, the highest values obtained (about
6 kcal'mol™) are close to the experimental hydrogen bond enthalpies.

The v(OH) bands are found at lower frequency (Av(OH) = 227-292 cm™), and with a dramatically increased
intensity (from 0.38:10* 1 mol” cm™ in free TFE to (4.99-7.77)-10* 1 mol™ cm™ in the H-bonded adducts), in good agreement
with the experimental observations. Both correlations work well for medium strength hydrogen bonds of organic bases and
appear to be successfully applicable also to organometallic complexes.l'> '*! Note that Equation 3 is considered as universal
(valid for different types of H-complexes in solution or in the gas phase) and more precise.

Equation 3 AH =2.9 AA"?=2.9 (A" yonded — A free)
Table 5. Calculated parameters of the hydrogen bonding interaction between CpMoH;(dpe) and TFE.

A Bl B2 B3 C . ,
3 Complexation energy corrected by
AE/ kcal mol -9.6 -11.3 -11.2 -11.5 -10.4 the basis set superposition error.
AE(BSSE)/kcal mol ™ -5.1 -1.9 -7.8 -5.9 -5.9 *Complexation enthalpy, taking the
BSSE-corrected energy.
AH(BSSE)/kcal mol™ 3.5 -6.0 6.1 5.9 43 °Application of Equation 1, using
v(OH)/cm™ 3617 3553 3605 3552 3576 the computed Av(OH).
(10*4/L mol™! cm™®) (4.99) (7.25) (7.15) (7.77) (6.23) dApplication of Equation 3,17 using
AH(Av))/kcal mol™ -4.3 -5.2 -4.5 -5.2 -4.9 the computed intensities A.
‘Complexation free energy in
AH(AAY keal mol™ -4.7 -5.8 -6.0 -6.3 -5.5 dichkiomethane. 24
AG(CH,Cl,)/kcal mol ¢ -1.6 -3.1 -3.2 -3.4 -2.8

PCM calculations give the solvation free energy of a species, and its partition into enthalpic and entropic parts is not
possible. From the AGy,, of free CpMoH;(dpe), free TFE, and their adduct, it is possible to get a rough estimation of the AG
of the hydrogen bond formation in solution, which does not take into account the internal contributions to the entropy. The
AG obtained in this way for adducts A-C in CH,Cl, are collected in Table 5. Although the AG(CH,Cl,) are less exothermic
than the AH in gas phase, for all the adducts AG(CH,Cl,) is negative, pointing out to the stability of the hydrogen bonded
species in solution. Moreover the ordering B > C > A is maintained.

All the above methods agree in indicating that the most stable hydrogen bonded adducts between CpMo(dpe)H; and
TFE are complexes B, where the proton donor approaches the complex from the side of the molecule containing hydrides H1
and H2. On the other hand, focusing just on the low frequency band (shift of -3 cm™ in the experiment), one would be
tempted to select structures A and C (v shifts of -21 and -20 ecm™, respectively). High-frequency shifts are calculated for
structures B2 and B3 and no shift for structure B1. A steric inadequacy of the model does not seem to be a possible cause



178 Article IV

for an underestimation of the stability of A and C. In fact, the phosphine ligand leans to a greater extent toward the side of
the molecule occupied by the unique hydride ligand H3, thus the steric bulk of the phosphine substituents should destabilize
structures A and C to a greater extent than structures B and C. The Cp substituents should affect all structures to
approximately the same extent. A possible way to reconcile this discrepancy is on the basis of structure B3. This structure,
which yields the lowest energy minimum for the model system, shows a large low-frequency shifted v, band, which appears
3 cm™' lower than v; mode in free trihydride. Thus, the experimentally observed low-frequency band in Figure 2 may in fact
relate to the v, vibrational mode, rather than to v;. Conversely, the intermediate-frequency band would correspond to the
high-frequency shifted v; rather than to v,. In conclusion, it seems that the proton donor approaches the complex from the
side of the molecule containing the hydrides H1 and H2, and establishes a hydrogen bond with the hydride H2.

(d) Protonation products

The calculations on the protonation product, the system having the [CpMo(dpe)H,4]" stoichiometry, reveal the
existence of two stable local minima for the classical tetrahydride complexe and another two for a dihydrogen-dihydride
tautomer, [CpMo(dpe)(H,)H,]". They can be envisaged as the products of the proton transfer to the different proton acceptor
sites revealed by the hydrogen bonded adducts. The optimized structures are shown in Figure 11 and relevant geometrical
parameters are gathered in Table 6.

CpMoHg(dppe)

-

TETRA1 TETRAZ

din1 dih2 - oms ore
Figure 11. Views of the optimized geometries for Figure 12. Views of the optimized geometries for the
isomeric structures having the [CpMo(dpe)H4]" real systems Cp*MoH;(dppe) and the different minima of
stoichiometry. [Cp*Mo(dppe)H,]" .

The most stable isomer is the tetrahydride TETRA1. This structure presents a rather symmetrical arrangement, with
two hydrides at each side of the plane defined by the two phosphorus atoms and the center of the Cp ring. The tetrahydride
nature of this complex is evident from the H---H distances, the shortest one being 1.799 A. There are two sets of Mo-H
distances, longer (1.708 and 1.706 A) for the two most distant hydrides, and shorter (1.671 and 1.674 A) for the closest ones.
The geometry of TETRA1 agrees with the experimental structure of [Cp*WH,(dppe)]" and its description as a distorted
pseudo-pentagonal bipyramid (see Schema 2).[""! The four H ligands are practically in the same plane (the fourth H is only
0.010 A away) and one P atom is only 0.035 A away from the least-squares Hy plane. The five angles between adjacent
bonds in the pseudo pentagonal plane are relatively similar and close to that expected for the equatorial ligands in a
pentagonal bipyramid (72°). TETRA1 can be considered the product of proton transfer to the metal site, although it may also
result from the oxidative addition of a coordinated dihydrogen ligand. Both possibilities will be considered in sections ()

and (f).

Table 6. Relevant optimized geometrical parameters (distances in A, angles in degrees) for CpMo(dpe)H; and
[CpMo(dpe)H,]" complexes. The values in italics and in parentheses refer to the real systems, Cp*Mo(dppe)Hs
and [Cp*Mo(dppe)H,]" (see text).*

MoH3 TETRA1 TETRA2 DIH1 DIH2
Mo-H1 1.682 (1.684) 1.674 (1.665) 1.668 (1.665) 1.689 (1.684) 1.681 (1.678)
Mo-H2 1717 (1.712) 1.706 (1.703) 1.710 (1.701) 1.703 (1.699) 1.832 (1.809)
Mo-H3 1.724 (1.723) 1.708 (1.704) 1.691 (1.692) 1.822 (1.821) 1.692 (1.694)
Mo-H4 - 1.671 (1.659) 1.666 (1.657) 1.800 (1.791) 1.872 (1.855)
HI--H2 1.753 (1.806) 1.799 (1.838) 1.602 (1.653) 2.092 (2.121) 2.441 (2.482)
H2--H3 3.138 (3.159) 3318 (3.136) 3.062 (3.091) 3.355 (3.362) 3.295 (3.287)
H3--H4 - 1.817 (1.815) 2.990 (2.937) 0.896 (0.899) 3.325 (3.350)
H4--Hl1 - 1.886 (1.834) 2.587 (2.701) 2.187 (2.158) 1.904 (1.925)

H4--H2 - 3.032 (3.024) 1.603 (1.666) 3.315(3.312) 0.851 (0.860)
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MoH3 TETRAL1 TETRA2 DIH1 DIH2
H3--H1 3.076 (3.046) 3.030 (3.004) 2.985 (2.958) 2.778 (2.766) 2.886 (2.856)
P-Mo-P 81.5 (81.6) 78.1 (78.8) 79.0 (79.0) 77.7 (78.8) 79.3 (79.4)

H1-Mo-H2 62.1 (64.3) 64.3 (66.1) 56.6 (58.8) 76.2 (77.7) 87.9 (90.7)

H2-Mo-H3 131.6 (133.7) 133.6 (133.9) 128.4 (131.2) 144.2 (145.5) 138.4 (139.6)

H3-Mo-H4 - 65.1 (65.3) 126.0 (122.5) 28.7 (28.8) 137.8 (141.4)

H4-Mo-H1 - 68.7 (67.0) 101.8 (108.8) 77.6 (76.7) 64.5 (65.8)

H4-Mo-H2 - 127.8 (128.1) 56.7 (59.4) 142.3 (143.3) 26.6 (27.1)

H3-Mo-H1 129.1 (126.8) 127.3 (126.2) 125.4 (123.5) 104.5 (104.2) 117.6 (115.7)

H2-Mo-P 64.2 (67.5) 70.4 (67.8) 74.5 (75.3) 75.7 (74.6) 722 (71.9)
H3-Mo-P 713 (71.3) 72.3 (74.5) 66.3 (66.9) 81.3 (82.1) 66.3 (67.7)
X-Mo-P° - 94.4/78.8 76.8/94.4

- - (87.8/80.5) (77.2/97.2)

X-Mo-H1° - - - 91.1 (90.6) 76.0 (78.0)

X-Mo-H2° - - - 145.8 (147.0) -

X-Mo-H3® - - - - 139.8 (142.5)

? For the location of H1, H2 and H3 see Figure 8. H4 is the incoming proton.
®X = middle of the H-H vector in the dihydrogen ligand

The second tetrahydride minimum, TETRAZ2, has three hydrides on one side of the P-Cpeeneroia-P plane and one on the
opposite side. The Mo-H distances for the three hydrides on the same side are 1.666, 1.710 and 1.668 A, the longest one
being that to the central hydride. The shortest H---H distance is 1.602 A (H1---H2), in agreement with the tetrahydride nature
of this isomer. The Mo-H distance of the unique hydride H3 is 1.691 A. TETRA2 could be regarded as the protonation
product at the metal site close to the hydrides H1 and H2. TETRAZ2 is considerably less stable than TETRA1, lying 8.0
keal-mol! higher.

Two dihydrogen-dihydride structures have been characterized as local minima (DIH1 and DIH2). Their geometries
are comparable to that of the parent complex CpMoH;(dpe), but with a n>-H, ligand in place of a hydride. DIH1 is the most
stable dihydrogen-dihydride isomer, only 3.7 kcal'mol’ above TETRA1. The presence of a dihydrogen ligand in the
coordination sphere of the metal is apparent from the H-H distance of 0.896 A between the adjacent H3 and H4 atoms. This
structure is reached by protonation of the unique hydride H3 in the initial trihydride. The second dihydrogen-dihydride
isomer (DIH2) is attained by proton transfer to the H1 or H2 ligands. The H-H distance in the dihydrogen ligand (0.851 A)
is shorter than in DIH1, indicating a weaker metal-H, interaction. In agreement with this, DIH2 is less stable than DIH1, at
5.1 kcal'‘mol ! above TETRAL.

We have also considered the relative stability of the four [CpMo(dpe)H,]" isomers in dichloromethane. There is
little change on going from the gas phase to the CH,Cl, medium. The tetrahydride TETRA1 remains the most stable species
in CH,Cl,, with TETRA2, DIH1 and DIH2 being placed 6.6, 3.3 and 5.0 kcal-mol”! above TETRA1.To assess how the
chosen model affects the results, we have studied the protonation products in the real system, performing full QM
calculations on the actual [Cp*Mo(dppe)H,]" complex. The four stable structures found for the model [CpMo(dpe)H,]"
system have also been located in the real system, with very similar arrangements of the MoH, unit to the model systems
(Table 6, values in parentheses). A general view of the optimized geometries is depicted in Figure 12. As can be appreciated
in Table 6, the structural changes induced by the modeling of the real ligands are minor.

The relative energies of the different isomers of the real system are comparable to those of the model system. The
tetrahydride TETRAL is still the most stable species, with TETRA2, DIH1 and DIH2 placed 7.0, 4.4 and 6.6 keal-mol™
above TETRAL. Thus, the calculations indicate that the classical tetrahydride product TETRAL1 is strongly favored relative
to all possible dihydrogen structures. This result agrees with the experiment since the tetrahydride is the only observed
protonation product. The presence of dihydrogen-dihydride species at low relative energies suggests that they may be
intermediates along the proton transfer pathway. The simplifications introduced in the modeling of the system have a very
little influence in the relative energies of the protonation products. To further check the differences between the model and
the real systems we have computed the gas phase proton affinity (PA), that is the energy change associated to Equation 4:

Equation 4 [Mo]-H; + H" > [[Mo]-H,"

where [Mo] stands for CpMo(dpe) or Cp*Mo(dppe) and TETRAT1 has been considered the protonation product. The model
system presents a slightly lower proton affinity (249.9 kcal'mol™) than the real system (271.0 kcal'mol ™), but the difference
amounts to only 8 %. As all four protonated structures have very similar relative energies in the real and model systems, we
can conclude that all the proton acceptor sites of the MoHj3 unit are a bit more basic in the real system than in the model one.

(e) Proton transfer reaction profiles with HFIP

We have also carried out a study of the CpMoH;(dpe)-HFIP adduct, analogous to that illustrated above for the
CpMoHj;(dpe) TFE adduct. The results are not detailed for the sake of brevity, but the main outcome is that five hydrogen
bonded structures comparable to the A—C ones reported for TFE (Figure 9) have been located. They follow the same
stability ordering B > C > A, with slightly increased interaction energies, caused by the stronger acidity of the HFIP
compared with TFE. For instance, the AH(BSSE) are —3.9, -6.3, -5.7. —6.8 and —4.4 kcal mol™ for the HFIP adducts A, B1,
B2, B3 and C, respectively. Giving that the most stable protonation products formally arise from proton transfer from C to
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the metal site (TETRA1) or from A to the H3 hydride site (DIH1), we have studied both proton transfer pathways. In
addition, the close vicinity of the protonation sites in the A and C structures will allow studying the direct competition for
the proton between the hydride and the metal sites and discussing whether in such case it is possible a direct proton transfer
to the metal.

Starting from the hydrogen bonded adducts C and A, the final products of the proton transfer should be the ion
pairs made up by the TETRAI1 (metal site protonation) or DIH1 (hydride site protonation) cations and the [(CF;),HCO]
([A]) anion. However, whereas the optimization of the TETRA1:[A] ion pair leads to an structure in which the proton has
been transferred to the metal, the attempts to optimize the ion pair related to proton transfer at the hydride site (DTH1-[A])
always failed when considering only one molecule of HFIP, the system going back to the initial hydrogen bonded adduct.
The optimized geometries of hydrogen bonded complexes and the ion pair are depicted in Figure 13.
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o O.hw Figure 14. Potential energy curves for the proton
transfer from HFIP to the Mo trihydride at the metal site.
Figure 13. Optimized geometries of the hydrogen-bonded Plain curve and squares: in the gas phase; dashed line and
complexes (top) and of the ion pair (bottom) with HFIP. triangles: in dichloromethane solution. The O-H length of
Left, hydride site protonation: A-HFIP (top). Right: metal the transferring proton has been taken as the reaction

site protonation: C-HFIP (top), TETRA1-[A] (bottom). coordinate.

As no stable dihydrogen-conjugate base ion pair has been found, we have not pursued the proton transfer pathway
at the hydride site, and only the protonation at the metal has been explored with one HFIP molecule. Initially the gas phase
reaction profile leading from C-HFIP to TETRA1-[A] has been investigated by using the O-H distance of the HFIP donor as
the pivot parameter along the reaction coordinate, all other geometrical parameters being optimized. Then, the maximum of
this curve has been used as starting point to locate the transition state, which practically coincides with this maximum. The
profile in the dichloromethane solvent was obtained from single-point calculations on each point of the gas phase profile
with the solvent PCM. The energy of the starting hydrogen-bonded adduct C-HFIP was taken as the zero of energy. The
energetic profiles are depicted in Figure 14.

The gas-phase energy barrier to form the ion pair at the metal site is 24.7 kcal mol™”. The CH,Cl, solvent slightly
favors the kinetics of the proton transfer, decreasing the energy barrier to 22.8 kcal mol™. In the transition state the O-H
bond is completely broken (O-H = 1.581 A) and the Mo-H bond is almost formed (Mo-H = 1.795 A). The distance between
the proton that is being transferred and the contiguous H3 hydride (1.795 A) is long enough to prevent the formation of a
dihydrogen. Thus, even in this crowded system there is a direct pathway for protonating the metal, without involvement of
the hydride ligands.

Calculations shows that the molybdenum center of CpMoHj3(dpe) is basic enough to be protonated with a single
molecule of HFIP, in agreement with the experimental results. However, the experimental study pointed out that even by
using strong acids a quantitative proton transfer does not occur when using a stoichiometric amount, and higher alcohol/Mo
ratios are needed to shift the proton transfer reaction towards the protonation product. These results can be related to the high
endothermicity of the protonation reaction with one HFIP molecule found in the calculations (see Figure 14). Experimental
evidences'® **! and previous theoretical studies!" pointed out that the participation of a second molecule of the proton donor
HFIP is crucial in stabilizing the protonation products by means of the so-called homoconjugate pairing effect.!"*! Thus, to
account for the formation of the [(CF;),HCO---HOCH(CF;),] (|JAHA]) homoconjugate pair we studied the proton transfer
with two HFIP molecules. This situation can be related to the excess of HFIP in the experiments.”*® **1 | The final products
of the proton transfer with two HFIP molecules are the ion pair made up by the TETRA1 (metal site protonation) or DIH1
(hydride site protonation) cations and the [AHA]) homoconjugate pair. With the inclusion of the second AH molecule both
the tetrahydride and the dihydrogen ion pairs are stable and it is possible to study the proton transfer process both at the
metal and hydride sites. The corresponding starting points are the hydrogen bonded adducts C and A, with a second HFIP
molecule joined by a O--H hydrogen bond to the first HFIP molecule [HFIP],. The optimized geometries of hydrogen
bonded complexes and the ion pairs with two HFIP molecules are depicted in Figure 15.
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The thermodynamic viability of the proton transfer assuming that the reaction involves a second alcohol molecule
(Equation 5) is very different from what happens without formation of the homoconjugate pair.

Equation 5 CpMoH;(dpe)---HOCH(CF,),+(CF;),CHOH > [CpMo(dpe)”H,”]"[(CF;3),CHO---H:--O-CH(CF5),]

Now the reaction is clearly exothermic, by -5.2 kcal mol™ for the C+HFIP/TETRA1-[AHA] couple and -6.2 kcal mol™ for
the A+HFIP/DIH1-[AHA] one. AG(CH2CL2) values, although considerably decreased (-1.6 and —0.7 kcal mol for
TETRAT1 and DIH1, respectively), suggest the thermodynamic feasibility of the reaction in dichloromethane and indicate
that the equilibrium is displaced toward the right.

Both reaction profiles, leading from AHFIP to DIH1-[AHA] and from C-HFIP to TETRA1-[AHA] have been
investigated, both in gas phase and in the dichloromethane solvent, taking the O-H distance of the transferring proton as the
reaction coordinate. The energy of the starting hydrogen-bonded adduct was taken as the zero of energy in each case. The
energy profiles are depicted in Figure 16.
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The gas-phase barriers to form the ion pair at the hydride and the metal sites are 11.2 and 12.9 kcal mol”,
respectively. As already found with one HFIP molecule, the CH,Cl, solvent favors the kinetics of the proton transfer,
decreasing the energy barriers to 9.4 and 10.2 kcal mol”, respectively. The low barriers calculated for the proton transfer
agree with the experimental evidence of a very fast process with HFIP excess. The close values of the energy barriers for the
proton transfer to the metal and hydride sites indicate that in this molybdenum trihydride there is not a clear kinetic
preference for the protonation at the hydride site. This theoretical result contrasts with the commonly admitted kinetic
preference for the protonation at the hydride site, and with a recent theoretical study of the protonation of CpFe(dpe)H with
two HFIP molecules.® The ion pairs resulting from the protonation at the hydride ([DIH1]*.[AHA]) and metal site
(TETRA1]" [AHAY) are found to be 6.3 and 4.8 kcal mol’’, respectively, above the hydrogen-bonded complexes in the gas
phase, and 2.7 above and 0.3 kcal mol! below, in dichloromethane. The solvent also favors the thermodynamics of the
proton transfer, stabilizing the charged species to a greater extent than the initial neutral hydrogen-bonded ones. As shown in
Figures 14 and 16, the formation of the homoconjugate species completely changes the thermodynamics of the proton
transfer, displacing the reaction to the products. The role played by the homoconjugate pairing in the proton transfer process
can be appreciated following the evolution of the two O-H distances of the HFIP dimer throughout the protonation process.
In the hydrogen bonded initial species A-HFIP and C-HFIP there is a normal hydrogen bond between the oxygen atom of
the first HFIP molecule and the proton of the second one. The O--O and O--H distances are 2.718 and 1.761 A in A-HFIP
and 2.703 and 1.745 A in C-HFIP. The O-H bond of the second HFIP molecule is only slightly lengthened by the hydrogen
bond interaction (O-H = 0.980 and 0.981 A in AHFIP and C-HFIP, respectively). The presence of a strong [A+H--AT
hydrogen bond in the anion of the ion pair can be inferred from the shortening of the O---O distance (2.439 and 2.396 A in
([DIH1]".[AHA]) and (TETRA1]".[AHAY), respectively). The O--H distances also agree with a proton shared by two
[(CF3),CHOY units. The acidity of the coordinated dihydrogen makes the homoconjugate pair interact more strongly with the
H of the dihydrogen than with that of the tetrahydride (H---H distances of 2.106 and 2.493 A in ([DIH1]".JAHA]) and
(TETRA1]".[AHAY), respectively). In opposition, the O--H--O interaction in the homoconjugate anion is stronger in
[TETRA1]"-[AHA] than in [DIH1]"---[AHAJ, according to the O---H distances.
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Both in gas phase and in dichloromethane the tetrahydride ion pair resulting from the protonation at the metal site is
more stable than the dihydrogen-dihydride ion pair, arising from the hydride protonation. Thus, the thermodynamic
preference for the tetrahydride product is well established. This result agrees with the experiment since the tetrahydride is the
only observed protonation product. The experiment does not show any evidence for the formation of a dihydrogen
intermediate, whereas the preferred hydrogen bonding pathway appears to involve the hydride ligand. Thus, an intermediate
dihydrogen complex along the proton transfer pathway may be expected. However, if this intermediate indeed forms during
the proton transfer process, its activation barrier to the rearrangement leading to the classical tetrahydride product must be
very low. We investigate such energy barrier in the next section.

(f) Dihydrogen-dihydride — Tetrahydride interconversion in the ion pair

To solve the dichotomy between easy protonation at the hydride site and no detection of dihydrogen intermediates,
we have studied the interconversion from the [DIH1]"--[AHATJ to the [TETRA1]"-\[AHA] ion pair. As in previous studies
of dihydrogen — dihydride interconversions,”” we have chosen the H-H distance as a reaction coordinate for the H-H bond
breaking. This distance varies from 0.884 A in the dihydrogen structure to 1.812 A in the tetrahydride. For each fixed value
of the reaction coordinate all the other geometrical parameters, including those of the homoconjugate anion, were optimized.
The profiles in dichloromethane solvent were obtained from single-point calculations on each point of the gas phase profiles
with the solvent PCM. The energy of the dihydrogen ion pair was taken as the zero of energy. The energetic profiles in gas
phase and CH,Cl, are depicted in Figure 17.

The calculations illustrate that the dihydrogen-dihydride — tetrahydride rearrangement in the ion pairs easily takes
place. The energy barrier is only 1.8 kcal mol™ in gas phase and 1.3 kcal mol ! in CH,Cl,. The homoconjugate anion does
not change appreciably its position along the interconversion, as proved by the evolution of the H:--O distance (from 1.359 A
in the dihydrogen structure to 1.241 A in the tetrahydride). The process is exoergic, ending up in a tetrahydride ion pair 1.5
keal mol ™" more stable than the initial dihydrogen in the gas phase (—1.7 kcal mol™ in CH,CL,). The solvent influence in this
process is very small because it not involve a charge change.

Although the study of the protonation pathways points outs that both dihydrogen-dihydride and tetrahydride species
can be formed as a result of the proton transfer reaction, the study of its interconversion shows that the dihydrogen
intermediate rearranges to the most stable tetrahydride very quickly, thus supporting the non detection of dihydrogen
intermediates in the experimental study. The tetrahydride product can originate both from the direct protonation at the metal
site or from the fast isomerization of the dihydrogen intermediate. The involvement of a transient dihydrogen species in the
formation of trihydride by protonation of a transition metal dihydride has already been reported in a mechanistic study of the
protonation of Cp,MH, (M = Mo, W) by an excess oh anhydrous HCI.

(g) Dihydrogen evolution
The experimental study has revealed that the Cp*MoHj;(dppe) — TFE interaction at high temperatures leads to the irreversible
formation of a diamagnetic product which contains no hydride ligands. We have theoretically studied the species resulting
from the successive elimination of two H, molecules. First we have considered the saturated Mo(IV) complex
CpMoH,(OCH,CF;)(dpe), which arises from reductive elimination of H, and subsequent coordination of the
trifluoroethoxide anion. According with the existence of two different hydride sites in the parent trihydride complex (the
unique H3 on one side and H1 or H2 on the other side), the substitution of one hydride by a RrO" ligand yields two different
isomers. The replacement of H3 gives HALKOXY?2, whereas that of Hl or H2 gives HALKOXY]1. Their optimized
geometries are shown in Figure 18. HALKOXY1 is the most stable isomer, by 3.0 kcal mol™ in gas phase and 6.0 kcal mol

"in CH,Cl,. _
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The feasibility of the successive dihydrogen elimination can be appreciated looking at the thermodynamics of the

reactions:

Equation 6 CpMoHj3(dpe) + CFsCHOH -> CpMoH,(OCH,CF;)(dpe) +H,

Equation 7 CpMoH,(OCH,CF;)(dpe) + H, = CpMo(OCH,CF;)(dpe) + 2 H,

For the first H, elimination, the HALKOXY1 product is found 0.2 kcal mol ' above the reactants in gas phase. It is further
destabilized in dichloromethane, lying 7.3 kcal mol™” above the reactants. CpMoH,(OCH,CF5)(dpe) can further evolve by
releasing a second H, molecule and giving the unsaturated Mo(II) complex CpMo(OCH,CF;)(dpe) (Equation 6). According
to the literature both singlet and triplet ground states can be found for this kind of 16-electron species. We have optimized
CpMo(OCH,CF;)(dpe) in the singlet (SALKOXY) and triplet (TALKOXY) electronic states (Figure 18). In agreement with
the diamagnetic nature of the experimental product, SALKOXY is found 6.5 and 7.3 kcal mol ™ more stable than
TALKOXY, in gas phase and CH,Cl,, respectively. We have also calculated the energy of the singlet and triplet minima of
the related CpMo(OH)(PMes;), complex, which was experimentally characterized as a paramagnetic Mo(II) compound.* *!1
Accordingly, our calculations give a triplet ground state for this molecule, with the singlet 2.3 kcal mol above it. The
elimination of the second H, molecule is favored in gas phase, being the SALKOXY product plus two H, molecules 1.6 kcal
mol ™ below the initial trihydride plus TFE in gas phase. The formation of SALKOXY is more difficult in CH,Cl,, where it
lies 7.2 kcal mol ™! above the trihydride.

We have also considered the possibility of a TFE coordination to the unsaturated CpMo(OCH,CF;)(dpe). In this
case the final diamagnetic product would be the 18-electrons Mo(II) complex CpMo(OCH,CF;)(HOCH,CF;)(dpe)
(ALALKOXY) (see Schema 4). The optimized geometry of the complex with a trifluoroethanol and a trifluoroethoxide
ligands is presented in Figure 18. The complex can be described as the result of the coordination of the homoconjugate pair.
In this species there is a strong hydrogen bond involving the two oxygen atoms, as proved by the two O-H distances (Figure
18). In gas phase ALALKOXY is notably more stable than the unsaturated complex plus a TFE molecule (-15.0 kcal mol™).
The intramolecular hydrogen bond largely contributes to stabilize ALALKOXY. As expected, in a polar solvent the strength
of the intramolecular hydrogen bond is decreased due to the solute-solvent interactions. However, even in dichloromethane
ALALKOX is found only 1.2 kcal mol ™ above the trihydride, making it a manifest candidate to be the final product detected
in the experiments.

Conclusions

The unambiguous determination of the hydrogen bonding site for a polyhydride compound by NMR and IR
spectroscopic techniques is not an easy task. The high fluxionality of polyhydride complexes on the NMR time scale renders
the application of this method less straightforward, while the use of vibrational spectroscopy is complicated by the normal
mode structure and weak intensity of the M-H stretching bands. The theoretical analysis of the vibrational modes, which was
performed here for the first time for a transition metal polyhydride compound in the absence and presence of hydrogen
bonding, shows a different behavior for each M-H vibrational normal mode. Nevertheless, the evolution of the vibrational
frequencies follows in most cases the trends previously established for monohydride complexes: a low-frequency shift for
modes that primarily involve the M-H vibrations where the H ligand is implicated in the hydrogen bond and a high-
frequency shift for modes that primarily involve M-H vibrations where the H ligand is not implicated in the hydrogen bond
(hydrogen bonding to other hydride ligands or to the metal atom). According to the calculations the most stable hydrogen
bonded adducts are those where the proton donor approaches the Cp*MoH3(dppe) complex from the side of the molecule
containing the hydrides H1 and H2. Of these, the one giving a good agreement with the experimental IR observations
features a hydrogen bond with H2.

Dihydrogen bond formation precedes the proton transfer to form the cationic tetrahydride [Cp*(dppe)MoH,]"
complex, stabilized by hydrogen bonding to the proton donor conjugate base. This is reversible at low temperatures (below
250 K) when using p-nitrophenol of HFIP. The theoretical study reveals that there is a direct pathway for protonating the
metal, without involvement of the hydride ligands. The molybdenum center is basic enough to be protonated with a single
molecule of HFIP. However, higher alcohol/Mo ratios are needed to shift the proton transfer reaction towards the
protonation product. The protonation reaction with one HFIP molecule is very endothermic. However, when in the reaction
products the conjugate base is stabilized by strong hydrogen bonding with a second molecule of proton donor, forming the
homoconjugate pair [AHA] the reaction is practically thermoneutral in dichloromethane. With the involvement of two HFIP
molecules both the proton transfer at the metal, forming the tetrahydride and at the hydride site, leading to a dihydrogen, can
occur. The experiments do not show any evidence for the formation of a dihydrogen intermediate, whereas the preferred
hydrogen bonding pathway, according to the computational study, appears to involve the hydride ligand. Thus, the
intermediacy of a dihydrogen complex along the proton transfer pathway may be expected. Local minima for the non-
classical [Cp*(dppe)Mo(n’-H,)H,]" complex were located computationally and an easy dihydrogen — dihydride
interconversion was revealed for the hydrogen bonded ion pairs [Cp*(dppe)Mo(n*-Hy)H,]"...[AHA] and
[Cp*(dppe)MoH,]*...[AHA] (HA = HFIP), the energy barrier being only 1.3 kcal mol™ and the reaction energy being —1.7
kcal mol in CH,Cl,. The theoretical study of the protonation pathways shows that the tetrahydride product can originate
also from the direct protonation at the metal site, the energy barrier of this pathway being slightly higher. The CH,Cl,
solvent favors proton transfer by both lowering the barriers and by stabilizing the charged protonation product.
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Abstract

DFT calculations with the B3BLYP functional are carried out on the systems
[(C5H5)II‘(PH3)(SIHR2)]+ and [(C5H5)II‘(PH3)(SIR3)]+ (RZ H, CH3, Sng, Cl),
which are representative examples of experimental complexes where silylene lig-
ands have been observed. Geometry optimizations for the different systems
lead to the obtention of a large variety of structures, including the conventional
silyl and hydrido silylene isomers, but also other less usual bridged structures,
with a variety of groups taking a bridging position between the metal and a
silicon atom, or between two silicon centers. Analysis of many complexes ob-
tained, together with those previously reported for [(dhpe)Pt(SiHR)]* and
[(dhpe)Pt(SiR3)]" (dhpe= HyP-CH,-CH,-PH,), leads to a better understand-
ing of the general factors governing the relative stabilities of the different iso-
meric forms available.

Introduction of H-SiR3 bonds,'®"® or an agostic H-

Si bond*!%20 have also been charac-
Organosilanes are involved in many cat- terized. An important amount of ex-
alytic' ‘Fransformations.l A number of perimental work has been invested in
transition metal complexes are able t0 the gynthesis and characterization of
catalyze th‘_f Sl_‘H actn'/a.tlon process, transition metal complexes with silicon
through oxidative addition, o bond phaged ligands in order to shed some

metathesis or other mechanisms.? The light on the detailed mechanism of the
coordination of the silicon atom to the Qi | activation and the factors affect-

metal is usually expected to produce jpg jt 1,9,10,21-24 The fyll structure of

species containing the formally simple {}q complexes cannot be determined
silyl or silylene ligands. The case of hecause of the lack of location of hydro-
silylene ligands, with a double bond be- gen| due to the use of X-Ray diffraction.
tween the metal and the silicon, has Systems related to Si-H activation by
received extensive attention in recent {ransition metal complexes have been

years.>? Other structures like o com- 4]¢4 the subject of considerable compu-
plexes containing the n*-coordination  tational work.2>3* In particular, we
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studied computationally?® the struc-
tural features of the platinum com-
plexes [(dhpe)Pt(SiHR,)]+
and [(dhpe)Pt(SiR3)]* (dhpe = HoP-
CH,-CH,-PH,) with different R sub-
stituents.  Related platinum com-
plexes had been experimentally stud-
ied shortly following the synthesis
and characterization of related com-
plexes.??  Qur computational study
revealed that several types of bond-
ing modes are possible (Figure 1). In
addition to the conventional terminal
silyl (A) or silylene (B) structures, a
number of unusual bridged species (C)
were found as a secondary minima and
even, in some cases, as preferred struc-
tures. A schematic view of the types of
structures that could be found is shown
in Figure 1.

The structural complexity of this
type of systems was confirmed by ulte-
rior studies. A computational study by
Frenking and co-workers® on a tung-
sten complex”>3°
[Cp*(dmpe)W (H2SiMez|t found that
the absolute minimum is a dihydride
silylene structure, but four other struc-
tures with bridging hydrogen atoms
are less than 5 kcal/mol above in en-
ergy. A theoretical study by Web-
ster and Hall on Ir(V) species treats
an Ir(III) complex sith a SiHs lig-
and, and finds also bridging hydrogen
structures C1. From an experimen-
tal point of view, bridged isomers of
C1 type were reported by Tilley and
co-workers.>®  Berry and co-workers
reported a bridged structure of C3
type,2” and proposed that it was re-
lated to C-H activation.

Inspired by the success of the pre-
dictions from our initial work,?® we de-
cided to extend the study to a differ-
ent system. With this, we hope to
be able to advanced towards a gen-
eral systematization of the types of
structures available. Evidence, by us-
ing a different metal and a differ-
ent set of ligands we also expect to

NN NN
Si Si Si Si
I (> ]
M M— M M
A B C1 C1'

\
AHe ~Q1 /
>Si"§ﬁi §§>/ ~siZ*

H\
M M
C2 C3 c3'

Figure 1: Schematic representation of
the possible binding modes of a silyl

group to a transition metal complex

draw some conclusions on the proper-
ties of the metallic fragment ruling the
stability of the different possible iso-
meric forms. The model systems we
chose for this new study were based
on the experimental iridium complexes
[(C5Me5)(PMeg)Ir(H&RZ)]"‘ The re-
activity of this type of species has
been investigated by Tilley and co-
workers.>®  Furthermore, evidences
of an interconversion involving silene
and silylene ligands in the coordi-
nation sphere of a transition metal
complex, was first reported.* Ex-
perimental studies were carried out
on systems with different R groups,
like Me, Ph, Mes and S'Bu. Some
of the products or short-live species
were identified as bridging com-
plexes such as [(CsMes)(PMes)Ir(n?-
CH,SiMes)(H)]*, which was shown to
have a structure like C3.citeKlei3220

The experimental complex was
modeled in our computational study
as [(CsHs)(PH3)Ir(HSiR2)]*.  This
means replacing the methyl groups
on both the ring and the phosphine
by hydrogen atoms, which allows for
a substantial decrease in computa-
tional time without altering too much
the electronic properties around the
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metal center. The computational R
groups selected for the calculations
were H, Me, SiH3 and Cl. The
[(CsHs)(PH3)Ir(SiR3)]* systems, with
SiR3 instead of HSiRs were also com-
puted for the sake of comparison.

The aim of this study is to eval-
uate via DFT geometri optimization
the isomeric preferences and the range
of structure that are energetically ac-
cessible in order to enlarge the scope
of the earlier study.?? A and B cor-
respond to the conventional silyl and
silylene complexes. For the case of the
C species, the possibility of having a
hydrido (B(H)) or an R group (B(R))
migrating to the metal was considered.
The bridged species C present a large
variety of arrangements, and are in fact
an attempt to classify in simple terms
a rather complex reality. Species C1
and C1’ possess a bridging group be-
tween silicon and iridium. A bridging
position is known for monoatomic R,
like H or Cl, but a a bridged struc-
ture with g-agostic C-H or Si-H may
be preferred for polyatomic R groups.
The C2 label corresponds to species
only present when R= SiHj3, and where
a hydrogen occupies a bridging posi-
tion between two silicon atoms. Iso-
mers C3 and B3’ are in fact closely
related to the S elimination product
where two independent ligands, a hy-
dride and an 72 coordinated double
bond, are present. They have been
labeled as bridged species because in
some cases strong interactions are ob-
served between the hydride and one of
the atoms in the double bond.

Computational Details

Calculations were performed with the
Gaussian 98 series of programs.® Den-
sity functional theory (DFT)3% 42 was
applied with the B3LYP hybrid func-

tional.#%4* A quasi-relativistic effec-
tive core potential (ECP), was used
to replace the innermost electrons for
the third row elements Si, P, Cl and
the transition metal Ir. The Hay and
Wadt ECP replaced 60 inner electrons
of the Ir atom*® and 10 of Si, P and
CL%¢ The basis set used for the va-
lence shell of these atoms was that as-
sociated with the pseudopotential, a
standard double-( LANL2DZ contrac-
tion.>® For Si and P the basis set was
augmented by a d polarization.” A
6-31G(d,p) basis set was used for the
H atoms attached to Si or to Ir.4849
For the rest of the atoms (H and C), a
6-31G basis set was used.*® All geome-
try optimizations were complete, with-
out symmetry restrictions, unless oth-
erwise stated. All computed minima
were confirmed as such through ana-
lytical computation of the Hessian ma-
trix. All discussions are carried out
on the potential energies obtained from
the SCF calculations.

Results

The simplest
[(C5H5) (PH3)II‘(SiH3)]+, 1

system,

The two optimized structures for
[(CsHs)(PH3)Ir(SiHs)]™, 1, are shown
in Figure 2. The most stable struc-
ture is an hydrido silylene complex, B.
Complex 1 is a 18 electrons pseudo
octahedral piano stool complex with
H-Si-R angle of 81.5°, suggesting the
absence of any through space inter-
action between the hydride and the
silylene group. The distances Ir-H of
1.596 A and Ir-Si of 2.228 A are rep-
resentative of metal-terminal hydride
and metal-silylene double bonds re-
spectively. The silylene group is lying
in the plane perpendicular to the cy-
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. s

"

1B [0.0] 1A [16.4]

Figure 2: Optimized local minima for
system 1 [(C5H5)(PH3)II‘(SIH3)]+ In
brackets, relative energies are indi-

cated in kcal /mol.

clopentadienyl ring, which optimized
the Ir-Si 7 bond. An MO analy-
sis has rationalized the orientation of
the similar CH, group in various d°
CpML,CH, complexes.? 51

The other minimum, 1A, which is
16.4 kcal/mol above 1B, is a 16 elec-
tron 5 coordinated complex with a ter-
minal silyl group. The metal is planar
or bent as shown by some of the an-
gles (Cpeentroia-Ir-P, P-Ir-Si and Si-Ir-
P) This non planar structure is charac-
teristic of d® CpyMLsy with non accep-
tor L group.’?53 The three Si-H bond
on the SiHs group are almost equal
(1.474, 1.476 and 1.490 A ) and the
Ir-Si-H angle equal to 115.3, 113.3 and
99.3°. Depsite the slight elongation of
one Si-H bond and the slightly smaller
Ir-Si-H angle, 1A is best viewed as a
having a terminal silyl group.

No minima corresponding to a
bridged structure of type B was found
in the potential energy surface of 1.
In order to estimate the energy of
this type of structure an optimization
with the H-Ir-Si angle fixed at 50.7°
has been done. This angle was taken
from the optimized geometry previ-
ously reported for the platinum com-
plex.?? This frozen structure is of type
C1 and has energy 4.6 kcal/mol higher
than the hydrido-silylene species 1B.

An unconstrained geometry optimiza-
tion from 1C1 reverts into 1B, thus
confirming that it is not a local mini-
mum.

The [(C5H5)(PH3)II‘(SiHR2)]+
(R= CH;, SiH3, Cl) systems

Calculations

were carried out on species of the
[(C5H5)(PH3)II‘(SIHR2)]+ type, where
the SiHs ligand of the parent com-
pound was replaced by SiHRs. In this
way, the hydrido silylene form B(H)
is still accesible, and the effect of other
substituents at silicon can be analyzed.
Three series of compounds of this type
were studied, with R= CHj (2), SiH3
(3) and ClI (4). A variety of local min-
ima, were computed for these systems,
and they are collected in Figures 3, 4
and 5, respectively.

Seven isomers were located for sys-
tem 2, which possesses the ligand
SiH(CHj),. All these isomers are pre-
sented in Figure 3. The most stable
isomer is by far the hydrido silylene
complex 2B(H), which is more than
20 kcal/mol more stable than any of
the other six local minima. The main
geometrical features of 2B (H) are sim-
ilar to those of 1B. 2B(H) has short
H-Tr (1.592A) and Si-Ir (2.249A) bond
distances, and a large H-Ir-Si angle of
80.0°.

The other six isomers can be
grouped in three pairs, the structures
within each pair differing in a mi-
nor rearrangement. The most struc-
turally simple of these pairs is defined
by 2B(Me)a and 2B(Me)b, which
correspond to methyl silylene com-
plexes, and have energies 21.2 and 21.7
kcal /mol above 2B(H). These species
have a methyl group attached to the
metal with Ir-C distances of 2.170 and
2.165 A, respectively. The silylene lig-
and (SiHMe) presents Si-Ir distances
of 2.233 and 2.234 A, indicative of a
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double bond to the metal. 2B(Me)a
and 2B(Me)b differ only in the rela-
tive arrangement of the hydrogen and
the methyl substituents at the silylene,
as can be seen in Figure 3.

The classification of the other four
local minima is not as straightfor-
ward. We have decided to assign the
C1(Me) and C1’(Me) labels to these
structures, in the understanding that
one methyl group is playing a bridg-
ing role between silicon and iridium for
all of them. In structures 2C1(Me)a
and 2C1(Me)b, with relative energies
of 21.6 and 22.3 kcal/mol, the bending
of the methyl group towards the metal
can be visualized in the Ir-Si-C bond
angles of 61.1° and 61.3°. The bridging
role is here played by the methyl car-
bon itself, with Si-C distances of 2.190,
2.176 A, and Ir-C distances of 2.254 A,
2.257 A. 2C1(Me)a and 2C1(Me)b
are related by the exchange of the po-
sitions of a methyl and a hydrogen
group, as happened for 2B(Me)a and
2B(Me)b (see Figure 3). The third
and final pair of optimized structures
to be discussed for system 2 is made of
isomers 2C1’(Me)a and 2C1’(Me)b,
with relative energies of 20.5 and 21.0
kcal/mol. In this case, there is also
bending of the methyl group towards
the metal, with an Ir-Si-C bond an-
gle of 73.6° for both species, but the
direct interaction with iridium is tak-
ing place through a f agostic interac-
tion of one of the C-H bonds. This is
shown by the H-C distances of 1.140
A and 1.142 A for the two struc-
tures. 2C1’(Me)a and 2C1’(Me)b
are again related by the exchange of
the hydrogen and methyl substituents.

The silyl (A) and the hydrogen
bridging species (C1(H)) do not exist
as local minima for system 2. In or-
der to estimate what could be their rel-
ative energies, constrained optimiza-
tions were carried out. The silyl
species 2A, computed by freezing the
Ir-Si-H and Ir-Si-C angles to a value

2B(H) [0 0]

2C1'(Me)a[20.5] 2C1'(Me)b [21 0]

A Ay

2B(Me)a [21 2]  2C1(Me)a [21.6]

2B(Me)b [21.7]  2C1(Me)b [22.3]

Figure 3: Optimized local minima sys-
tem 2 [(C5H5)(PH3)II‘(SIH(CH3)2)]+
In brackets, relative energies are indi-

cated in kcal/mol.

of 109.43°, has a high relative en-
ergy of 26.0 kcal/mol with respect to
2B(H). The hydrogen bridging struc-
ture 2C1(H), obtained by freezing the
H-Ir-Si angle to a value of 50.7°, has
a relative energy of only 5.9 kcal/mol.
It is however not a local minimum, be-
cause the full optimization leads to the
hydrido silylene complex 2B(H).
Calculations

on the [(C5H5)(PH3)II‘(SIH(SIH3)2)]+
system, 3, produce also seven local
minima. They can be classified as
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3BEyb [57]  3C3a [62]

3C3'b [6.2]

3B(H) [10.8]

Figure 4:
cal system 3,
[(C5H5)(PH3)II'(SIH(SIH3)2)]+ In

Optimized lo-
minima for
brackets, relative energies are inticated

in kcal/mol.

one individual structure, 3B(H), and
three pairs of geometries. All these lo-
cal minima are presented in Figure 4.
The most stable structures correspond
to a C2 type, and there are two of
them, 3C2a and 3C2b, separated by
only 0.8 kcal/mol. For the sake of clar-
ity, only the geometry of 3C2a will be
commented, that of 3C2b being very
similar. In 3C2a, both silicon atoms
are bonded to iridium, with similar Ir-
Si distances of 2.332 and 2.358 A, and
there is also a strong interaction be-
tween both silicon centers, with a Si-
Si distance of 2.340 A. The additional
specific feature of this geometry as a
C2 structure is that one of the hydro-
gen atoms is bridging the two silicons
in the face opposite to the metal (see
Figure 4). The bonding of this atom is
almost identical to both silicon centers,
with Si-H distances of 1.680 and 1.681
A. The Si-Si-H bond angles for this
bridging hydrogen are 41.7° and 41.8°.
3C2b differs from 3C2a only in the
relative arrangement of the silyl and
hydrogen substituents not involved in
other interactions, and has an energy
only 0.8 kcal/mol above.

3C2a and 3C2b are the two lower
energy structures for system 3, but the
five remaining local minima have quite
close energies, the least stable of them
is only 10.8 kcal/mol above the abso-
lute minimum. The pair of structures
immediately above the most stable iso-
mers of 3 are 3B(Sy)a and 3B(Sy)b,
which are respectively 4.7 and 5.7
kcal/mol above 3C2a. 3B(Sy)a and
3B(Sy)b are silyl silylene complexes.
There is no direct interaction between
both ligands, with Si-Ir-Si bond an-
gles of 86.0° and 86.9°. The Ir-Si dis-
tances show the expected differences
for silyl and silylene ligands, with val-
ues of 2.454, 2.449 A for silyl, and val-
ues of 2.240, 2.245 A for silylene. The
two structures in the pair are again
related by the exchange of the posi-
tion of hydrogen and silyl substituents
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at silicon (see Figure 4). The follow-
ing pair of structures in terms of in-
creasing energy are 3C3’a and 3C3’b,
which have a fortuitously identical rel-
ative energy of 6.2 kcal/mol. As it cor-
responds to the C3? label, these are hy-
drogen elimination products, and they
possess two independent ligands: one
hydride and an 5? Si-Si double bond.
The Ir-H distances are 1.598 and 1.605
A, the Si-Si double bonds are 2.222 A
in both cases, and the Ir-Si distances
are 2.516, 2.540 A for 3C3’a and 2.530,
2.538 A for 3C3’b. The highest en-
ergy minima optimized for this system
is 3B(H), the hydrido silylene com-
plex, with a relative energy of 10.8
kcal/mol. The geometrical parameters
are the expected ones, with Ir-H and
Ir-Si distances of 1.592 and 2.256 A,
respectively, and a H-Ir-Si bond angle
of 80.8°.

Species 3A and 3C1(H) could
not be located as true minima, and
their energies were estimated from con-
strained geometry optimizations. 3A
was obtained by freezing the Ir-Si-Si
and Ir-Si-H bond angles to a value of
109.43°, and has a high relative en-
ergy of 27.4 kcal/mol. 3C1(H) was
obtained by freezing the H-Ir-Si angle
to 50.7°. This species is 16.0 kcal/mol
higher in energy than the most stable
minima.

The third system under study con-
taining a SiHR, group is that with a
chlorine substituent
[(C5H;)(PH3)Ir(SiHCly)] ™, labeled as
4. This system is much simpler in
terms of number of local minima, likely
because of the monoatomic nature of
the chlorine substituent. There are in
fact only three local minima, which are
shown in Figure 5. The most stable
structure is 4B(H), the hydrido sily-
lene complex. The H-Ir bond distance
is 1.591 A, and the Ir-Si bond is 2.229
A. The H-Ir-Si bond angle is 83.0°, in-
dicating that there is no direct inter-
action between both ligands. The two

chlorine substituents, with Si-Cl dis-
tances of 2.035 and 2.037 A, are nearly
coplanar with the plane defined by the
metal, the silicon and the pseudo Cs,
axis of the Cp ligand.

The other two minima located for
system 4 are a pair of related struc-
tures, 4C1(Cl)a and 4C1(Cl)b, with
energies 14.1 and 14.8 kcal/mol above
4B(H). These are formally simple
structures containing a chlorine bridge.
The bridging chlorine occupies an in-
termediate position between iridium
and silicon, the Ir-Cl distances are
2.616, 2.617 A, and the Si-Cl distances
are 2.199, 2.202 A. 4C1(Cl)a and
4C1(Cl)b differ only in the relative
arrangement of the remaining chlorine
and hydrogen substituents of silicon,
as can be seen in Figure 5. The en-
ergy of some species which do not ex-
ist as local minima for system 4 was
estimated through constrained geom-
etry optimizations. In this way, 4A,
4B(Cl) and 4C1(H) were computed.
4 A, containing the silyl ligand, was ob-
tained freezing the Ir-Si-Cl and Ir-Si-H
angles to 109.47°, and has an energy
24.0 kcal/mol above that of 4B(H).
4B(Cl), the chloride sylilene species,
was obtained freezing the CI-Ir-Si bond
angle to a value of 90.0°, and has also
a high relative energy of more than 27
kcal/mol. In fact, there are two possi-
ble forms of 4B(Cl) depending on the
arrangement of the hydrogen and chlo-
rine substituents attached to silicon,
and both have similar relative ener-
gies of 27.3 and 27.7 kcal/mol. Finally,
4C1(H), the species with a bridging
hydrogen, was obtained by freezing
the H-Ir-Si angle to a value of 50.7°.
4C1(H) has a moderate relative en-
ergy of 8.3 kcal/mol. Remarkably, it is
more stable than the bridging chloride
local minima 4C1(Cl), but it collapses
spontaneously into the absolute mini-
mum 4B(H).
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4B(H) [0.0]

4C1(Cha [14.1] 4C1(CDb [14.8]

Figure 5: Optimized lo-
cal minima  for system 4,
[(C5H5)(PH3)II‘(SIH(CI)2)]+ In

brackets, relative energies are indi-

cated in kcal/mol.

The [(C5H5)(PH3)II’(SiR3)]+ (R:
CH;, SiH;), systems

The study is completed with the analy-
sis of [(C5H;)(PHs)Ir(SiR3)]*t species,
where the SiHj ligand of the parent
compound 1 is replaced by a trisub-
stituted silyl group SiR3. These com-
plexes cannot form hydrido silylene
complexes, but their comparison with
those in the previous section will help
to clarify the bonding features of these
species. Three series of compounds of
this type were studied, with R= CHj
(5), SiH3 (6) and Cl (7). The op-
timized local minima are collected in
Figures 6, 7 and 8, respectively.

For system
5, [(CsH5)(PH;)Ir(Si(CHs)s)]™, with
the methyl substituent, the five min-
ima shown in Figure 6 were located, all
of them within a span of 3.8 kcal/mol.
The most stable species is 5C3, and
consistently with its C3 label, it cor-

responds formally to product of the
elimination of a 8 hydrogen of one of
the methyl substituents. A Si=C dou-
ble bond is formed, with a Si-C dis-
tance of 1.799 A, which coordinates to
Ir in an n? fashion, with Ir-Si and Ir-
C distances of 2.224 and 2.555 A, re-
spectively. The hydride ligand is much
closer to Ir (1.622 A) than to Si (2.010
A), although the slightly elongated Tr-
H distance suggests some interaction
with the silicon center. Another isomer
structurally related to 5C3 is 5C3’,
which is 3.8 kcal/mol less stable. The
main difference between both struc-
tures, which can be seen in Figure 6,
is in the position of the hydride ligand
with respect to the double bond. It
is on the silicon side on 5C3 and on
the carbon side in 5C3’. The hydride
in 5C3’ has a short Ir-H distance of
1.582 A, and practically no interaction
with the carbon center, a feature that
may explain the lower stability of this
complex.

There are three other local minima
with energies between those of 5C3
and 5C3’. The second most stable
species for system 5 is the methyl sily-
lene complex 5B, 1.3kcal/mol higher
in energy than 5C3. 5B has nor-
mal distances for the Ir-Si double bond
(2.245 A) and the Ir-C single bond
(2.161 A), and its overall geometry
(Figure 6) is in fact quite similar to
those of 2B(Me)a and 2B(Me)b, re-
ported in the previous section. The re-
maining two local minima have rela-
tive energies of 2.4 and 2.7 kcal/mol,
and have been labeled as 5C1 and
5C1’, respectively, because they pos-
sess a methyl bridge between silicon
and iridium. These structures are sim-
ilar to the 2C1(Me) and 2C1’(Me)
pairs discussed above. In 5C1, the
bridging role of the methyl involves
directly the carbon atom, which has
very similar distances to iridium (2.253
A) and to silicon (2.234 A). In 5C1’,
the methyl bridge plays its main role
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through a strong 8 C-H agostic inter-
action, with an elongated C-H distance
of 1.139 A.

5C1' [2.7] 5C3' [3.8]

Figure 6: Optimized lo-

cal minima  for system 5,

[(CsHs) (PHs)Ir(Si(CHs)s)] *. In
brackets, relative energies are indi-

cated in kcal/mol.

The energy of the silyl species 5A,
which could not be located as a min-
imum, was estimated through a con-
strained geometry optimization with
the Ir-Si-C angles frozen to 109.43°.
The resulting structure had an energy
10.3 kcal/mol higher than the absolute
minimum 5C3.

The
study was then extended to the sys-
tem [(C5H5)(PHg)II‘(SlR(Sng)g)]+, 6,
with three silyl substituents at silicon.
For this system four isomers were lo-

6C2 [0.0]
&

T

6C3 [4.6]
A~

N /

6B [4.7] 6C3' [6.1]

Figure T Optimized lo-

cal minima for  system 6,

[(CsHs)(PH3)Ir(Si(SiH3)3)] . In
brackets, relative energies are indi-

cated in kcal/mol.

cated as minima with quite close en-
ergies, all of them shown in Figure
7. The most stable structure cor-
responded to 6C2, with the unusual
shape already found before in 3C2.
Both silicon atoms are close to the
metal center, with Ir-Si bonding dis-
tances of 2.326A and 2.388A. There
seems to be a certain interaction be-
tween both silicon centers with a Si-
Si distance of 2.520 A and a Si-Ir-
Si angle of 64.6°. This structure has
again the specific feature of C2 ge-
ometries, namely the presence of a hy-
drogen atom bridging the two silicon
atoms in the face opposite to the metal
(see Figure 7). This hydrogen atom
has Si-H distances of 1.472 and 1.474A.

Two of the remaining local minima,
6C3 and 6C3’, with relative energies
of 4.6 and 6.1 kcal/mol, are closely
related. Both of them formally de-
rive from the f elimination of a hy-
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7C1

Figure 8: Optimized local minima for

system 7, [(CsHs ) (PH;)Ir(Si(CL)3)]*.

dride in the hypothetic tris(silyl)silyl
species. As a result, they contain a
Si=Si double bond (Si-Si distances of
2.226, 2.232 A) in 72 coordination to
iridium and a hydride (Ir-Si distance
of 1.600, 1.621 A). They differ in the
relative position of the hydride respect
to the silicon centers, in 6C3 is on the
side of Si(SiHs)2, in 6C3’ on the side
of SiH, (see Figure 7). The final local
minimum is 6B, a silyl silylene com-
plex. It has an energy 4.7 kcal/mol
above the abolute minimum 6C2. Its
geometry is quite unremarkable, with a
Ir-Si bond distance clearly shorter for
the silylene (2.259 A) than for the silyl
(2.445 A), and Si-Ir-Si bond angle of
86.5°.

The relative energy of the silyl com-
plex 6A, which could not be located
as a local minium, was estimated to
be 27.6 kcal/mol in a constrained ge-
ometry optimization with the Ir-Si-Si
angles frozen at 109.43°.

The final series of calculations was
carried out
on system 7, [(CsHs) (PH3)Ir(SiCl3)] T,
where the ligand attached to iridium is
trichlorosilyl. Only a local minimum
was found for this system. It is 7C1,
with a chlorine atom bridge between
silicon and iridium. It is shown in Fig-
ure 8. The Ir-Si distance is 2.293A,
and the bridging chlorine has Ir-Cl
and Si-Cl bond distances of 2.622A
and 2.207A, respectively. The rela-
tive energies of TA and 7B were es-

timated through constrained geometry
optimizations. The silyl species TA
was obtained freezing the the Ir-Si-Cl
bond angles to a value of 109.43° and
has a relative energy of 7.4 kcal/mol.
The chloride silylene species 7B was
reached by freezing the Cl-Ir-Si bond
angle to 90.0°, and its energy is 10.0
kcal /mol above 7TC1.

Discussion

The geometries and energies of the va-
riety of isomers available for the dif-
ferent systems have been presented in
the previous sections. Here, a global
analysis will be carried out on these re-
sults, in order to try to identify general
trends.

Table 1 collects the relative ener-
gies
of the species computed for systems 1,
2, 3, and 4 responding to the general
form [(C5H5)(PH3)II‘(SIHR2)]+ A
first clear result from the Table is the
high stability of the hydrido silylene
species with the B(H) label. It corre-
sponds to a true minimum for the four
systems being investigated, and it is in
fact the absolute minimum for R= H,
CHjs, Cl. The intrinsic stability of the
hydrido silylene form probably reflects
a favorable energy balance in favor of
the Ir-H bond with respect to the Si-H
bond, and a good ability of Ir to form
a double bond with Si. The stability of
this type of structures is in fact not sur-
prising because hydrido silylene com-
plexes have been experimentally ob-
served,® and are in other cases pro-
posed to exist as reactive intermedi-
ates interacting with OTf= OSO-2CF3,
or O(Et), molecules.®2?1:54 Tt is inter-
esting to compare the energies of the
hydrido silylene complex with that of
other silylene species, like 2B(Me),
3C(Sy) and 4C(Cl), where the hy-
drogen stays attached to silicon and



Article VII

197

A |B@H) B(R) |Ci(H) CI(R) c2  C3
H | 164 0.0 (4.6) - -
21.2 20.5/21.0
CH; | (26.0) | 0.0 (5.9) / -
21.7 21.6/22.3
4.7 0.0 6.2
Sill; | (27.4) | 10.8 (16.0) -
5.7 0.8 6.2
27.3 14.1
Cl | (24.0) (27.3) (8.3) - -
(27.7) 14.8
Table 1: Relative energies (kcal/mol) for the computed isomers of

[(CsH;)(PH3)Ir(SiHR2)]" systems. The energy of the absolute minimum for

each system is in boldface, and those derived from constrained geometry opti-

mizations are in parentheses.

another group binds to the metal. For
the electronegative substituents, like
methyl and chlorine, these alterna-
tive silylene species have high energies
more than 20 kcal/mol above B(H),
and 4C(Cl) is not a even a local min-
imum. In contrast, for the least elec-
tronegative silyl substituent (even less
electronegative than hydrogen), silyl
silylene 3B(Sy) forms are even more
stable (by ca. 6 kcal/mol) than the
hydride silylene form 3B(H). There
seems to be thus a general rule that,
when the choice is possible, the more
electronegative substituents stay at the
silylene, and the least electronegative
substituent binds directly to the metal.

System 3, where R= SiH3, is excep-
tional in the sense that the most sta-
ble form is not B(H), like in the other
cases, but C2, which furthermore only
exists for this system. C2 is certainly
an unusual form, with the two silicon
centers attached symmetrycally to the
metal and being bridged by a hydrogen
atom. To our knowledge, there are no
previous crystallographical reports of
this type of coordination, and we sug-
gest here its characterization as a topic

for experimental research. The pres-
ence of this C2 form only when silyl
substituents are attached to silicon is
probably related to the combination of
a variety of factors: silicon has a lower
electronegativity, a larger tendency to
hypervalency, and is the only one able
to form this symmetrical arrangement
with the silicon center in the parent
compound.

System 3 is also the only one where
C3 species are present. This is how-
ever in our opinion not so remark-
able. C3 is the g elimination prod-
uct, containing a hydride and an 7?2
coordinated Si=X double bond. It is
only accesible for systems 2 and 4, the
only ones possessing 8 hydrogens. The
reason why it could not be optimized
for 2 is probably the high stability of
2B(H), which does not allow topolog-
ically close species as 2C3 to exist as
local minima.

The results for the species C1 con-
taining bridging groups are interest-
ing. None of the hypothetical C1(H)
species, with a hydrogen bridge be-
tween silicon and iridium are local min-
ima, but all of them have relatively
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A B c1T 2 C3 C¥
H 16.4 0.0 (46) - - -
CH; | (103)| 13 |27/24 - 0.0 38
SiHs | (27.6) | 4.7 - 0.0 46 6.1
Cl | (74) | (100)]| 0.0 - - -

Table 2: Relative energies

(kcal/mol) for the computed isomers of

[(CsHs)(PH3)Ir(SiR3)]™ systems. The energy of the absolute minimum for each

system is in boldface, and those derived from constrained geometry optimiza-

tions are in parentheses.

low estimated energies. In fact, the
highest relative energy above the cor-
responding B(H) isomer is for system
4, with a difference of 8.3 kcal/mol.
The fact that the C1(H) complexes
are not local minima strongly suggests
that the particular movement of the
hydrogen from bridging to terminal hy-
dride is very smooth from an energetic
point of view, and that it is difficult to
have an energy barrier between C1(H)
and B(H). Things are different when
other bridges, like methyl (system 2)
and chlorine (system 4) are consid-
ered. In these cases, bridged species
exist as local minima, albeit with
higher energies than what corresponds
to the hydrogen bridge. Some of the
methyl species have § agostic interac-
tions, which have been reported ex-
perimentally for other transition metal
silyl complexes.?? The good bridg-
ing properties of chlorine are shown
in the relative energies of 14.1 and
14.8 kcal/mol for species 4C1(Cl), sig-
nificantly more stable than the cor-
responding methyl species 4C1(Me),
with energies of 20.5 kcal/mol and
above.

The silyl isomer (structure A) is
structurally simple, but is not very sta-
ble for any of the R groups studied.
In fact, it has been located as a local

minimum only for the parent system 1,
where it has a high relative energy of
16.4 kcal/mol, and the relative energy
is even higher (above 20 kcal/mol) for
all other cases. The lack of stability
of this unsaturated species is probably
associated to the high reactivity of the
metal complex, which does not support
well a vacant site in its coordination
sphere.

The global picture emerging from
the calculations collected in Table 1
on the [(CsHj)(PH3)Ir(SiHR.)]* sys-
tems can be thus summarized as fol-
lows. The system with R= H is rep-
resentative in the sense that the hy-
drido silylene species B(H) is more
stable by far over the eventual un-
saturated silyl complex A; and that
the species with a bridging hydrogen
atom C1(H) is not stable as a local
minimum, although its energy is not
far above B(H). The introduction of
the R substituents somehow sophisti-
cates the picture. The cases of R=
CHj; and R= Cl are quite similar, their
key difference with respect to hydro-
gen being apparently the electroneg-
ativity. The silyl species A disap-
pears as a local minimum, and its es-
timated energy (over 24.0 kcal/mol) is
even higher than for the parent system
(16.4 kcal/mol). The eventual methyl
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A B(H) B(R) | C1(H) C1(R) C2 C3
H 3.1 (3.4) 0.0 - }
CH; | (15.6) | 0.0 (21.5) 0.4) 82/84 - B}
(21.5) 10.8 / 10.8
SiH; | (20.3) | (18.3) (12.0) 15.2 - 0.0 50
(12.1) 0.0 5.0
0.4
Cl | (10.4) | 0.0 (19.9) (2.8) , }
0.4

Table 3:

Relative energies (kcal/mol)

for the computed isomers of

[(dhpe)Pt(SiHR;)]* systems. The energy of the absolute minimum for each

system is in boldface, and those derived from constrained geometry optimiza-

tions are in parentheses.

(or chloride) silylene complex B(Me)
(or B(C1)) is also destabilized with re-
spect the corresponding hydride com-
plex, the energy being more than 20
kcal/mol above. The main difference
between the Me and CI systems is, un-
derstandably, in the bridging species.
Chlorine is a better bridging group,
and the C1(Cl) species have relative
energies of ca. 14 kcal/mol; while the
corresponding C1(Me) species, which
are structurally more complex, have
relative energies above 20 kcal/mol.
The case when R= SiHj is quite differ-
ent. Here, the electronegativity of R
is smaller than that of hydrogen, and
the hydrido silylene species B(H) is
no longer the absolute minimum. The
silyl silylene species B(Sy) are lower
in energy by ca 5 kcal/mol, but the ab-
solute minimum (10.8 kcal/mol below
B(H)) corresponds in fact to a com-
plex labeled as C2, where the silicon
centers interact with each other, with
the metal, and with a hydrogen atom
which serves as a bridge between them.
The system with R= SiH3, in con-
trast with the other three being stud-
ied, has a lot of isomers with energies

close to that of the absolute minimum,
and their energy ordering could be al-
tered by changes in the nature of the
ligands or the substituents.

This
overall discussion on substituent ef-
fects remains essentially valid when the
[(CsHs5)(PH3)Ir(SiR3)]T systems are
considered. The energetics for these
complexes, corresponding to labels 1,
5, 6 and 7, are collected in Table 2.
The main difference between Tables 1
and 2 is the disappearance of the B (H)
species in the latter. These hydrido
silylene species are no longer possible
when R is not hydrogen. The relative
energies of the other isomers are prac-
tically unchanged.

The lack of a B(H) isomer is qual-
itatively relevant for the cases of R=
CH3 and R= Cl, where this one was
by far the absolute minimum. In the
case of R= CHgs, all minor isomers were
more than 20 kcal/mol above the hy-
dride silylene absolute minimum with
the SiHR, system. In contrast, for
the SiR3 system there are a group of
five structures within a span of 3.8
kcal/mol near the most stable form.
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In fact, the absolute minimum is a
C3 structure, a 3 elimination product,
which was not even a local minimum
in Table 1 because it fell down to the
hydride silylene isomer. In the case
of R= Cl, there is only one minimum
left, the bridging complex C1. This re-
flects the strong bridging ability of this
group. Changes for the case when R=
SiHj3 are qualitatively less remarkable,
because in that case B(H) was never
the absolute minimum.

It is interesting to related the re-
sults for the [(CsHs)(PH3)Ir(SiHR,)]+
and [(C5H5)(PH3)II‘(SIR3)]+ iridium
species presented in this article with
those previously reported by our-
selves on the [(dhpe)Pt(SiHR2)]t and
[(dhpe)Pt(SiR3)]™ platinum species.?®
Most of the species considered in the
present article were also considered be-
fore, with the sole exception of the case
of the Si(SiHj3)3 system, which has also
been computed here for completion of
the comparison. The results for the
two sets of platinum species are col-
lected in Tables 3 and 4. For these Ta-
bles, we have taken the labeling used
in the current work, which has some
minor refinements with respect to that
of the previous report.

The overall patterns described
above for the iridium complexes can
be easily recognized for the platinum
systems. In fact, of the seven sys-
tems being considered, only for one
of them, that with R= H, there is a
change in the nature of the absolute
minimum. The similarity between the
cases of R= CH3 and R= ClI is con-
served, as well as the strong preference
of hydrido silylene complexes with re-
spect to the methyl silylene or chloro
sylylene alternatives when they are av-
abilable. The systems with R= SiHj
have a quite particular behavior, and
C2 species are only present for them,
when they are in fact the absolute min-
ima.

The replacement of [Cplr(PHj3))*+

by the [(dhpe)Pt]** fragment has nev-
ertheless a significant effect on the
relative energies of the different iso-
mers. The main effect is a loss of rela-
tive stability of the silylene species B,
which remains as a local minimum only
for the systems with SiH(CHj3), and
SiHCly. The hydrido silylene complex
is still the most stable species for the
system containing SiH(CHs)2, but by
a much smaller margin. In the irid-
ium system, the second most stable
species was 20.5 kcal /mol, while for the
platinum system the margin is reduced
to 8.2 kcal/mol. The change is even
more dramatic for the system contain-
ing SiHCl,, where the energy difference
goes down from 14.1 to 0.4 kcal/mol.
The change in the nature of the most
stable system from hydrido silylene to
hydrogen bridged for R= H can also be
attributed to the loss of stability of the
silylene species. From these results, it
follows that the iridium fragment is a
much better choice if one wants to be
able to isolate silylene isomers. The
reason for this can be probably traced
down to the molecular orbitals. If we
consider silylene as a neutral ligand,
the metal must be able to provide =«
electrons for the M=Si double bond,
and they seem more readily available
in the iridium fragment.

The change in the metal fragment
also brings changes in the energy dif-
ference between the unsaturated silyl
species A and the bridging structures
C. A general trend is however diffi-
cult to ascertain. For instance, the
energy difference goes sharply down
(from 11.8 to 3.1 kcal/mol) for the par-
ent system with hydrogen, but it goes
actually up (from 7.4 to 8.3 kcal/mol)
for the system with SiClz. In any case,
the changes are never sufficient to con-
vert the silyl form A into the most sta-
ble isomer, and because of this we have
not further analyzed this aspect.
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A B cT 2 €3 C3
H 3.1 34) | 0.0 - - -
CHs | (74) | (99) |02/23 - 0.0 143
SiHs | (22.8) | (11.6) - 0.0 44 47
Cl | (84) |(158)| 0.0 - - -

Table 4:

Relative energies (kcal/mol)

for the computed isomers of

[(dhpe)Pt(SiR3)]" systems. The energy of the absolute minimum for each sys-

tem is in boldface, and those derived from constrained geometry optimizations

are in parentheses.

Conclusion

The [(C5H5)II‘(PH3)(SIHR2)]+ and
[(C5H5)II‘(PH3)(SIR3)]+

complexes have been studied compu-
tationally for the cases of R= H, CHs,
SiH3 and Cl. They present a variety
of local minima, some of them close
in energy. The structures go from the
standard silyl and silylene complexes
to species with unusual bridging ar-
rangements. The particular case of the
silyl isomer is not very favorable, and
in fact exists only as a local minimum
for R= H. In contrast, hydrido silylene
species are quite stable and they cor-
respond often to the most stable min-
imum. Besides the silyl and the hy-
drido silylene complexes, a variety of
other structures have been found to
exist, and we have collectively labeled
them as bridging. They include struc-
tures with a simple hydrogen or chlo-
rine bridge, isomers with strong C-H 3
agostic interactions and other more un-
usual shapes involving n? coordination
of Si-Si bonds. These bridging struc-
tures can be quite stable, and in some
cases become the absolute minimum.
The current results complement a pre-
vious study?® by ourselves on plat-
inum complexes [(dhpe)Pt(SiHRy)]*
and [(dhpe)Pt(SiHR»)]T. The current

work leads to a better systematization
of the results and to a comparison be-
tween both fragments. The results in-
dicate conclusive that the iridium frag-
ment is much better for the stabiliza-
tion of isomers containing the silylene
ligand.
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