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Results of the current doctoral work are presented and discussed in detail in three 

Chapters. All three research projects deal with activation and cleavage of inert carbon-

halogen bonds. Chapter 1 describes a new chemical transformation, the Pd-catalyzed 

synthesis of aroyl azides from iodoarenes, CO, and sodium azide. In Chapter 2, we 

report a mechanistic study of the novel Ph-X (X = I, Br, Cl) activation with Ru(II) 

complexes. Chapter 3 deals with C-F activation of highly inert fluoroform (CHF3) using 

alkali metal hydroxides and alkoxides. A summary of the work performed on each of 

these three projects is presented below. 

 

I . Palladium-Catalyzed Azidocarbonylation of A romatic Iodides 

Aroyl azides (ArCON3) are useful building blocks and intermediates in the preparation 

of various valuable chemicals.1 We have developed a methodologically unprecedented 

catalytic route to aroyl azides from iodoarenes, CO, and NaN3  

(Scheme S1).2,3 

 

Scheme S1. Pd-catalyzed azidocarbonylation of iodoarenes. 

While looking similar to the long-known4 Heck alkoxy-, hydroxy-, and 

aminocarbonylation reactions (Scheme S2), the azidocarbonylation is a vastly more 

challenging transformation in at least three respects. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Bräse, S.; Banert, K. Organic Azides: Syntheses and Applications; John Wiley & Sons: Chichester, 
2010.  
2 Miloserdov, F. M.; Grushin, V. V. Angew. Chem. Int. Ed. 2012, 51, 3668. 
3 -

 
4 (a) Schoenberg, A.; Bartoletti, I.; Heck, R. F. J. Org. Chem. 1974, 39, 3318. (b) Schoenberg, A.; Heck, 
R. F. J. Org. Chem. 1974, 39, 3327. (c) Schoenberg, A.; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 7761. 
(d) Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115. 
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Scheme S2. The Heck carbonylation of aryl halides. 

 

(1) Heck-type carbonylation reactions usually occur at 80 oC or above. At such 

temperatures, aroyl azides are unstable, undergoing the Curtius rearrangement to 

isocyanates. 

(2) The desired aroyl azide product is highly reactive toward tertiary phosphines (the 

Staudinger reaction), and therefore can quickly and irreversibly deactivate the 

catalyst by sequestering the PR3 ligands stabilizing the Pd center (Scheme S3). 

(3) A key step in the catalytic loop governing the carbonylation reaction is migratory 

insertion of CO into the Pd-C bond of [(R3P)2Pd(Ar)(X)], the intermediate that is 

produced in the preceding step of Ar-X substrate oxidative addition to  

R3P-stabilized Pd(0). For X = I, Br, and Cl, this reaction usually occurs easily and 

cleanly at room temperature and atmospheric pressure.4d In sharp contrast, 

complexes of the type [(R3P)2Pd(Ph)N3] (R = Me, Et) do not undergo CO 

insertion into the Pd-Ph bond but are rather converted to [(R3P)2Pd(Ph)NCO] with 

concomitant release of N2 under similar conditions (r.t., 1 atm CO),5 as shown in 

Scheme S4.  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
5 Kim, Y.-J.; Kwak, Y.-S.; Lee, S.-W. J. Organomet. Chem. 2000, 603, 152. 
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Scheme S3. Staudinger reaction leading to Pd catalyst deactivation. 

	  

 

Scheme S4. -aryl palladium halides and azides toward CO . 

 

The key to success in the development of the aromatic azidocarbonylation  

(Scheme S1) was the finding of the highly efficient Xantphos-based system that 

catalyzes this reaction under exceedingly mild conditions (20-50 oC, 1 atm of CO).6 

After initial optimization2 the catalytic synthesis of aroyl azides was demonstrated for a 

broad variety of substrates with 2 mol % Pd. However, subsequent catalyst deactivation 

studies yielded a reliable process occurring efficiently in the presence of only 0.2 mol % 

of air-stable [(Xantphos)PdCl2] as added catalyst. The reaction has been demonstrated 

on a gram scale for a number of substrates bearing various functional groups on the 

aromatic ring (Table S1).3 The desired products can be isolated pure or used without 

isolation, i.e. in situ, for further transformations to primary benzamides, isocyanates, 

ureas, etc. (Scheme S5). 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 The Xantphos-based catalytic system is unique. In the presence of other ligands (PPh3, o-Tol3P, Cy3P,  
t-Bu3P, dppe, dppp, dppb, dppf, rac-BINAP, i-Pr-Xantphos, t-Bu-Xantphos, and DPEphos), PhCON3 was 
produced from PhI in only 0-6% yield under a variety of conditions. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



 Synopsis 
 

   11  

 

-

 

 

     

     

    
 

     

a Reaction conditions: ArI (10 mmol), NaN3 (12 mmol), [(Xantphos)PdCl2] 2Cl2 (0.02 mmol; 0.2 mol 
% Pd), K2CO3 (0.2 mmol; 2 mol %), in THF (0.5 mL) and water (2 mL) at 23 oC. b 2 mL THF. c 3 mL 
THF. 
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Considering the explosive properties and shock-sensitivity of certain (but not all) 

organic azides, a detailed safety study of the Pd-catalyzed azidocarbonylation reaction 

has been carried out. As a result of this evaluation, the reaction and its products have 

been found safe to perform and use on the laboratory scale. In accord with this 

conclusion, we have not had a single accident working on the azidocarbonylation 

project. It is worth to emphasize, however, that all azido derivatives should always be 

handled with care. 

Experimental and computational7 studies have identified two main reaction pathways 

for the process (Scheme S6), both involving Ar-I oxidative addition to Pd(0) as the rate-

determining step.  

 

 

-

-  

 

In the presence of CO in excess, ArI is activated by the less electron-rich Pd(0) 

bearing both Xantphos and CO (Scheme S6, Loop 1). Under CO-deficient conditions, a 

lower-energy pathway is followed (Scheme S6, Loop 2), involving Ar-I oxidative 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 The DFT computational studies were performed by Dr. C. L. McMullin and Prof. S. A. Macgregor 
(Heriot-Watt University, U.K.). 
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addition to more reactive, carbonyl-free (Xantphos)Pd(0). Mass transfer in the triphasic 

liquid-liquid-gas system employed for the reaction plays an important role in the 

competition between these two reaction channels, uniformly leading to a common aroyl 

azido intermediate A  that undergoes exceedingly facile ArCO-N3 reductive elimination. 

Both catalytic loops have been modeled stoichiometrically by the synthesis and full 

characterization, including by X-ray diffraction, of the intermediates involved: 

[(Xantphos)Pd(dba)], [(Xantphos)Pd(CO)2], [(Xantphos)Pd(COPh)I], and 

[(Xantphos)Pd(Ph)(N3)]. 

 

I I . Mechanistic Study of A ryl Halide Activation with Ruthenium (I I) 

Hydrido Complexes 

In 2011, an interesting Ph-X (X = Cl, Br, I) bond cleavage reaction with 

[(Ph3P)3Ru(H2)(H)2] (1) in the presence of styrene (Scheme S7) was found in our 

laboratories.8 

 

- -  

Such -

- 9

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 (a) Muñoz, B. K., 2011, unpublished results. (b) Miloserdov, F. M.; McKay, D.; Muñoz, B. K.; 
Samouei, H.; Macgregor, S. A.; Grushin, V. V., submitted for publication. 

9 (a) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94, 1047. (b) Grushin, V. V.; Alper, H. Top. Organomet. 
Chem. 1999, 3, 193. (c) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41, 4176. (d) Bedford, R. 
B.; Cazin, C. S. J.; Holder, D. Coord. Chem. Rev. 2004, 248, 2283. 
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10 (a) [(Ph3P)3Ru(H)2] is an elusive species that has been convincingly proposed as a highly reactive 
intermediate but never unambiguously characterized in the solid state or in solution.10b (b) Samouei, H.; 
Miloserdov, F. M.; Escudero-Adán, E. C.; Grushin, V. V. Organometallics 2014, 33, 7279 and references 
cited therein. 
11 Samouei, H., 2013, unpublished results. 
12 Espenson, J. H. Chemical Kinetics and Reaction Mechanisms, 2nd Ed.; McGraw-Hill: New York, 
1995. 
13 The DFT computational studies were performed by Dr. D. McKay and Prof. S. A. Macgregor (Heriot-
Watt University, U.K.). 
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14 (a) Singh, K. J.; Hoepker, A. C.; Collum, D. B. J. Am. Chem. Soc. 2008, 130, 18008. (b) Hoepker, A. 
C.; Gupta, L.; Ma, Y.; Faggin, M. F.; Collum, D. B. J. Am. Chem. Soc. 2011, 133, 7135. 
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I I I . A lcoholysis of F luoroform 

In  years, fluoroform (CHF3, HFC-23) has become a center of attention as a potent 

greenhouse gas with the second highest global warming potential of 11,700 (100 years) 

and a long, 264-year atmospheric lifetime. The continuous release of HFC-23 waste 

streams into the atmosphere should be stopped as otherwise it will likely lead to an 

ecological disaster.15 Therefore, the large quantities of the side-generated fluoroform 

should be destroyed or utilized.16 As fluoroform currently lacks industrial applications 

on a scale comparable with that of its production, the destruction of HFC-23 is the only 

viable solution to the problem.17 The available methods to eliminate large quantities of 

fluoroform, a flame retardant, are thermal oxidation, catalytic hydrolysis, and plasma 

destruction. All of these processes are costly and none of them is free from considerable 

drawbacks. Therefore, it is highly desirable to develop alternative utilization processes. 

We  studied reactions of fluoroform with simple bases, NaOH and KOH, as well 

as with alkali metal alkoxides in the corresponding alcohols under mild conditions. 

Surprisingly little has been previously reported on such reactions. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 Bomgardner, M. M. Chem. Eng. News 2013, 91, 6. 
16 Grushin, V. V. Chim. Oggi 2014, 32, 81. 
17 Han, W.; Li, Y; Tang, H; Liu, H J. F luorine Chem. 2012, 140, 7. 
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We  found18 that CHF3 readily reacts with NaOH or KOH under solvent-free 

conditions at 140 oC and initial pressure of 50 psi. The reaction produces the 

corresponding formate salt (55-65%) and fluoride as the main products along with small 

quantities (ca. 10%) of CO (Scheme S12). 

 

 

 

 

-

19

-

- -

 

 previously reported observations,20 fluoroform is sufficiently reactive toward 

MOR (M = Na, K) in ROH (R = Me, Et, i-Pr, t-Bu, and Allyl) to give the corresponding 

orthoformate esters in 55-90% yield, provided the reactions are carried out at 80-120 oC 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 Miloserdov, F. M.; Grushin, V. V. J. F luorine Chem. 2014, 167, 105. 
19 DeWolfe, R. H. Carboxylic Ortho Acid Derivatives; Preparation and Synthetic Applications (Organic 
Chemistry, a Series of Monographs, Vol. 14); Academic Press: New York, 1970. 
20 Hine, J; Dowell, A. M. Jr.; Singley, J. E. Jr. J. Am. Chem. Soc. 1956, 78, 479. 
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(Scheme S13). Particularly notable is the formation of HC(OBu-t)3 (75-80% yield), an 

exotic organic compound that has been previously synthesized only once and only in 

3% yield.21 The reaction of CHF3 with t-BuONa in t-BuOH has been successfully 

scaled up (0.1 mol) to furnish pure HC(OBu-t)3 in 62% isolated yield (4.8 g). The 

structure of this compound has been confirmed by single-crystal X-ray diffraction 

(Figure S4). 

 

 

 

 

 

-

 

 
 
 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 Hine, J; Dalsin, P. D.; Schreck, J. O. J. Org. Chem. 1969, 34, 3609. 
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Scheme 1. Pauling electronegativity1 values for C , H , and halogens (X).2 

 

Scheme 2. Examples of chemical transformations where a halocarbon reacts as an 

electrophile (1), an oxidant (2), and both an electrophile and an oxidant (3). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Pauling, L. J. Am. Chem. Soc. 1932, 54, 3570. 
2 Allred, A. L. J. Inorg. Nucl. Chem. 1961, 17, 215. 
3 Vollhardt, K. P. C.; Schore, N. E. Organic Chemistry: Structure and Function 6th Ed.; W. H. Freeman 
and Company: New York, 2011. 
4 Patai S., Ed. The Chemistry of Carbon-Halogen Bond; John Wiley & Sons: Bristol, 1973.  
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Scheme 3. Examples of SN2 (top) and SN1 (bottom) reactions. 
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5 (a) March, J. Advanced organic chemistry: reactions, mechanisms and structure, 4 th Ed.; John Wiley & 
Sons: New York, 1992. (b) Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry; Oxford 
University Press: New York, 2008. 
6 Walden, P. Ber. D tsch. Chem. Ges. 1896, 29, 133. 
7 (a) For instance, primary alkyl fluorides are ca. 104 times less reactive toward basic alcoholysis than 
their bromide counterparts.7b (b) Chapman, N. B.; Levy, J. L. J. Chem. Soc. 1952, 1673. 
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Scheme 4. Acid-autocatalyzed hydrolysis of alkyl fluorides. 
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8 Grossman, R.B. The Art of Writing Reasonable Organic Reaction Mechanisms, 2nd Ed.; Springer-
Verlag: New York, 2003. 
9 Bateman, L. C.; Church, M. G.; Hughes, E. D.; Ingold, C. K.; Taher, N. A. J. Chem. Soc. 1940, 979. 
10 (a) In general, alkyl fluorides are more stable and much less reactive toward nucleophiles than their 
heavier halogen analogues. For instance, hydrolysis of secondary and tertiary fluoroalkanes occurs only at 
120-160 oC.10b There are, however, some exceptions, such as the Friedel-Crafts alkylation with RX where 
the reverse order of reactivity is observed: X = F > Cl > Br > I, with alkyl fluorides being most 
reactive.10c (b) Chapman, N. B.; Levy, J. L. J. Chem. Soc. 1952, 1677. (c) Calloway, N. O. J. Am. Chem. 
Soc. 1937, 59, 1474. 
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11 Bartsch, R. A.; Bunnett, J. F. J. Am. Chem. Soc. 1968, 90, 408. 
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12 Chem. Rev. 2003, 103, 1099. 
13 Hine, J.; Dowell, A. M., Jr.; Singley, J. E., Jr. J. Am. Chem. Soc. 1956, 78, 479. 
14 (a) Alexander, E. R.; Herrick, A. B.; Roder, T. M. J. Am. Chem. Soc. 1950, 72, 2760. (b) Rees, C. W.; 
Smithen, C. E. J. Chem. Soc. 1964, 938. 
15 Wynberg, H. Chem. Rev. 1960, 60, 169. 
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16 DeWolfe, R. H. Carboxylic Ortho Acid Derivatives; Preparation and Synthetic Applications (Organic 
Chemistry, a Series of Monographs, Vol. 14); Academic Press: New York, 1970. 
17 Hine, J.; Dalsin, P. D.; Schreck, J. O. J. Org. Chem. 1969, 34, 3609. 
18 Miller, T. G.; Thanassi, J. W. J. Org. Chem. 1960, 25, 2009. 
19 Hine, J.; Duke, R. B.; Glod, E. F. J. Am. Chem. Soc. 1969, 91, 2317. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



General Introduction Activation of Inert Carbon-Halogen Bonds	  
 

  

   31  

 

-  

 
-

-

20 

-

-

-

- -

 

-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20

  
    

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



General Introduction Activation of Inert Carbon-Halogen Bonds	  
 

  

   32  

 

 

- -

21 -

-

-

 

 

 

 

 

-

-

22

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 (a) Miller, J. Aromatic Nucleophilic Substitution; Elsevier: London, 1968. (b) Terrier, F. Nucleophilic 
Aromatic Displacement: The Influence of the Nitro Group; VCH: New York, 1991. 
22 In some heterocyclic systems also ANRORC mechanism, involving ring opening, is operative. See, for 
example: Van der Plas, H. C. Acc. Chem. Res. 1978, 11, 462. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



General Introduction Activation of Inert Carbon-Halogen Bonds	  
 

  

   33  

- - 23

-

-

-

 

 

-

-

- 24

-

25

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
23 For original reports of structurally characterized Meisenheimer salts, see: (a) Ueda, H.; Sakabe, N.; 
Tanaka, J.; Furusaki, A. Nature 1967, 215, 956. (b) Ueda, H.; Sakabe, N.; Tanaka, J.; Furusaki, A. Bull. 
Chem. Soc. Jpn. 1968, 41, 2866. (c) Destro, R.; Gramaccioli, C. M.; Simonetta, M. Acta Cryst. 1968, 
B24, 1369. (d) Messmer, G. G.; Palenik, G. J. Acta Crystallogr. 1971, B27, 314. 
24 Wittig, G.; Pohmer, L. Angew. Chem. 1955, 67, 348. 
25	   Gilchrist, T.L. Arynes, In: The Chemistry of Functional Groups, Supplement C, pt. 1, Patai, S.; 
Rappoport, Z. Eds.; John Wiley & Sons: New York, 1983. 
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26 Medina, J. M.; Mackey, J. L.; Garg, N. K.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 15798. 
27 Bergstrom, F. W.; Wright, R. E.; Chandler, C.; Gilkey, W. A. J. Org. Chem. 1936, 1, 170.	  
28 Roberts, J.D.; Semenow, D.A.; Simmons, H.E., Jr,; Carlsmith, L.A. J. Am. Chem. Soc. 1956, 78, 601. 
29 (a) Bunnett, J. F. Acc. Chem. Res. 1978, 11, 413. (b) Rossi, R. A.; de Rossi, R. H. Aromatic Substitution 
by the SRN1 Mechanism; American Chemical Society: Washington, DC, 1983. 
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30 (a) Yusubov, M. S.; Maskaev, A. V.; Zhdankin, V. V. ARKIVOC 2011, 370. (b) Merritt, E. A.; 
Olofsson, B. Angew. Chem., Int. Ed. 2009, 48, 9052.  
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31 (a) Grushin, V. V. Acc. Chem. Res. 1992, 25, 529. (b) Grushin, V. V. Chem. Soc. Rev. 2000, 29, 315. 
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33 Seyferth, D. Organometallics 2006, 25, 2. 
34 Wu, T.-C.; Xiong, H.; Rieke, R. D. J. Org. Chem. 1990, 55, 5045. 
35 Zn is often considered as a main-block element. See, for example: Jensen, W. B. J. Chem. Educ. 2003, 
80, 953. 
36 Bailey, W. F.; Patricia. J. J. J. Organomet. Chem. 1988, 352, 1. 
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37 Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.; Vu, V. A. 
Angew. Chem. Int. Ed. 2003, 42, 4302. 
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38 Ullmann, F.; Bielecki, J. Ber. D tsch Chem. Ges. 1901, 34, 2174.	  
39 For selected reviews, see: (a) Ley, S. V.; Thomas, A. W. Angew. Chem. Int. Ed. 2003, 42, 5400. (b) 
Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337. (c) Monnier, F.; Taillefer, M. 
Angew. Chem. Int. Ed. 2009, 48, 6954.	  
40 (a) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94, 1047. (b) Grushin, V. V.; Alper, H. Top. 
Organomet. Chem. 1999, 3, 193. (c) Littke, A. F.; Fu, G. C. Angew. Chem. Int. Ed. 2002, 41, 4176.	  
41 Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 1119. 
42 Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518. 
43 Fitton, P.; Johnson, M. P.; McKeon, J. E. J. Chem. Soc., Chem. Commun. 1968, 6.	  
44 Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44, 581. 
45 Heck, R. F.; Nolley, J. P. Jr. J. Org. Chem. 1972, 37, 2320. 
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54 Chock, P. B.; Halpern, J. J. Am. Chem. Soc. 1966, 88, 3511. 
55 Evidence has been reported for SNAr oxidative addition of electron-deficient (activated) ArX to Ni(0). 
See: Foà, M.; Cassar, L. J. Chem. Soc., Dalton Trans. 1975, 2572. 
56 Tsou, T. T.; Kochi, J. K. J. Am. Chem. Soc. 1979, 101, 6319.	  
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Introduction 
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Scheme 1.1. Heck Pd-catalyzed carbonylation of aryl halides. 
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1 (a) Schoenberg, A.; Bartoletti, I.; Heck, R. F. J. Org. Chem. 1974, 39, 3318. (b) Schoenberg, A.; Heck, 
R. F. J. Org. Chem. 1974, 39, 3327. (c) Schoenberg, A.; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 7761. 
2 For recent reviews on Pd-catalyzed carbonylation reactions of aryl halides, see: (a) Fang, W.; Zhu, H.; 
Deng, Q.; Liu, S.; Liu, X.; Shen, Y.; Tu, T. Synthesis 2014, 46, 1689. (b) Wu, X.-F.; Neumann, H.; 
Beller, M. Chem. Rev. 2013, 113, 1. (c) Roy, S.; Roy, S.; Gribble, G. W. Tetrahedron 2012, 68, 9867. (d) 
Wu, X.-F.; Neumann, H.; Beller, M. Chem. Soc. Rev. 2011, 40, 4986. (e) Magano, J.; Dunetz, J. R. Chem. 
Rev. 2011, 111, 2177. (f) Grigg, R.; Mutton, S. P. Tetrahedron 2010, 66, 5515. (g) Brennführer, A.; 
Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2009, 48, 4114. (h) Barnard, C. F. J. Organometallics 
2008, 27, 5402.  
3 (a) Cassar, L.; Foà, M. J. Organomet. Chem. 1973, 51, 381. (b) Bumagin, N. A.; Nikitin, K. V.; 
Beletskaya, I. P. J. Organomet. Chem. 1988, 358, 563. (c) Grushin, V. V.; Alper, H. Organometallics 
1993, 12, 3846. (d) Grushin, V. V.; Alper, H. J. Am. Chem. Soc. 1995, 117, 4301. 
4 Tanaka, M. Bull. Chem. Soc. Jpn. 1981, 54, 637. 	  
5 Sakakura, T.; Chaisupakitsin, M.; Hayashi, T.; Tanaka, M. J. Organomet. Chem. 1987, 205. 
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Scheme 1.2. Common types of Pd-catalyzed aromatic carbonylation.2 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 (a) Okano, T.; Harada, N.; Kiji, J. Bull. Chem. Soc. Jpn. 1992, 65, 1741. (b) Ueda, T.; Konishi, H.; 
Manabe, K. Org. Lett. 2013, 15, 5370. 
7 Quesnel, J. S.; Arndtsen, B. A. J. Am. Chem. Soc. 2013, 135, 16841.	  
8 (a) It worth to note, that the first examples of Pd-catalyzed chloro8b and fluorocarbonylation8c reactions 

before the Heck reports.1 (b) 
Mador, I. L.; Scheben, J. A. U.S. Patent 3452090, 1969. (c) Prichard, W. W. U.S. Patent 3632633, 1972.  
9 (a) The use of benzoates for the synthesis of corresponding anhydrides was reported9b (b) Pri-Bar, I.; 
Alper, H. J. Org. Chem. 1989, 54, 36. 
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Scheme 1.3. Selected reactions of aroyl azides. 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 For general reviews, see: (a) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297. (b) Bräse, S.; 
Gil, C.; Knepper, K.; Zimmermann, V. Angew. Chem. Int. Ed. 2005, 44, 5188. (c) Bräse, S.; Banert, K. 
Organic Azides: Syntheses and Applications; John Wiley & Sons: Chichester, 2010. 
11 For a recent review of the Staudinger reaction, see: Iula, D. M., In: Name Reactions for Functional 
Group Transformations; Li, J. J.; Corey, E. J., Eds. John Wiley & Sons: Hoboken, N. J., 2007, 129. 
12 Frøyen, P. Phosphorus, Sulfur Silicon Relat. Elem. 1993, 78, 161. 
13 (a) Cano, I.; Álvarez, E.; Nicasio, M. C.; Pérez, P. J. J. Am. Chem. Soc. 2011, 133, 191. (b) Haldón, E.; 
Besora, M.; Cano, I.; Cambeiro X. C.; Pericàs M. A., Maseras, F.; Nicasio, M. C.; Pérez, P. J. Chem. Eur. 
J. 2014, 20, 3463. 
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14 Curtius, Th. Chem. Ber. 1890, 23, 3023. 
15 Hendricks, S. B.; Pauling, L. J. Am. Chem. 1925, 47, 2904.  
16 Brockway, L. O.; Pauling, L. Proc. Nat. Acad. Sci. 1933, 19, 860.	  
17 Powell, G. J. Am. Chem. Soc. 1929, 51, 2436. 
18 (a) Weinstock, J. J. Org. Chem. 1961, 26, 3511. (b) Song, X.-J.; Tan, X.-H.; Wang, Y.-G. Phosphorus 
Sulfur Silicon Relat. Elem. 2007, 182, 1907. (c) Bandgar, B. P.; Pandit, S. S. Tetrahedron Lett. 2002, 43, 
3413. 
19 Katritzky, A. R.; Widyan, K.; Kirichenko, K. J. Org. Chem. 2007, 72, 5802. 
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Scheme 1.4. Conventional syntheses of aroyl azides. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 (a) Frøyen, P. Phosphorus Sulfur Silicon Relat. Elem. 1994, 89, 57. (b) Kim, J.-G.; Jang, D. O. Synlett 
2008, 13, 2072. (c) Sridhar, R.; Perumal, P. T. Synth. Commun. 2003, 33, 607. (d) Narendra, B. N.; 
Lamani, R. S.; Sureshbabu, V. V. Tetrahedron Lett. 2010, 51, 3002. (e) Gumaste, V. K.; Bhawal, B. M.; 
Deshmukh, A. R. A. S. Tetrahedron Lett. 2002, 43, 1345. (f) El-Faham, A.; Abdul-Ghani, M. Org. Prep. 
Proced. Int. 2003, 35, 369. (g) Tale, R. H.; Patil, K. M. Tetrahedron Lett. 2002, 43, 9715. 
21 (a) Shioiri, T.; Ninomiya, K.; Yamada, Sh.-i. J. Am. Chem. Soc. 1972, 94, 6203. (b) Bolshan, Yu.; 
Tomaszewski, M. J.; Santhakumar, V. Tetrahedron Lett. 2007, 48, 4925. (c) Lago, J. M.; Arrieta, A.; 
Palomo, C. Synth. Commun. 1983, 13, 289.  
22 Kitamura, M.; Tashiro, N.; Takamoto, Yu.; Tatsuo, O. Chem. Lett. 2010, 39, 732. 
23 (a) Lee, J. G.; Kwak, K. H. Tetrahedron Lett. 1992, 33, 3165. (b) Elmorsy, S. S. Tetrahedron Lett. 
1995, 36, 1341. (c) Chen, D.-J.; Chen, Z.-C. Tetrahedron Lett. 2000, 41,7361. (d) Bose, D. S.; Reddy, A. 
V. N. Tetrahedron Lett. 2003, 44, 3543. (e) Arote, N. D.; Akamanchi, K. G. Tetrahedron Lett. 2007, 48, 
5661. (f) Sarkar, S. D.; Studer, A. Org. Lett. 2010, 12, 1992. 
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Objectives	  
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Scheme 1.5. General equation for Pd-catalyzed azidocarbonylation. 
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24 (a) Fitton, P.; McKeon, J. E. Chem. Commun. 1968, 4. (b) Fitton, P.; Johnson, M. P.; McKeon, J. E. 
Chem. Commun. 1968, 6. (c) Fitton, P.; Rick, E. A. J. Organomet. Chem. 1971, 28, 287. 
25 Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115. 
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26 The DFT computational studies were performed by Dr. C. L. McMullin and Prof. S. A. Macgregor 
(Heriot-Watt University, U.K.).	  
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Scheme 1.6. -aryl palladium halides and azides toward CO . 

 

 

Scheme 1.7. The Curtius rearrangement of benzoyl azides. 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
27 Kim, Y.-J.; Kwak, Y.-S.; Lee, S.-W. J. Organomet. Chem. 2000, 603, 152. 
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Scheme 1.8. Staudinger reaction leading to Pd catalyst deactivation. 
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Scheme 1.9. Pd-catalyzed reaction of vinylic halides with N3
-. 

 

 

 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
28 For Pd-catalyzed azidation of alkenyl bromides to 1H-1,2,3-triazoles, see: Barluenga, J.; Valdés, C.; 
Beltrán, G.; Escribano, M.; Aznar, F. Angew. Chem. Int. Ed. 2006, 45, 6893.  
29 For selected examples of the facile formation of various organopalladium azido complexes from the 
corresponding Pd(II) halides and NaN3, see: (a) Kim, Y.-J.; Choi, J.-C.; Park, K.-H. Bull. Korean Chem. 
Soc. 1994, 15, 690. (b) Kim, Y.-J.; Kim, D.-H.; Song, S.-W.; Son, T.-i. Bull. Korean Chem. Soc. 1998, 
19, 125. (c) Kim, Y.-J.; Chang, X.; Han, J.-T.; Lim, M. S.; Lee, S. W. Dalton Trans. 2004, 3699. (d) Lee, 
K.-E.; Jeon, H.-T.; Han, S.-Y.; Ham, J.; Kim, Y.-J.; Lee, S. W. Dalton Trans. 2009, 6578. 
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 Conditions screening for Pd-catalyzed azidation of  

  

Catalyst (5 mol %)30 Solvent, Temperature Result 

P(t-Bu)3, Pd2(dba)5 (1:1) THF, 50 oC <<1% PhN3 

P(t-Bu)3, Pd2(dba)5 (1:1) THF/CH3CN (1:4) 50 oC <<1% PhN3 

P(t-Bu)3, Pd2(dba)5 (1:1) 6 6/H2O (1:1), 80 oC  

P(t-Bu)3, Pd2(dba)5 (2:1) Xylene, 130 oC <<1% PhN3 

P(t-Bu)3, Pd2(dba)5 (1:1) t-BuOH, 70 oC <<1% PhN3 

IPrPd(allyl)Cl, NaOt-Bu (1:1) THF, 50o C  

IPrPd(allyl)Cl, NaOt-Bu (1:1) DMF, 80o C  

Xantphos, Pd2(dba)5 THF, 50o C  

 

 

Scheme 1.10. Proposed mechanism for Pd-catalyzed azidation of aryl halides. 

 

- -

-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
30 (a) The empirical composition Pd2(dba)5 was derived from the elemental analysis data.30b (b) Ushkov, 
A. V.; Grushin, V. V. J. Am. Chem. Soc. 2011, 133, 10999. 
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Scheme 1.11. (i) Staudinger reaction between phenyl azide and triphenylphosphine and  

(ii) Pd-catalyzed formation of iminophosphoranes from aryl halides. 
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31 Albright, T. A.; Freeman, W. J.; Schweizer, E. E. J. Org. Chem. 1976, 41, 2716. 
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32 Klingensmith, L. M.; Strieter, E. R.; Barder, T. E.; Buchwald, S. L. Organometallics 2006, 25, 82. 
33 For selected reviews on Xantphos and related ligands, see: (a) Kamer, P. C. J.; Van Leeuwen, P. W. N. 
M.; Reek, J. N. H. Acc. Chem. Res. 2001, 34, 895. (b) Freixa, Z.; Van Leeuwen, P. W. N. M. Dalton 
Trans. 2003, 1890. (c) Freixa, Z.; Van Leeuwen, P. W. N. M. Coord. Chem. Rev. 2008, 252, 1755. (d) 
Van Leeuwen, P. W. N. M.; Freixa, Z. In: Modern Carbonylation Methods; Kollar, L., Ed.; Wiley-VCH: 
Weinheim, 2008, 1. 
34 For efficient catalysis of other carbonylation reactions with Xantphos/Pd, see: (a) Lou, R.; VanAlstine, 
M; Sun, X.; Wentland, M. P. Tetahedron Lett. 2003, 44, 2477. (b) Martinelli, J. R.; Watson, D. A.; 
Freckmann, D. M. M.; Barder, T. E.; Buchwald, S. L. J. Org. Chem. 2008, 73, 7102. (c) Ueda, T.; 
Konishi, H.; Manabe, K. Org. Lett. 2013, 15, 5370. (d) Korsagen, S.; Nielsen, D. U.; Taaning, R. H.; 
Skrydstrup, T. Angew. Chem. Int. Ed. 2013, 52, 9763. (e) Schranck, J; Burhardt, M.; Bornschein, C.; 
Neumann, H.; Skrydstrup, T.; Beller, M. Chem. - Eur. J. 2014, 20, 9534. (f) Neumann, K. T.; Laursen, S. 
R.; Lindhardt, A. T.; Bang-Andersen, B.; Skrydstrup, T. Org. Lett. 2014, 16, 2216. (g) Masuda, Y.; 
Ishida, N.; Murakami, M. Chem.  Asian J. 2015, 10, 321. 
35 Erhardt, S; Grushin, V. V; Kilpatrick, A. H.; Macgregor, S. A.; Marshall, W. J.; Roe, D. C. J. Am. 
Chem. Soc. 2008, 130, 4828. 
36 The promoting effect of reducing agents was later rationalized and successfully used in the design of 
the more efficient catalytic system (see below). 
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a Reaction conditions: iodobenzene (1 mmol), NaN3 (2 mmol), [Pd] (l mol %), ligand (m mol %) and 
additive (n mol %) in THF (5 mL). b Determined by GC-MS. c After 24 h at r.t. Zn additive added and 
temperature increased to 50 oC. 
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entry solvent (mL) 
additive 
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time, h conversion, %b yield, %b,c 
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a Reaction conditions: 4-fluoroiodobenzene (1 mmol), NaN3 (1.2 mmol), Pd2dba5
30 (2 mol %), and 

Xantphos (2 mol %) at 23 oC. b Determined by 19F NMR. c Main side-product: 4-fluorobenzamide.  
d Pd(OAc)2 (2 mol %) was used in place of Pd2dba5. e At 50 °C. f 1 mol % Pd and 1 mol % Xantphos. 
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37 (a) Shen, Q.; Ogata, T.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 6586. (b) Fors, B. P.; Davis, N. R.; 
Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 5766. 
38 It was established in a separate experiment that NaN3 in excess does not deactivate the catalyst. 
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39 Saikachi, H.; Kitagawa, T.; Nasu, A.; Sasaki, H. Chem. Pharm. Bull. 1981, 29, 237. 
40	  (a) Bertani, R.; Berton, A.; Di Bianca, F.; Crociani, B. J. Organomet. Chem. 1986, 303, 283. (b) Isobe, 
K.; Nanjo, K.; Nakamura, Y.; Kawaguchi, S. Bull. Chem. Soc. Jpn. 1986, 59, 2141. 
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a Reaction conditions: ArI (1 mmol), NaN3 (1.2 mmol), Pd2(dba)5
30 (0.01 mmol; 2 mol % Pd), Xantphos 

(2 mol %) in THF (2 mL), hexane (1 mL), and water (3 mL). b 50 oC (oil bath). c Isolated product 
contained ca. 2% of PhCON3 as a result of P-Ar/Pd-Ar  exchange. d Isolated product contained dba. e With 
1 mmol of 1,4-diiodobenzene (1m) and double amounts of all reagents and solvents. 
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41 Yukawa, Y.; Tsuno, Y. J. Am. Chem. Soc. 1958, 80, 6346. 
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42 Ulrich, H. Chemistry and Technology of Isocyanates; John Wiley & Sons: Chichester, 1997. 
43 Tkatchenko, I.; Jaouhari, R.; Bonnet, M.; Dawkins, G.; Lecolier, S. U.S. Patent 4749806, 1987 
44	   (a) Vinogradova, E.V.; Fors, B. P.; Buchwald, S. L. J. Am. Chem. Soc. 2012, 134, 11132. (b) 
Vinogradova, E. V.; Park, N. H.; Fors, B. P.; Buchwald, S. L. Org. Lett. 2013, 15, 1394	  
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45 Under identical conditions (10 mmol PhI in 0.5 mL of THF) with 7 (0.2 mol %) as added catalyst at 
room temperature, the reaction stopped after 2 h at ca. 20% conversion. 
46 Grushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 12644. 
47 Bakhmutov, V. I.; Bozoglian, F.; Gómez, K.; González, G.; Grushin, V. V.; Macgregor, S. A.; Martin, 
E.; Miloserdov, F. M.; Novikov, M. A.; Panetier, J. A.; Romashov, L. V. Organometallics 2012, 31, 
1315. 
48 See, for example: (a) Redfield, D. A.; Nelson, J. H. Inorg. Chem. 1973, 12, 15. (b) Anderson, G. K.; 
Cross, R. J. Chem. Soc. Rev. 1980, 9, 185. 
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49 Grushin, V. V. Chem. Rev. 2004, 104, 1629. 
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a Reaction conditions: ArI (10 mmol), NaN3 (12 mmol), [(Xantphos)PdCl2 2Cl2 (8; 0.02 mmol; 0.2 
mol % Pd), K2CO3 (0.2 mmol; 2 mol %), in THF (0.5 mL) and water (2 mL) at 23 oC. b 2 mL THF. c 3 
mL THF. 
 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
50 In the presence of larger quantities of PMHS (2 equiv) at 50 oC, the aroyl azide product undergoes 
reduction to the corresponding benzamide (see above). 
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51 Ozawa, F.; Soyama, H.; Yanagihara, H.; Aoyama, I.; Takino, H.; Izawa, K.; Yamamoto, T.; 
Yamamoto, A. J. Am. Chem. Soc. 1985, 107, 3235. 
52 (a) Mägerlein, W.; Beller, M.; Indolese, A. F. J. Mol. Catal. A: Chem. 2000, 156, 213. (b) Gaviño, R.; 
Pellegrini, S.; Castanet, Y.; Mortreux, A.; Mentré, O. Appl. Catal., A 2001, 217, 91. 
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53 See footnote 77 in: Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004. 
54 González-Bobes, F.; Kopp, N.; Li, L.; Deerberg, J.; Sharma, P.; Leung, S.; Davies, M.; Bush, J.; 
Hamm, J.; Hrytsak, M. Org. Process Res. Dev. 2012, 16, 2051 and references cited therein. 
55 (a) Beck, W.; Fehlhammer, W. P.; Pöllmann, P.; Schuierer, E.; Feldl, K. Chem. Ber. 1967, 100, 2335. 
(b) Beck, W.; Klapötke, T. M.; Knizek, J.; Nöth, H.; Schütt, T. Eur. J. Inorg. Chem. 1999, 523. 
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56 Reported mechanistic information on oxidative addition of organic halides to mixed phosphino 
carbonyl Pd(0) species is extremely limited. For selected examples, see: (a) Kudo, K.; Sato, M.; Hidai, 
M.; Uchida, Y. Bull. Chem. Soc. Jpn. 1973, 46, 2820. (b) Stille, J. K.; Lau, K. S. Y. J. Am. Chem. Soc. 
1976, 98, 5841. (c) Lau, K. S. Y.; Wong, P. K.; Stille, J. K. J. Am. Chem. Soc. 1976, 98, 5832. 
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57 Braterman, P. S. Metal Carbonyl Spectra; Academic Press: London, 1975. 
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58 Acta Chem. Scand. 1952, 6, 623. 
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59	  X-ray quality crystals of tetrabutylammonium azide formed from its benzene solution on standing. One 
of them was used for crystal structure determination of [Bu4N]+N3

- (See the Experimental Section for 
details). 
60 Fujita, K.; Yamashita, M.; Puschmann, F.; Alvarez-Falcon, M. M.; Incarvito, C. D.; Hartwig, J. F. J. 
Am. Chem. Soc. 2006, 128, 9044. 
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61 (a) Grushin, V. V. Angew. Chem. Int. Ed. 1998, 37, 994. (b) Flemming, J. P.; Pilon, M. C.; 
Borbulevitch, O. Ya.; Antipin, M. Yu.; Grushin, V. V. Inorg. Chim. Acta 1998, 280, 87. 
62 Coyle, R. J.; Slovokhotov, Yu. L.; Antipin, M. Yu.; Grushin, V. V. Polyhedron 1998, 17, 3059. 
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Computational Studies.26 The density functional theory (DFT) calculations have 

been employed to assess the different mechanistic possibilities outlined in  

Scheme 1.20.63  

We initially considered the different species that may be involved in the initial Ph-I 

oxidative addition step under conditions of excess CO (i.e. loop A  vs. loop B; Scheme 

1.20). The most stable Pd(0) precursor under these circumstances is 

[(Xantphos)Pd(CO)2] (12; G = 0.0 kcal/mol), and successive CO dissociations from this 

species lead to trigonal-planar [(Xantphos)Pd(CO)] (G = +12.2 kcal/mol) and 

[(Xantphos)Pd] (G = +38.1 kcal/mol; see Figure 1.11). PhI can add to the latter to give 

an 2-adduct bound through the Cipso-Cortho bond (I1; G = +26.7 kcal/mol) which is the 

direct precursor to C-I cleavage. This proceeds with a small additional barrier of  

4.7 kcal/mol through a pseudo-tetrahedral transition state (TSO A1; see Figure 1.12) 

which leads initially to I3 (G = +11.2 kcal/mol), an isomer of 10 featuring a square-

pyramidal geometry with a weakly bound axial iodide and a 3-P,O,P Xantphos 

ligand.64 Elongation of the Pd-O bond leads to trans-10 (G = +4.2 kcal/mol) with a 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
63 For additional computational details, see the original publication: Miloserdov, F. M.; McMullin, C. L.; 
Martínez Belmonte, M.; Benet Buchholz, J.; Bakhmutov, V. I.; Macgregor, S. A.; Grushin, V. V. 
Organometallics, 2014, 33, 736. 
64 For previous computational studies of Ph-X activation (X = Cl, Br) at [Pd(Xantphos)], see: Hicks, J. D.; 
Hyde, A. M.; Cuezva, A. M.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 16720. Structure 2a reported 
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minimal barrier of 1.7 kcal/mol. Alternatively, Ph-I cleavage may occur at 

[(Xantphos)Pd(CO)]. In this case no 2-adduct could be located, possibly due to 

increased steric encumbrance around the Pd center; instead the most stable precursor 

located is a non-covalently bound adduct in which PhI lies above the metal coordination 

plane with the iodine directed toward the Pd centre (I2; Pd I = 3.06 Å; G = +8.8 

kcal/mol). From here Ph-I bond cleavage occurs via TSO A2 (G = +23.5 kcal/mol) which 

displays a distorted trigonal-bipyramidal geometry with CO and I in the axial sites  

(see Figure 1.12). TSO A2 also features significant elongation of the Pd-P2 distance  

(by ca. 0.14 Å cf. I2) and IRC calculations show this bond breaks completely in 

forming intermediate I4(I) (Pd P2 = 3.66 Å; G = +6.5 kcal/mol). I4(I) displays 

square-planar coordination geometry around Pd with CO again trans to I, this being 

favored (as in TSO A2) due to the trans arrangement of -acceptor and -donor ligands. 

Figure 1.11 shows that Ph-I bond activation is most accessible via [(Xantphos)Pd(CO)] 

and proceeds with an overall barrier of 23.5 kcal/mol to form 

[(Xantphos)Pd(CO)(I)(Ph)] directly, i.e. suggesting that loop B will be in operation 

(Scheme 1.20). 

-

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
in that work is related to I3 located here, although in that case no Pd-O interaction was apparent and a 
different orientation of the Ph ligand was seen.  
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65 Alternative isomers of I4(I) are possible, e.g. with CO trans to phosphine and Ph trans to I. However, 
migratory insertion has been shown to be facilitated when the transferring group (here Ph) is trans to a 
highest trans influence co-ligand, i.e. as in I4(I), in which Ph is trans to phosphine. For a related example, 
see: Macgregor, S. A.; Neave, G. W. Organometallics, 2004, 23, 891. 
66 We26 have not attempted to locate transition states for I-/N3

- exchange, but have assumed this readily 
occurs under the reaction conditions, as was shown to be the case experimentally for the conversion of 10 
to 14. 
67 We26 also attempted to locate a pathway for C-N bond formation via the direct nucleophilic attack of 
free azide at the benzoyl ligand in 15. Several linear transits were run to probe this possibility, with 
optimizations being run with the water solvent being included in the SCF procedure in order to treat the 
free anionic nucleophile. However, in all cases the approach of azide led to facile formation of a Pd-N3 
bond (with displacement of iodide or one arm of the Xantphos ligand) prior to C-N bond formation. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 

   87  

-

-

-  

 

 

-  

 

 
 

 

	   	  

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 

   88  

-

-

-

-

 

- -

-

- -

-

 

 

- -

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 

   89  

-

-

 

-

-

-

68

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
68 As described above, upon addition of 1 equiv of [Bu4N]N3 to [(Xantphos)Pd(Ph)(I)] (10) in benzene 
[(Xantphos)Pd(Ph)(N3)] (14) is formed quantitatively (31P NMR). This translates into 14:10 > 100, 
considering the sensitivity of the method (ca. 1%). 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 

   90  

-

-

69 

-

-

-

-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
69 Huser, M.; Youinou, M.-T.; Osborn, J. A. Angew. Chem., Int. Ed. Engl. 1989, 28, 1386. 
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70 Yan, T.; Chen, J.; Wu, S.; Mao, Z.; Liu, Z. Org. Lett. 2014, 16, 3296. 
71 For a general review of 11C-labeling, see: Antoni, G.; Kihlberg, T.; Långström, B. In: Handbook of 
Nuclear Chemistry, 2nd Ed., Vol. 4; Vértes, A.; Nagy, S.; Klencsár, Z.; Lovas, R. G.; Rösch, F., Eds.; 
Springer: Dordrecht, 2011, p. 1977. 
72 For recent examples of Pd-catalyzed carbonylation reactions with 11CO, see: (a) Kealey, S.; Plisson, C.; 
Collier, T. L.; Long, N. J.; Husbands, S. M.; Martarello, L.; Gee, A. D. Org. Biomol. Chem. 2011, 9, 
3313. (b) Eriksson, J.; van den Hoek, J.; Windhorst, A. D. J. Labelled Compd. Radiopharm. 2012, 55, 
223. (c) Takashima-Hirano, M.; Ishii, H.; Suzuki, M. ACS Med. Chem. Lett. 2012, 3, 804. (d) Dahl, K.; 
Schou, M.; Amini, N.; Halldin, C. Eur. J. Org. Chem. 2013, 1228. 
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73 Asensio, G.; Cuenca, A. B.; Esteruelas, M. A.; Medio-Simón, M.; Oliván, M.; Valencia, M. Inorg. 
Chem. 2010, 49, 8665. 
74 Grushin, V. V. Organometallics 2000, 19, 1888. 
75 Johns, A. M.; Utsunomiya, M.; Incarvito, C. D.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128, 1828.	  
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76 Yasuhide, Y.; Yuho, T. J. Am. Chem. Soc. 1957, 79, 5530. 
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79 Shingaki, T. Nippon Kagaku Zasshi 1959, 80, 55. 
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80 Katritzky, A. R.; Rogers, J. W.; Witek, R. M.; Vakulenko, A. V.; Mohapatra, P. P.; Steel, P. J.; 
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22 (a) Unlike well-known [(Ph3P)3RuCl2], its iodo counterpart [(Ph3P)3RuI2] has never been adequately 
characterized22b and is expected21 to be unstable, easily losing PPh3 and dimerizing to 7. In a separate 
experiment, it was shown that pregenerated 7 reacts with 3 only slowly, evidently because this reaction 
requires the formation of 8 via cleavage of the Ru-I bridge. (b) Champness, N. R.; Levason, W.; Preece, 
S. R.; Webster, M.; Frampton, C. S. Inorg. Chim. Acta 1996, 244, 65. 
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23 For the equilibrium between 3 and 6 shifted toward 3. 
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24 The value of k1 = 1.24 × 10-5 min-1 is applied when the equilibrium between 3 and 6 is largely shifted 
toward 3. When the quantity of 6 is significant, the observable k1 value (k1
the equilibrium (see Experimental Section for details). For the conditions of the kinetic experiment 
(Figure 2.9), k1

-6 min-1, even closer to the k2 (6.8 × 10-6 min-1) than k1.	  
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25 Stephenson, T. A.; Wilkinson, G. J. Inorg. Nuclear Chem. 1966, 28, 945. 
26 MacFarlane, K. S.; Joshi, A. M.; Rettig, S. J.; James, B. R. Inorg. Chem. 1996, 35, 7304.	  
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27 A crude estimation provided a k2 value ca. 1 ×  10-7 min-1, assuming pseudo-first order conditions 
([PPh3] = 0.0045 M and [PhCl] = 8.22 M) and 1/2 = 3500 min. 
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28 Miloserdov, F. M.; McMullin, C. L.; Belmonte, M. M.; Benet-Buchholz, J.; Bakhmutov, V. I.; 
Macgregor, S. A.; Grushin, V. V. Organometallics 2014, 33, 736. 
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29 For 2-H2 complexes such as Int1 we tested for alternative dihydride, formally Ru(IV) isomers but 
these could not be located as either a singlet or a high spin triplet form. 
30 (a) Panetier, J. A.; Macgregor, S. A.; Whittlesey, M. K. Angew. Chem., Int. Ed. 2011, 50, 2783. (b) 
Macgregor, S. A.; McKay, D.; Panetier, J. A.; Whittlesey, M. K. Dalton Trans. 2013, 42, 7386. (c) 
McKay, D.; Riddlestone, I. M.; Macgregor, S. A.; Mahon, M. F.; Whittlesey, M. K. ACS Catal. 2015, 5, 
776.	  
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31 As TS(Int2 Int3) involves iodide dissociation we also optimised this species in benzene solvent, but 
found neither the geometry nor the relative energy (G = +26.3 kcal/mol) to be significantly affected. 
32 An alternative onward pathway involving deprotonation of the 2-H2 ligand in Int3 by iodide was also 
assessed but the transition state for this step lies 4.4 kcal/mol above TS(Int4 I-2). 
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33 Alternative pathways based on direct hydride attack (in either Int5 or Int6) or via nucleophilic 
displacement by Ru (in Int6) could not be characterized, with optimizations failing or converging on 
TS(Int6 Int7) instead. 
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34 Location of TS(6-5) (for X = Br and Cl) and of TS(5-Int2) (for X = Cl) proved problematic, however 
linear transits clearly showed these structures were more accessible than the relevant C-X bond cleavage 
transition state TS(Int2-Int3). In addition for X = Cl, Ph-Cl cleavage via TS(Int2-Int3) leads to 
deprotonation of the H2 adduct Int3 by Cl-. Facile product formation then occurs via protonolysis of the 
Ru-Ph bond by HCl. 
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35 (a) Algarra, A. G.; Cross, W. B.; Davies, D. L.; Khamker, Q.; Macgregor, S. A.; McMullin, C. L.; 
Singh, K. J. Org. Chem. 2014, 79, 1954. (b) McMullin, C. L.; Jover, J.; Harvey, J. N.; Fey, N. Dalton 
Trans. 2010, 39, 10833. 
36 For other examples highlighting the importance of dispersion corrections in phosphine dissociation 
energies see: (a) Ahlquist, M. S. G.; Norrby, P. O. Angew. Chem., Int. Ed. 2011, 50, 11794. (b) 
Minenkov, Y.; Occhipinti, G.; Jensen, V. R. J. Phys. Chem. A 2009, 113, 11833. (c) Ryde, U.; Mata, R. 
A.; Grimme, S. Dalton Trans. 2011, 40, 11176. (d) Sieffert, N.; Buehl, M. Inorg. Chem. 2009, 48, 4622. 
(e) Zhao, Y.; Truhlar, D. G. Org. Lett. 2007, 9, 1967.	  
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a Highest lying transition state corresponds to PhI addition to form a -bound precursor 
(Int2); in all other cases Ph-X cleavage is rate-limiting. b See footnote 27. 
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37 (a) Caulton, K. G. New J. Chem. 1994, 18, 25. (b) Poulton, J. T.; Sigalas, M. P.; Folting, K.; Streib, W. 
E.; Eisenstein, O.; Caulton, K. G. Inorg. Chem. 1994, 33, 1476. 
38 -

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 



Chapter 2 Mechanistic Study of Aryl Halide Activation  
 with Ruthenium (II) Hydrido Complexes

	  

   169  

-

-

 

-

- -

-

- -

 

-

- -

-

39

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
39 The similarity of the Ru C distances in TS(Int2-Int3) and TS(Int6-Int7) might be a sign of similarity of 
the C-X bond activation with 3 and 2. 
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40 Hallman, P. S.; Stephenson, T. A.; Wilkinson, G. Inorg. Synth. 1970, 12, 237. 
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Entry [(Ph3P)4Ru(H)2]0,  
M × 103 [PhI]0, M [PPh3]0,  

M × 102 
Initial rate,  

M/min × 107 
Amount of  

6, (%) 

1 8.33 1.49 8.33 9.11 3 

2 6.67 1.49 8.33 8.24 3 

3 5.00 1.49 8.33 6.15 3 

4 3.33 1.49 8.33 3.46 3 

5 8.33 1.12 8.33 7.55 2 

6 8.33 0.75 8.33 5.15 2 

7 8.33 0.37 8.33 2.15 1 

8 8.33 1.49 2.50 43.8 10 

9 8.33 1.49 3.17 32.5 8 
10 8.33 1.49 4.17 22.6 6 

11 8.33 1.49 5.83 13.6 4 

12 8.33 1.49 8.33 10.3 3 

13 8.33 1.49 10.0 9.65 3 

14 8.33 1.49 11.7 8.15 2 

15 8.33 1.49 13.3 4.90 2 

16 8.33 1.49 15.0 4.18 2 

17 8.33 1.49 16.7 3.85 2 
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Entry [(Ph3P)3Ru(H)I]0,  
M × 103 [PhI]0, M [PPh3]0,  

M × 102 
Initial rate,  

M/min × 107 

1 2.08 1.49 0.63 15.9 

2 2.08 1.49 1.33 8.27 

3 2.08 1.49 2.40 4.85 

4 2.08 1.49 4.17 3.07 

5 2.08 1.49 0.98 11.3 
6 2.08 1.49 1.69 6.86 

7 2.08 1.12 0.63 13.3 

8 2.08 0.75 0.63 7.49 

9 2.08 0.37 0.63 3.51 

10 1.67 1.49 0.63 14.3 

11 1.25 1.49 0.63 8.90 

12 0.83 1.49 0.63 8.52 
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42 Abramenkov, A. V. Kinet, version 0.8; a program for the numerical modeling of complicated chemical 
reaction kinetics; Chemistry Department of Moscow State University, Division of Physical Chemistry: 
Moscow, Russia, 2012. 
43 Wachsstock, D. Tenua, version 2.0; the kinetics simulator for Java; 2005. 
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Compound Initial 
concentration, M 

 Rate 
constant Value Significant k and  

values 

A 4.2 -   1 1.9  Keq(1) = 1/ -1 =  
= 1.9 × 10-3 
 = 3.7 kcal/mol 

B 1.49  -1	   1  

C 1 -   2	   6.5 -  

D 1 -   3	   1  k1 = 2× 1/ -1 = 

= 1.24 × 10-5 min-1 
= 26.6 kcal/mol 

E 0  -3	   1  

F 0  	   6.8 -  

G 0  5	   1  k2 = 4× 3/ -3 = 
= 6.8 × 10-6 min-1 

 = 26.9 kcal/mol 
H 0  6	   5 -  

   7	   1  

   -7	   1   

 

 

-

-  

-

-
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Compound Initial 
concentration, M 

 Rate 
constant Value Significant values 

A 3.18 -   1 1  
k1 = 2× 1/ -1 = 

= 4.3 × 10-6 min-1 
 = 29.5 kcal/mol 

B 1.59  -1	   1  

C 0  2	   4.3 -  

D 7.1 -   3	   1  

E 0  -3	   1  
k2 = 4× 3/ -3 = 

= 3.2 × 10-6 min-1 
 = 29.7 kcal/mol 

F 0  4	   3.2 -  

G 0  5	   1  

H 0  6	   2  

J 3.8 -   7	   1  
Keq(7) = 7/ -7 =  

= 5.9 × 10-3 
 = 3.3 kcal/mol 

L 1 -   -7	   1.7  

   8 1  

   -8 1  
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Time, min. 1, % 2-I, % 3, % PhCHCH2, % PhEt, % 

7 76 21 3 75 25 

15 42 54 4 38 62 

26 22 75 4 19 81 

33 18 78 4 17 83 

42 15 82 3 12 88 
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or 

- - - -  

 

This is Eq 2.3 on page 146. 
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F igure 3.1. The chemical equations for the reaction of CH F3 with KOH , exactly as they 

appear in the original articles by Meslans1 (1890; top) and Chabrié2 (1892; bottom). 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16 Hine, J.; Dowell, A. M., Jr.; Singley, J. E., Jr. J. Am. Chem. Soc. 1956, 78, 479. 
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a Reaction conditions: base (20 mmol), CHF3 (initial pressure 50 psi), 90-mL Fisher-Porter tube, 24 h. NMR yields (±5%) calculated using equations in Schemes 3.1-3.3 on 

the total amount of base used for the reaction (see the Experimental Section for details). b Without agitation. c Generated in situ by adding 0.8 g of NaH (60% suspension in 

mineral oil) to the specified amount of the corresponding alcohol. 
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a Signals overlapped with those from the residual allyl alcohol. b Although the 1H NMR signals could not 

be observed because of their low intensity and overlap with other resonances, the presence of these 

products was confirmed by 19F NMR and GC-MS. 
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