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A la meva família, als meus pares i germà. 

I a tu, la meva família escollida. 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Follow the problem. Not the subject. 

 

‘We are not students of some subject matter, but students of problems.  

And problems may cut right across the borders of any subject matter or discipline.’ 

Karl Popper, 1963 
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Polycyclic group optimization in 11β-HSD1 inhibitors and their pharmacological evaluation 
 

PROLOGUE 

The present PhD Thesis is presented as a compendium of publications and divided in 8 

chapters. In accordance with the current regulation, the following chapters include: an 

introduction to the topic and the framework of the research gathered in the following 

manuscripts (Chapter 1); a section with the listed objectives of the Thesis (Chapter 2); a 

descriptive and discussion section before each publication of its framework and 

unpublished results, arranged chronologically (Chapters 3-7); and finally a conclusions 

and closing section of the Thesis (Chapter 8). 

In Chapter 3, the manuscript “Ritter reaction-mediated syntheses of 2-oxaadamantan-

5-amine, a novel amantadine analog” (Leiva, R.; Gazzarrini, S.; Esplugas, R.; Moroni, A.; 

Naesens, L.; Sureda, F. X.; Vázquez, S. Tetrahedron Lett. 2015, 56, 1272-1275) is included 

and discussed. In the next Chapter 4, the manuscript “Novel 11β-HSD1 inhibitors: effects 

of the C-1 vs C2-substitution and of the introduction of an oxygen atom in the 

adamantane scaffold” (Leiva, R.; Seira, C.; McBride, A.; Binnie, M.; Luque, F. J.; Bidon-

Chanal, A.; Webster, S. P.; Vázquez, S. Bioorg. Med. Chem. Lett. 2015, 25, 4250-4253) is 

included and discussed. In Chapter 5, the manuscript “Design, synthesis and in vivo study 

of novel pyrrolidine-based 11β-HSD1 inhibitors for age-related cognitive dysfunction” 

(Leiva, R.; Griñan-Ferré, C.; Seira, C.; Valverde, E.; McBride, A.; Binnie, M.; Pérez, B.; 

Luque, F. J.; Pallàs, M.; Bidon-Chanal, A.; Webster, S. P.; Vázquez, S. Eur. J. Med. Chem. 

2017, 139, 412-428) is included and discussed. In Chapter 6, the manuscript “Exploring 

N-acyl-4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-enes as 11β-HSD1 inhibitors” (Leiva, R.; 

McBride, A.; Binnie, M.; Webster, S. P.; Vázquez, S. Bioorg. Med. Chem. (submitted)) is 

included and discussed. Finally, in Chapter 7, the draft manuscript “Rational design as 

an ally to discover novel N-acylpyrrolidine-based 11β-HSD1 inhibitors” (Leiva, R.; C.; 

Seira, C.; McBride, A.; Binnie, M.; Luque, F. J.; Bidon-Chanal, A.; Webster, S. P.; Vázquez, 

S.) is included and discussed. 

This report also includes a results dissemination section where the publications of the 

present Thesis appear together with others besides this research work that are 

outcomes from additional collaborative projects. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS DISSEMINATION 

The present PhD Thesis and additional collaborations had led to the publication of 

several scientific papers, patent applications and conference communications listed 

hereunder. 
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SUMMARY 

The present PhD Thesis evolves around the design, synthesis and pharmacological 

evaluation of novel 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) inhibitors. 

Given that the enzyme active site includes a hydrophobic pocket to accommodate bulky 

lipophilic scaffolds, the main objective was focused on the study of new 11β-HSD1 

inhibitors exploring different hydrophobic polycyclic substituents. 

11β-HSD1 catalyzes the cortisol regeneration from its inactive form cortisone in tissues 

mainly expressing glucocorticoid (GC) receptors, such as liver, adipose and brain. GCs 

are well known hormones that play a major role in our organism. It is well accepted that 

the GC concentration in peripheral tissues not only depends on the adrenal secretion 

but also on the intracellular metabolism in these tissues, namely by 11β-HSD1. During 

the last years, both academia and industry have made great efforts to develop 11β-HSD1 

inhibitors to target diseases such as type 2 diabetes and Alzheimer’s. The general 

structure of these molecules consists on a bulky lipophilic group –usually an adamantyl- 

linked by an amide core to a right-hand side (RHS) substituent. 

The first goal was the development of a new polycyclic amine, the 2-oxaadamantan-5-

amine, to add to our library of polycyclic substituents (Chapter 3). The target amine was 

envisioned to contain an oxygen atom in its hydrophobic skeleton to mimic the structure 

of some hydroxylated adamantyl derivatives in development. Its synthesis involved 

consecutive Criegee rearrangements on 2-methyl-2-adamantanol to deliver the 2-

oxaadamantane, which was then functionalized by C-H activation using phase-transfer 

catalysis. Finally, a Ritter reaction followed by deprotection with thiourea delivered the 

desired 2-oxaadamantan-5-amine. 

The second objective of the present thesis was the synthesis of a small series of 1- and 

2-adamantyl-based 11β-HSD1 inhibitors, as most of the 11β-HSD1 inhibitors evaluated 

are 2-adamantyl substituted derivatives and no comparison with their C-1 isomers was 

available. Moreover, considering that very few heteroadamantanes have been studied 

in 11β-HSD1 inhibitors, we also evaluated the introduction of the previously synthesized 

5-substituted 2-oxaadamantane (Chapter 4). 
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Focusing on the main goal, it is reported the exploration of other hydrophobic polycyclic 

substituents as replacement of adamantane with a design supported by molecular 

modeling studies in order to optimize the filling of the hydrophobic pocket in the binding 

site (Chapter 5). This work let us to a new family of potent 11β-HSD1 inhibitors featuring 

unexplored pyrrolidine-based polycyclic substituents. The in vitro biological profiling of 

the compounds permitted us to select a proper candidate for an in vivo study in a rodent 

model of cognitive dysfunction. The results supported the neuroprotective effect of 11β-

HSD1 inhibition in cognitive decline related to the aging process, since the treatment 

prevented memory deficits through a reduction of neuroinflammation and oxidative 

stress, and an increase of the abnormal proteins degradation in the brain. An additional 

in vivo study in a model of cognitive dysfunction and metabolic disease is currently 

ongoing to study how 11β-HSD1 inhibition can modulate these two linked disorders, as 

so-called type 3 diabetes. 

Finally, the focus was on the exploration of different substituents in the RHS of the 

molecule to further improve potency, selectivity and metabolic stability. The endeavour 

started integrating different aromatic, heteroaromatic, heterocycloalkyl and branched 

alkyl substituents generating diversity to build some structure-activity relationship (SAR) 

information (Chapter 6). From this work we obtained potent nanomolar inhibitors but 

still without the needed selectivity and stability properties. In light of these results, we 

started a rational design of new substitution patterns in order to establish additional 

interactions that would deliver more potent and selective inhibitors (Chapter 7). The 

pharmacological tests revealed some low nanomolar activities together with good 

metabolic stabilities, although selectivity over the isoenzyme 11β-HSD2 remains a 

challenge to be accomplished. 
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1.1 Glucocorticoid Physiology 

Glucocorticoids (GCs) are well known steroid hormones that play a vital role in all 

vertebrate animals. The etymology of the name glucocorticoid leaves no room for 

doubt since it is composed from its role in regulation of glucose metabolism, its 

synthesis in the adrenal cortex and its steroidal structure. 

Despite this etymological definition, the role of GCs is primarily to modulate and 

control the stress response which deals with challenging situations after the onset of a 

stressor. This response begins within seconds with the first wave releasing the 

catecholamines (epinephrine and norepinephrine) of the sympathetic nervous system 

(SNS), the hypothalamic corticotropin-releasing hormone (CRH) that triggers the 

secretion of the pituitary corticotropin (ACTH), the prolactin (PRL) and growth 

hormone (GH) in primates, and the pancreatic glucagon. In parallel, there is also a 

decrease in secretion of the hypothalamic gonadotropin-releasing hormone (GnRH) 

with the subsequent decreased release of the pituitary gonadotropins. A massive 

secretion of arginine vasopressin (AVP) from the pituitary and renin from the kidney 

are also present in case of haemorrhage. The second wave involves the steroid 

hormones, being stimulated the GC secretion and supressed the gonadal steroid 

secretion. Since the majority of steroid actions are genomic, its actions are 

accomplished over a longer timeframe in the minutes to hours following the stressor.1 

The abovementioned hormone changes bring about the major physiological changes of 

the stress response. On the scale of seconds to a few minutes, these include:  

1) mobilization of energy stores from adipose and liver, inhibition of subsequent 

energy storage, and gluconeogenesis;  

2) enhanced substrate delivery to muscle via increased cardiovascular tone;  

3) stimulation of immune function;  

4) inhibition of reproductive physiology and behavior;  

5) decreased feeding and appetite;  

                                                           
1 Sapolsky, R.M.; Romero, L.M.; Munck, A.U. Endocr. Rev. 2000, 21, 55–89. 
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6) sharpened cognition and increased cerebral perfusion rates and local cerebral 

glucose utilization. 

In case of haemorrhage, responses also include water retention through both renal 

and vascular mechanisms.1 

 

Figure 1. Schematic overview of the typical endocrine stress response. A) The time course of 

changes in hormone-secretory patterns in response to a stressor. B) The lag time until target 

tissue effects begin as a result of a stressor.1 

 

1.1.1 GC actions 

GCs have two classes of actions depending on the nature of the stressor. Modulating 

actions are those which alter the response to a stressor, whereas preparative actions 

alter the organism’s response to a subsequent stressor or contribute to a chronic 

stressor. Not only stimulants and perceived threats stress our body, but also toxin and 

drug exposure, infections, poor nutrition, sleep deprivation and fake sugars. 

Modulating GC actions can be classified in three groups: permissive, suppressive and 

stimulating. Permissive actions are due to GC basal levels present before the stressor, 

therefore previous to the stress response, and emerge during its initial phase. 

Stimulating and suppressive actions are imputable to the stress-induced rise in GC 

concentrations, so have a delay with reference to the onset of the stressor. Stimulating 

actions enhance the effects of the first wave of faster hormones, while suppressive 

ones prevent the response to be overshoot. 
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With this classification in hand and accepting the idea that GCs keep the primary 

defences from overshooting and help recovery, GC actions are discussed in each 

physiological system in order to better  understand its role.1 

a) Cardiovascular effects. Activation of the cardiovascular system is primarily 

mediated by the SNS through catecholamines.2 GCs enhance these first effects 

helping permissively the stress response since its effect is prompt and the 

removal does not cause overshooting.3,4 

b) Fluid volume. A haemorrhage stressor leads to an immediate explosion of 

vasoconstrictive hormones, namely AVP and renin. GCs inhibit the release of 

these mediators, increase glomerular filtration and secretion of atrial 

natriuretic polypeptide, enhancing this way water excretion.5,6 These events act 

as a protective down-regulation from a fatal ischemia episode, restoring 

homeostasis through suppressive actions on the stress response. 

c) Immunity and inflammation. A rapid activation of the immune system not only 

is due to an infectious stressor but also to a variety of generalized stressors via 

diverse hormones of the first wave such as CRH.7,8 This immune activation 

through various cytokines also contributes to the subsequent GC release, as IL-

1 can release CRH from the hypothalamus and ACTH from the pituitary.9,10 The 

role of GCs is to inhibit synthesis, release and efficacy of immune and 

inflammatory mediators and enzymes (IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-12, GM-

CSF, IFN-ɣ, TNF-α, histamine, bradykinin, eicosanoids, nitric oxide, collagenase, 

elastase, plasminogen activator). These effects explain the immunosuppressive 

and anti-inflammatory actions of GCs that are used in the clinics and mediate 

                                                           
2 Galosy, R. A.; Clarke, L. K.; Vasko, M. R.; Crawford, I. L. Neurosci. Biobehav. Rev. 1981, 5, 137–
175. 
3 Krakoff, L. Cardiol. Clin. 1988, 6, 537–545. 
4 Little, G. The adrenal cortex. 1981 In: Wilson J., Foster D. (eds) Williams Textbook of 
Endocrinology, ed. 7. W. B. Saunders Co., Philadelphia, 249–292. 
5 Orth, D.; Kovacs, W.; DeBold, C. The adrenal cortex. 1992 In: Wilson J., Foster D. (eds) 
Williams Textbook of Endocrinology, ed. 8. W. B. Saunders Co., Philadelphia, 518–519. 
6 Hayamizu, S.; Kanda, K.; Ohmori, S.; Murata, Y.; Seo, H. Endocrinology 1994, 135, 2459–2464. 
7 Jain, R.; Zwickler, D.; Hollander, C.; Brand, H.; Saperstein, A.; Hutchinson, B.; Brown, C.; 
Audhya, T. Endocrinology 1991, 128, 1329–1336. 
8 Pawlikowski, M.; Zelazowski, P.; Dohler, K.; Stepien, H. Brain. Behav. Immun. 1988, 2, 50–56. 
9 Sapolsky, R.; Rivier, C.; Yamamoto, G.; Plotsky, P.; Vale, W. Science 1987, 238, 522–524. 
10 Bernton, E.; Beach, J.; Holaday, J.; Smallridge, R.; Fein, H. Science 1987, 238, 519–521. 
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the recovery and prevent overshooting of the stress response.11 In fact, GC 

deficiency is associated with pathological overshoot disorders such as 

autoimmune diseases.12 Thus, most stress-induced GC actions on immune and 

inflammatory response are suppressive, although basal GC concentrations have 

shown permissive actions during the first moments of response to a stressor.13 

This picture raise the question of how GCs can both stimulate and supress the 

immune system, although at different times. The answer lies on the different 

affinity of GCs to their receptors that causes the concentration-dependent 

differences in GC actions: GCs bind to mineralocorticoid receptor (MR) with 

much higher affinity than do to glucocorticoid (GR). Thus, MR are occupied at 

low basal concentrations and saturated in the early stage of a stressor, 

mediating the permissive effects, whereas GR are saturated only with stress-

induced high GC levels and mediate suppressive actions.1,11,14 

d) Metabolism. During the first wave of hormones in the stress response, basal 

levels of GCs permissively synergize with catecholamines, GH and glucagon to 

stimulate lipolysis and proteolysis, and to elevate circulating glucose levels by 

stimulating glycogenolysis and gluconeogenesis.15,16,17 Then, stress-induced GCs 

act slowly stimulating gluconeogenesis and inhibition of peripheral glucose 

utilization, supplementing permissive actions and being responsible for 

prolonging the stress response with stimulatory actions. Finally, the slow 

stimulation of liver glycogen deposition has a little influence on the stress 

response, but restores glycogen levels for the next one, being a preparative 

action. 

e) Neurobiology. Some neurobiological and behavioral effects of GCs during 

stress have suppressing elements. In case of cerebral glucose transport and 

utilization, stress-induced GCs inhibit local cerebral utilization and transport in 
                                                           
11 Munck, A.; Guyre, P.M.; Holbrook, N. J. Endocr. Rev. 1984, 5, 25–44. 
12 Wick, G.; Hu, Y.; Schwarz, S.; Kroemer, G. Endocr. Rev. 1993, 14, 539–563. 
13 Barber, A. E.; Coyle, S. M.; Marano, M. A.; Fischer, E.; Calvano, S. E.; Fong, Y.; Moldawer, L. L.; 
Lowry, S. F. J. Immunol. 1993, 150, 1999–2006. 
14 De Kloet, E. R.; Vreugdenhil, E.; Oitzl, M. S.; Joels, M.; Endocr. Rev. 1998, 19, 269–301. 
15 Munck, A.; Naray-Fejes-Toth, A. Glucocorticoid action. Physiology. 1995 In: DeGroot L. J. (ed) 
Endocrinology. W.B. Saunders Co., Philadelphia, 1642–1656. 
16 Eigler, N.; Sacca, L.; Sherwin, R. S. J. Clin. Invest. 1979, 63, 114–123. 
17 DeFronzo, R.; Sherwin, R.; Felig, P. Acta. Chir. Scand. [Suppl] 1980, 498, 33–39. 
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many cell types through GRs.18,19 Regarding appetite, CRH quickly supresses 

feeding during the stress response,20 while GCs stimulate appetite. Thus, GC 

actions are suppressive and preparative since help the recovery from the 

anorectic facet of the stress response. Finally, enhanced stress memory 

formation is mediated by catecholamines and permissively stimulated by basal 

levels of GCs through MRs.21 In contrast, stress levels of GCs via GRs disrupt 

synaptic plasticity and hippocampal excitability, ultimately causing atrophy and 

neuron loss, and consequently disrupting memory.22 

f) Reproductive physiology. The first wave of hormonal mediators of the stress 

response is central to its reproductive suppression, being the CRH the key 

player as an inhibitor of reproductive physiology and behavior.23 Stress-induced 

GCs stimulate this response decreasing the hypothalamic GnRH secretion and 

reducing gonadal responsiveness to luteinizing hormone (LH) and 

concentrations of LH receptors.24,25 These antireproductive effects are logical 

since the associated physiology is far an expensive process. Furthermore, GCs 

have some integrative endpoints, such as disruption of ovulation, leading to 

preparative actions of the prolonged stress-induced GCs levels. 

To summarize and to try to assimilate these heterogenous GC actions into a 

physiological whole, one could understand that GCs help to mediate the stress 

response to a “generic” stressor (e.g., the sprint across the savannah), whereas GCs 

appear to suppress responses to some specific stressors in order to avoid 

consequences of overshooting (e.g., haemorrhage, infection). In this way, immediate 

effects of the anticipatory permissive GC actions on cardiovascular and metabolism are 

beneficial in front a generic stressor, while preventive suppressive actions occur in 

case of a specialized stressors. 
                                                           
18 Doyle, P.; Guillaume-Gentile, C.; Rohner-Jeanrenaud, F.; Jeanrenaud, B. Brain Res. 1994, 645, 
225–230. 
19 Horner, H. C.; Packan, D. R.; Sapolsky, R. M. Neuroendocrinology 1990, 52, 57–63. 
20 Arase, K.; York, D.; Shimizu, H.; Shargill, N.; Bray, G. Am. J. Physiol. 1988, 255, E255–259. 
21 Pavlides, C.; Kimura, A.; Magarinos, A. M.; McEwen, B. S. Neuroreport 1994, 5, 2673–2677. 
22 Kerr, D. S.; Campbell, L. W.; Thibault, O.; Landfield, P. W. Proc. Natl. Acad. Sci. USA 1992, 89, 
8527–8531. 
23 Sirinathsinghji, D.; Rees, L.; Rivier, J.; Vale, W. Nature 1983, 305, 232–235. 
24 Bambino, T.; Hsueh, A. Endocrinology 1981, 108, 2142–2147. 
25 Sapolsky, R. Endocrinology 1985, 116, 2273–2278. 
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1.1.2 Stress, aging and disease 

The link between stress and aging has been broadly studied, through the capacity of 

aged organisms to respond to stress and the damage caused on tissues by this stress. 

One idea is that senescence has been understood as a decreased adaptation to stress, 

since many physiological systems operate well under basal conditions but do not 

appropriately respond to a challenge.26 The second idea revolves around chronic stress 

as an accelerator of the aging process, and derived from an earlier hypothesis that the 

rate of living could be a pacemaker of aging.27 Different approaches have 

experimentally supported this idea with some biomarkers of age being accelerated by 

stress.28,29 

Sapolsky and coworkers found a feed-forward cascade with GCs at the core of it in 

aged rat that is impaired in terminating the secretion of GCs at the end of stress. This 

hormonal excess is likely to be caused by degenerative changes in the brain, which in 

turn is due to cumulative exposure to GCs.30 

As commented above (see section 1.1), GCs are secreted by the adrenal cortex as the 

final step of a neuroendocrine cascade triggered by a stressor. The GC actions in the 

physiological systems mentioned in the previous section are central to successful 

adaptation to acute physical stress, as they promote readily available energy and 

supportive metabolism. However, as these responses are mainly catabolic, excessive 

GC exposure –during prolonged stress or in the pathology of Cushing’s syndrome- 

produces myopathy, steroid diabetes, hypertension, immunosuppression, cognitive 

dysfunction, infertility and inhibition of growth, among others.31 These observations 

started the suspicions that GCs contribute to the pathophysiology of typically diseases 

associated with age-related decline. 

                                                           
26 Selye, H.; Tuchweber, B. Stress in relation to aging and disease. 1976 In: Everitt A, Burgess J 
(eds) Hypothalamus, Pituitary and Aging. Charles C Thomas, Springfield, IL, 557-573. 
27 Pearl, R. The Rate of Living. 1929 Alfred Knopf, New York. 
28 Curtis, H. Science 1963, 141, 686-694. 
29 Pare, W. J. Gerontol. 1965, 20, 78-84. 
30 Sapolsky, R.; Krey, L.; McEwen, B. Exp. Gerontol. 1983, 18, 55-64. 
31 Krieger, D. Cushing's Syndrome In: Monographs in Endocrinology. 1982 Springer-Verlag, 
Berlin, vol 22. 
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Both facts that plasma GCs become elevated in aging and that attempts of reducing 

circulating GCs ameliorate age-related pathologies have established the GC hypothesis 

of age-related pathogenesis in the brain, immune and cardiovascular systems.32,33,34 In 

the brain, for example, prolonged GC exposure has diverse deleterious effects 

mediated by high GR occupancy, including impaired cognition and synaptic plasticity, 

inhibition of neurogenesis, atrophy of dendritic arbors and a reduction in spine 

density.35 

Once discussed overabundance of GCs, one can appreciate that the pathophysiological 

consequences of the incapacity of ending GC secretion are as damaging as those from 

its inappropriate secretion at the onset of a stressor. 

 

1.1.3 Gating GC access to its receptors: the discovery of 11β-HSD 

1950 was the start of the GC physiology when Kendall, Hench and Reichstein were 

awarded with the Nobel Prize for the isolation of cortisone (“compound E”) and its 

impressive therapeutic effects in patients with rheumatoid arthritis.36 Just three years 

after, Amelung and coworkers discovered the enzyme reaction catalyzing GC 

metabolism, when administered cortisone to rats and incubated cortisone with 

homogenates of various organs and found conversion to “compound F”, cortisol. They 

localized the highest conversion in microsomes and in liver followed by kidney and 

muscle.37 This activity was due to 11β-hydroxysteroid dehydrogenase (11β-HSD). The 

following years this reaction was only of interest to steroid aficionados, with no 

concern for the medical community. 

The renaissance of this enzyme activity arrived in the mid 1980s, when Carl Monder 

and coworkers characterized biochemically an 11β-HSD activity and subsequently 

                                                           
32 Sapolsky, R. M.; Krey, L. C.; McEwen, B. S. Endocr. Rev. 1986, 7, 284–301. 
33 Bauer, M. E. Stress 2005, 8, 69–83. 
34 Rosmond, R.; Dallman, M. F.; Bjorntorp, P. J. Clin. Endocrinol. Metab. 1998, 83, 1853–1859. 
35 McEwen, B. S.; Magarinos, A. M. Hum. Psychopharmacol. 2001, 16, S7–S19. 
36 Hench, P. S.; Kendall, E. C.; et al., Proc. Staff Meet. Mayo Clin.  1949, 24, 181–197. 
37 Amelung, D.; Hubener, H. J.; Roka, L.; Meyerheim, G. J. Clin. Endocrinol. Metab. 1953, 13, 
1125–1126. 
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purified the enzyme from rat liver and isolated the encoding cDNA.38,39 The enzymatic 

reaction was bidirectional in tissue homogenates, with both 11β-dehydrogenase and 

11β-reductase activities using NADP(H) as cosubstrate. 

 

 

Figure 2. Interconversion of cortisone to cortisol in humans catalyzed by 11β-HSD enzymes. In 

rodents, the corresponding pair is consisted of 11-dehydrocortisone and corticosterone (not 

shown). 

 

In the late 1980s, Edwards and coworkers in Edinburgh studied a unique adult patient 

with “apparent mineralocorticoid excess” (AME) syndrome and solved its aetiology.40 

AME is marked by hypertension, sodium retention, potassium loss, metabolic alkalosis 

and suppressed plasma renin activity, characteristics compatible with 

mineralocorticoid excess. However, although undetectable levels of all 

mineralocorticoids were found, urinary cortisol metabolites were elevated. Inspired by 

the recent cloning of the human MR by Arriza and coworkers showing similar affinities 

in vitro for aldosterone, corticosterone and cortisol,41 the Edinburgh group, together 

with Funder and colleagues in Melbourne, postulated that the oxidation of cortisol to 

cortisone by the renal 11β-HSD is critical in determining the intrarenal concentration of 

                                                           
38 Lakshmi, V.; Monder, C. Endocrinology, 1988, 123, 2390–2398. 
39 Agarwal, A. K.; Monder, C.; Eckstein, B.; White, P. C. J. Biol. Chem. 1989, 264, 18939–18943. 
40 Stewart, P. M.; Corrie, J. E.; Shackleton, C. H. Edwards, C. R. J. Clin. Invest. 1988, 82, 340– 
349. 
41 Arriza, J. L.; Weinberger, C.; Cerelli, G.; Glaser, T. M.; Handelin, B. L.; Housman, D. E.; Evans, 
R. M. Science 1987, 237, 268-275. 
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active GC and hence the specificity of the MR for aldosterone (Figure 3).42,43 In this 

way, deficiency of renal 11β-HSD allows cortisol to mediate mineralocorticoid actions 

causing hypertension and hypokalemia. In addition to this, the Scottish investigators 

also recognized that the AME syndrome was analogous of liquorice effects, which 

derive from the 11β-HSD inhibition allowing cortisol to bypass the enzymatic barrier to 

bind to MR.44 This was the first example of prereceptor metabolism gating GC access 

to its receptors. Same biology system was previously described for thyroid hormone 

receptors with mono-deiodinase isoenzymes.45 

 

 

Figure 3. Diagrammatic representation of the reactions catalyzed by 11β-HSDs.46 E = cortisone, 

F = cortisol, aldo = aldosterone. 

 

                                                           
42 Edwards, C. R.; Stewart, P. M.; Burt, D.; Brett, L.; McIntyre, M. A.; Sutanto, W. S.; de Kloet, E. 
R.; Monder, C. Lancet 1988, 2, 986–989. 
43 Funder, J. W.; Pearce, P. T.; Smith, R.; Smith, A. I. Science 1988, 242, 583–585. 
44 Stewart, P. M.; Wallace, A. M.; Valentino, R.; Burt, D.; Shackleton, C. H.; Edwards, C. R. 
Lancet 1987, 2, 821–824. 
45 Gereben, B.; Zavacki, A. M.; Ribich, S.; Kim, B. W.; Huang, S. A.; Simonides, W. S.; Zeold, A.; 
Bianco, A. C. Endocr. Rev. 2008, 29, 898–938. 
46 Chapman, K.; Holmes, M.; Jonathan Seckl, J. R. Physiol. Rev. 2013, 93, 1139–1206. 
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1.1.4 One enzyme or two? 

In 1993, Seckl and coworkers isolated and characterized a novel 11β-HSD enzyme from 

human placenta47 and Naray-Fejed-Toth’s group from rat kidney48. The 

physicochemical characteristics and apparent molecular weight of this protein were 

different from Monder’s enzyme, and being a high affinity exclusive dehydrogenase 

activity using NAD+ as cosubstrate instead of NADP(H). The next year, Krozowski and 

colleagues isolated a cDNA encoding this renal enzyme from human kidney,49 White 

and coworkers from sheep kidney,50 also the rodent homologues were soon cloned51 

and an identical enzyme purified in the human placenta47. This new enzyme was 

named 11β-HSD type 2 in order to differentiate it from Monder’s 11β-HSD type 1, and 

is highly expressed in aldosterone-selective target tissues –distal nefron, colon, salivary 

glands and skin- serving to confer aldosterone specificity on MR.52,53,54,55 Also, 

mutations in HSD11B2 encoding 11β-HSD2 are found in AME patients.56 

By contrast, 11β-HSD1 is highly expressed in liver, adipose tissue, immune system and 

brain. Seckl, Walker and their coworkers in Edinburgh showed that 11β-HSD1 acts as a 

predominant reductase in intact cells and in vivo, directionality that is dependent on 

levels of cosubstrate NADPH (an NADPH/NADP ratio >10).57 In fact, 11β-HSD1 is 

associated with hexose-6-phosphate dehydrogenase (H6PDH), which is the main 

                                                           
47 Brown, R. W.; Chapman, K. E.; Edwards, C. R.; Seckl, J. R. Endocrinology 1993, 132, 2614–
2621. 
48 Rusvai, E.; Naray-Fejes-Toth, A. J. Biol. Chem. 1993, 268, 10717–10720. 
49 Albiston, A. L.; Obeyesekere, V. R.; Smith, R. E.; Krozowski, Z. S. Mol. Cell Endocrinol. 1994, 
105, R11–R17. 
50 Agarwal, A. K.; Mune, T.; Monder, C.; White, P. C. J. Biol. Chem. 1994, 269, 25959–25962. 
51 Rajan, V.; Chapman, K. E.; Lyons, V.; Jamieson, P.; Mullins, J. J.; Edwards, C. R.; Seckl, J. R. J. 
Steroid Biochem. Mol. Biol. 1995, 52, 141–147. 
52 Roland, B. L.; Krozowski, Z. S.; Funder, J. W. Mol. Cell Endocrinol. 1995, 111, R1–R7. 
53 Whorwood, C. B.; Ricketts, M. L.; Stewart, P. M. Endocrinology 1994, 135, 2533–2541. 
54 Roland, B. L.; Funder, J. W. Endocrinology 1996, 137, 1123–1128. 
55 Kenouch, S.; Lombes, M.; Delahaye, F.; Eugene, E.; Bonvalet, J.P.; Farman, N. J. Clin. 
Endocrinol. Metab. 1994, 79, 1334–1341. 
56 Dave-Sharma, S.; Wilson, R. C.; Harbison, M. D.; Newfield, R.; Azar, M. R.; Krozowski, Z. S.; 
Funder, J. W.; Shackleton, C. H.; Bradlow, H. L.; Wei, J. Q.; Hertecant, J.; Moran, A.; Neiberger, 
R. E.; Balfe, J. W.; Fattah, A.; Daneman, D.; Akkurt, H. I.; De Santis, C.; New, M. I. J. Clin. 
Endocrinol. Metab. 1998, 83, 2244–2254. 
57 Jamieson, P. M.; Chapman, K. E.; Edwards, C. R.; Seckl, J. R. Endocrinology 1995, 136, 4754–
4761. 
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source of NADPH regeneration, through protein-protein interactions in the 

endoplasmic reticulum (ER), driving this way its directionality (Figure 4).58 

 

 

Figure 4. Cartoon of the likely intracellular relationships of 11β-HSDs.46 E = cortisone, F = 

cortisol. 

 

1.2 11β-HSD1 gene and protein structure, enzymology and its distribution 

 

1.2.1 Gene structure and main regulation 

11β-HSD1 is encoded in HSD11B1 gene, located near the end of the long arm of 

chromosome 1 in humans and mice, and chromosome 13 in rats. It comprises seven 

exons, three promoters59,60 and two highly conserved CCAAT/enhancer binding protein 

                                                           
58 Dzyakanchuk, A. A.; Balazs, Z.; Nashev, L. G.; Amrein, K. E.; Odermatt, K. Mol. Cell Endocrinol. 
2009, 301, 137–141. 
59 Bruley, C.; Lyons, V.; Worsley, A. G.; Wilde, M. D.; Darlington, G. D.; Morton, N. M.; Seckl, J. 
R.; Chapman, K. E. Endocrinology 2006, 147, 2879–2885. 
60 Moisan, M. P.; Edwards, C. R.; Seckl, J. R. Mol. Endocrinol. 1992, 6, 1082–1087. 
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(C/EBP) binding sites61 (Figure 5). These sites are key for basal and regulated 

expression by transcription factors. 

 

 

Figure 5. Schematic representation of the HSD11B1 gene. Exonic sequences with the open 

reading frame (white boxes), the 5’ leader and 3’ untranslated sequences (red boxes and a 

blue box, respectively), promoters (arrows) and the two conserved C/EBP binding sites (green 

ovals) are shown.46 

 

Among C/EBPs, C/EBPβ mediates 11β-HSD1 regulation by proinflammatory cytokines, 

GCs, diet, cAMP, ceramide and AMP-activated protein kinase (AMPK) in different cell 

types including adipocytes and fibroblasts.62,63,64,65,66 C/EBPβ is a crucial regulator of 

inflammation and metabolism67, suggesting that HSD11B1 may play an important 

down-stream role in these pleiotropic effects.46 On top of this, C/EBPβ is itself GC 

induced, indicating a possible feed-forward loop-inflammation stimulating the HPA axis 

to secrete GCs that will increase 11β-HSD1 through C/EBPβ, further amplifying local GC 

signalling. Recently, the discovery of the opposite effects of posttranscriptional C/EBPβ 

isoforms, liver inhibitory protein (LIP) and liver activator protein (LAP), in mediating 

                                                           
61 Williams, L. J.; Lyons, V.; MacLeod, I.; Rajan, V.; Darlington, G. J.; Poli, V.; Seckl, J. R.; 
Chapman, K. E. J. Biol. Chem. 2000, 275, 30232–30239. 
62 Yang, Z.; Zhu, X.; Guo, C.; Sun, K. Endocrine 2009, 36, 404–411. 
63 Ignatova, I. D.; Kostadinova, R. M.; Goldring, C. E.; Nawrocki, A. R.; Frey, F. J.; Frey, B. M. Am. 
J. Physiol. Endocrinol. Metab. 2009, 296, E367–E377. 
64 Sai, S.; Esteves, C. L.; Kelly, V.; Michailidou, Z.; Anderson, K.; Coll, A. P.; Nakagawa, Y.; Ohzeki, 
T.; Seckl, J. R.; Chapman, K. E. Mol. Endocrinol. 2008, 22, 2049–2060. 
65 Gout, J.; Tirard, J.; Thevenon, C.; Riou, J. P.; Begeot, M.; Naville, D. Biochimie 2006, 88, 1115–
1124. 
66 Arai, N.; Masuzaki, H.; Tanaka, T.; Ishii, T.; Yasue, S.; Kobayashi, N.; Tomita, T.; Noguchi, M.; 
Kusakabe, T.; Fujikura, J.; Ebihara, K.; Hirata, M.; Hosoda, K.; Hayashi, T.; Sawai, H.; Minokoshi, 
Y.; Nakao, K. Endocrinology 2007, 148, 5268–5277. 
67 Arizmendi, C.; Liu, S.; Croniger, C.; Poli, V.; Friedman, J. E. J. Biol. Chem. 1999, 274, 13033–
13040. 
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regulation in adipose tissue by high-fat diet –itself linked to adipose inflammation- 

added more questions in this complex system.68 

 

1.2.2 Protein structure 

11β-HSD1 has been broadly structurally studied with, to date, 42 crystal structures 

deposited in the Protein Data Bank. Of these, eight are from rodent enzyme (with and 

without substrate and inhibitor bound) and the remainder are human 11β-HSD1 with a 

vast variety of inhibitors bound, showing its interest as a pharmaceutical target.69,70 

11β-HSD1 comprises 292 amino acids and has a predicted molecular weight of 34 kDa. 

It forms homodimers that is the functional unit in vivo.71 The enzyme is structured in 

four main regions, 1) a transmembrane domain at the N-terminus linked to the ER 

membrane, 2) a cofactor binding domain, characterized by a Rossmann-fold, 3) a 

cluster of the key residues of the binding site, and 4) a region essential for enzyme 

dimerization at the C-terminus. 

Like 11β-HSD2, it belongs to the large family of short-chain 

dehydrogenase/reductase,72 whose members share the structurally conserved 

nucleotide cofactor-binding Rossmann-fold in the N-terminus region and an invariant 

Tyr-[Xaa]3-Lys motif in the binding site. Tyr183 and Lys187 are close to the conserved 

Asn143 and Ser170 in the catalytic site and are essential for the proton transfer 

between substrate and cofactor.73 The Rossmann-fold structure consists of seven-

stranded parallel β-sheets flanked by six α-helices on the left and right sides each.74 

                                                           
68 Esteves, C. L.; Kelly, V.; Begay, V.; Man, T. Y.; Morton, N. M.; Leutz, A.; Seckl, J. R.; Chapman, 
K. E. PLoS One 2012, 7, e37953. 
69 http://www.rcsb.org/pdb/results/results.do?tabtoshow=Current&qrid=48A0266, Accessed 
April 2017. 
70 Thomas, M. P.; Potter, B. V. L. Future Med. Chem. 2011, 3, 367-390. 
71 Sandeep, T. C.; Walker, B. R. Trends Endocrinol. Metab. 2001, 12, 446-453. 
72 Persson, B.; Kallberg, Y.; Bray, J. E.; Bruford, E.; Dellaporta, S. L.; Favia, A. D.; Duarte, R. G.; 
Jornvall, H.; Kavanagh, K. L.; Kedishvili, N.; Kisiela, M.; Maser, E.; Mindnich, R.; Orchard, S.; 
Penning, T. M.; Thornton, J. M.; Adamski, J.; Oppermann, U. Chem. Biol. Interact. 2009, 178, 
94–98. 
73 Obeid, J.; White, P. C. Biochem. Biophys. Res. Commun. 1992, 188, 222–227. 
74 Schuster, D.; Maurer, E. M.; Laggner, C.; Nashev, L. G.; Wilckens, T.; Langer, T.; Odermatt, A. 
J. Med. Chem. 2006, 49, 3454-3466. 
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Figure 6. Structure of a dimer of human 11β-HSD1 with NADP cosubstrate (bottom middle) 

and the inhibitor carbenoxolone (top right) bound. [Image from the RCSB PDB (www.rcsb.org) 

of PDB ID 2BEL]75 

 

1.2.3 Distribution 

In adult humans, non-humans primates and rodents, 11β-HSD1 is widely distributed, 

and as mentioned before the highest expression is in the liver.39,76,77 11β-HSD1 mRNA 

and enzyme activity is also found in adipose,78 pancreas,79 vasculature,80 ovary,81 

testis,82 brain,83,84,72 uterus,85 decidua of the placenta,86  immune and inflammatory 

                                                           
75 Kavanagh, K.; Wu, X.; Svensson, S.; Elleby, B.; Von Delft, F.; Debreczeni, J. E.; Sharma, S.; 
Bray, J.; Edwards, A.; Arrowsmith, C.; Sundstrom, M.; Abrahmsen, L.; Oppermann, U. PDB 2BEL, 
2006. doi:10.2210/pdb2bel/pdb. 
76 Moisan, M. P.; Seckl, J. R.; Edwards, C. R. Endocrinology 1990, 127, 1450–1455. 
77 Tannin, G. M.; Agarwal, A. K.; Monder, C.; New, M. I.; White, P. C. J. Biol. Chem. 1991, 266, 
16653–16658. 
78 Bujalska, I. J.; Kumar, S.; Stewart, P. M. Lancet 1997, 349, 1210–1213. 
79 Davani, B.; Khan, A.; Hult, M.; Martensson, E.; Okret, S.; Efendic, S.; Jornvall, H.; Oppermann, 
U. C. J. Biol. Chem. 2000, 275, 34841–34844. 
80 Walker, B. R.; Yau, J. L.; Brett, L. P.; Seckl, J. R.; Monder, C.; Williams, B. C.; Edwards, C. R. W. 
Endocrinology 1991, 129, 3305– 3312. 
81 Benediktsson, R.; Yau, J. L. W.; Low, S.; Brett, L. P.; Cooke, B. E.; Edwards, C. R. W.; Seckl, J. R. 
J. Endocrinol. 1992, 135, 53-58. 
82 Phillips, D. M.; Lakshmi, V.; Monder, C. Endocrinology 1989, 125, 209–216. 
83 Lakshmi, V.; Sakai, R. R.; McEwen, B. S.; Monder, C. Endocrinology 1991, 128, 1741–1748. 
84 Moisan, M. P.; Seckl, J. R.; Brett, L. P.; Monder, C.; Agarwal, A. K., White, P. C.; Edwards, C. R. 
J. Neuroendocrinol. 1990, 2, 853–858. 
85 Burton, P. J.; Krozowski, Z. S.; Waddell, B. J. Endocrinology 1998, 139, 376–382. 
86 Waddell, B. J.; Benediktsson, R.; Brown, R. W.; Seckl, J. R. Endocrinology 1998, 139, 1517–
1523. 
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cells,87 skeletal muscle88 and heart.76 During fetal life 11β-HSD1 is not expressed until 

late in gestation in organs where GC activity is required for late maturation prior to 

birth, namely lung and liver.89 

 

1.2.4 Physiological functions and its role in pathogenesis 

Since its discovery, 11β-HSDs’ biology has intrigued the researchers working on this 

topic. Although extensively studied, neither the physiological functions nor the role in 

pathogenesis are still fully understood.  

Hereafter key points are highlighted in order to perceive the role of these enzymes at 

the level of some individual organs of interest for this Thesis. 

a) Liver. 11β-HSD1 exhibits net regeneration of cortisol from cortisone,57,80 

implying the increase of the GC action, stimulating gluconeogenesis and 

inhibiting β-oxidation of fats. In fact, in most cases of metabolic syndrome, 11β-

HSD1 expression in liver is either maintained or modestly lowered, perhaps 

representing a homeostatic response to minimize GC-mediated insulin 

resistance. Furthermore, liver-specific deletion of 11β-HSD1 activity increases 

adrenal size,90 suggesting HPA axis activation, and consequently a role for 

hepatic 11β-HSD1 in control of the HPA axis.91 This idea of liver metabolism of 

GCs controlling the stress axis is enigmatic, plausibly being a key node in the 

intimate link between the essential organ of metabolic fuel availability and the 

major neuroendocrine control of fuel homeostasis. Finally, another intriguing 

point is the relationship with alternative substrates, such as 7-ketocholesterol -

                                                           
87 Gilmour, J. S.; Coutinho, A. E.; Cailhier, J. F.; Man, T. Y.; Clay, M.; Thomas, G.; Harris, H. J.; 
Mullins, J. J.; Seckl, J. R.; Savill, J. S.; Chapman, K. E. J. Immunol. 2006, 176, 7605–7611. 
88 Stewart, J. D.; Sienko, A. E.; Gonzalez, C. L.; Christensen, H. D.; Rayburn, W. F. Am. J. Obstet. 
Gynecol. 1998, 179, 1241–1247. 
89 Speirs, H. J.; Seckl, J. R.; Brown, R. W. J. Endocrinol. 2004, 181, 105– 116. 
90 Kotelevtsev, Y.; Holmes, M. C.; Burchell, A.;Houston, P. M.; Schmoll, D.; Jamieson, P.; Best, 
R.; Brown, R.; Edwards, C. R. W.; Seckl, J. R.; Mullins, J. J. Proc. Natl. Acad. Sci. USA 1997, 94, 
14924–14929. 
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K.; Sherlock, M.; Reynolds, G.; Morgan, S. A.; Tomlinson, J. W.; Walker, E. A.; Rabbitt, E. H.; 
Stewart, P. M. Endocrinology 2012, 153, 3236–3248. 
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involved in de novo cholesterol biosynthesis- and bile acids,92 which are at the 

same time competitive inhibitors of the enzyme93,94 and with GC-mediated 

homeostasis.95 

b) Adipose tissue. 11β-HSD1 exerts a key role on local adipocyte GC levels, since 

the access of circulating GCs to adipose tissue is restricted and slow.96 

Adipocytes taken from 11β-HSD1-deficient mice show reduced intra-adipose 

GC levels and greater insulin-mediated glucose uptake and triglyceride 

hydrolysis.97 Therefore, it is produced a “favourable” metabolic state, 

particularly in the presence of obesity, since 11β-HSD1 activity is increased two- 

to threefold in subcutaneous adipose tissue in humans.98,99,100 Masuzaki and 

coworkers generated a mouse model overexpressing the enzyme, increasing 

corticosterone levels twofold intra-adipose but without changing circulating GC 

concentration. The mice faithfully replicated metabolic syndrome with insulin 

resistance/impaired glucose tolerance, dyslipidemia, hypertension and 

hyperphagia.101,102 These observations suggest that elevated 11β-HSD1 in 

adipose tissue seems to be pathogenic in metabolic disease associated with 
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Dong, M.; Baker, M. E. Biochem. J. 2011, 436, 621–629. 
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obesity. In contrast, much little is known about its evolutionary physiological 

function, but may be involved in the rapid storage of excess calories in visceral 

adipose to allow rapid delivery to the liver when it is required.46 

c) Pancreas. Since GCs directly inhibit beta-cell insulin secretion103,104 and 11β-

HSD1 activity is increased in islets from diabetic rodents105, it has been 

proposed that elevated islet 11β-HSD1 is involved in the pathogenesis of beta-

cell failure.79 However, moderate transgenic overexpression in beta cells is 

associated with enhanced glucose-stimulated insulin secretion, reflecting 

protection from apoptosis and cellular stress while facilitating secretion.106 

Intriguingly, greater beta-cell overexpression or lifelong deletion of 11β-HSD1 

produces poor insulin secretion. These discrepancies could be explained by an 

inverted U-shaped relationship between 11β-HSD1 in beta cells and insulin 

secretion, as seen with the slight elevation in early diabetes associated with 

improved insulin secretory function. 

This might be the first evidence of a physiological function for 11β-HSD1 in 

metabolic control. In normal weight, 11β-HSD1 performs a key endocrine role by 

regenerating GCs, thus contributing with approximately 40% of daily GC 

production. In addition, it has intracrine actions, amplifying the GC signal inside 

hepatocytes, pancreatic islets and adipocytes. Healthy mice fed with a high-fat diet 

show a compensatory insulin secretion probably promoted by the modest 

upregulation of beta-cell 11β-HSD1. Simultaneously, 11β-HSD1 is downregulated in 

adipose tissue, driving insulin sensitization in subcutaneous fat and “safe” storage 

of caloric excess, while AMPK-mediated beneficial metabolic and noninflammatory 

processes occur in visceral adipose.107 Instead, in obesity, overexpressed adipose 

11β-HSD1 provokes visceral obesity, insulin resistance and metabolic syndrome 

due to the release of proinflammatory/antimetabolic adipokines, and increase of 
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portal blood GC and fatty acid deliver to the liver. Lastly, in severe obesity, 

exaggerated pancreatic 11β-HSD1 and consequent active GCs contributes to the 

beta-cell failure, and greater rise in adipose aggravate peripheral insulin resistance 

and metabolic disease despite potentially “compensatory” decline in hepatic GC 

regeneration, which might even contribute to HPA axis activation due to loss of 

bulk GC regeneration (Figure 7). 

 

 

Figure 7. Cartoon of potential role of 11β-HSD1 in metabolic organ interrelationships in 

normal weight, obesity and 11β-HSD1 inhibition.46 

 

These alterations in 11β-HSD1 in response to high-fat diet affecting the metabolism 

seem advantageous in a past environment with alternative feast and famine 

periods. The early calorie excess mediates insulin secretion facilitating fat storage 

that might help survival in the next famine period. When pronounced calorie 

excess, increased adipose tissue 11β-HSD1 may allow even more fat storage in 
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rapidly accessible visceral depot.46 Nowadays, in the calorie abundance climate 

that we have, elevated adipose tissue 11β-HSD1 causes metabolic disease, instead 

of the homeostasis in metabolic tissues. 

d) Immunity and inflammation. As commented before (see Section 1.1), 

endogenous GCs have different effects, permissive, suppressive or stimulatory, 

depending on concentration and the cellular environment, hence shaping the 

immune and inflammatory responses. Also commented above, there is 

evidence suggesting 11β-HSD1 deficiency or inhibition diminish “metabolic 

inflammation”. In patients with inflammatory disease, increased whole body 

conversion of cortisone to cortisol suggests some alteration in 11β-HSD 

balance, and seems consequence of upregulation of 11β-HSD1 and 

downregulation of 11β-HSD2 by proinflammatory cytokines (e.g. TNF-α and IL-

1) at sites of inflammation.108 In addition to these cytokines, GCs themselves 

also induce 11β-HSD1 expression, this way amplifying intracellular GC-

mediated attenuation of proinflammatory cytokine action in preparation for 

recovery in key tissues. This mechanism fails in synovial macrophages in 

rheumatoid arthritis when IL-10 does not increase 11β-HSD1 the same way that 

does in other macrophages, leading to a failure of the chronic inflammation 

resolution.109 

e) Brain. 11β-HSD1 is highly expressed in the hippocampus, cerebellum and 

cortex,76 found both in neurons and glia,110 significantly in microglia which 

express high levels of the enzyme especially when activated, acting as a 

regulator of central inflammatory signals.111 Its activity is reductase exclusively, 

implying a role in amplification of intracellular GC action. Interestingly, 11β-

HSD1 seems to be involved in the appetite regulation, since it is expressed in 

the arcuate nucleus, a key locus for appetite control.76 This arcuate 11β-HSD1 is 

induced by high-fat feeding, suggesting being part of the acute inflammatory 

                                                           
108 Ichikawa, Y.; Yoshida, K.; Kawagoe, M.; Saito, E.; Abe, Y.; Arikawa, K.; Homma, M. 
Metabolism 1977, 26,  989–997. 
109 Antoniv, T. T.; Ivashkiv, L. B. Arthritis Rheum. 2006, 54, 2711–2721. 
110 Sakai, R. R.; Lakshmi, V.; Monder, C.; McEwen, B. S. J. Neuroendocrinol. 1992, 4, 101–106. 
111 Gottfried-Blackmore, A.; Sierra, A.; McEwen, B. S.; Ge, R.; Bulloch, K. Glia 2010, 58, 1257–
1266. 
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hypothalamic response to high-fat diet.112,113 Regarding aging and cognitive 

decline, it is well established that chronic exposure to high concentrations of 

GCs is prone to cognitive and affective disorders,114 and a key factor in 

cognitive decline in rodents and humans.115,116,117 Hence, 11β-HSD1 activity, 

through local amplification of GC action, adversely impacts on cognitive 

function and the underlying biology.118 In this regard, both 11β-HSD1 deficiency 

and pharmacological inhibition have shown improvement in memory retention 

and cognitive decline.119,120,121,122 Referring to the mechanism, 

intrahippocampal GCs might be sufficiently reduced to minimize GR activation 

and its consequent anticognitive effects, while maintaining optimal MR-

mediated procognitive effects. In addition to this, growing evidence suggests 

excessive GC activity may contribute to Alzheimer’s disease (AD), since elevated 

levels of circulating cortisol in AD patients are associated with progression of 

the disease.123,124 Moreover, administration of GCs to a rodent model of AD led 

to increases in β-amyloid and tau pathology, suggesting a relationship between 

                                                           
112 Densmore, V. S.; Morton, N. M.; Mullins, J. J.; Seckl, J. R. Endocrinology 2006, 147, 4486–
4495. 
113 Thaler, J. P.; Yi, C. X.; Schur, E. A.; Guyenet, S. J.; Hwang, B. H.; Dietrich, M. O.; Zhao, X.; 
Sarruf, D. A.; Izgur, V.; Maravilla, K. R.; Nguyen, H. T.; Fischer, J. D.; Matsen, M. E.; Wisse, B. E.; 
Morton, G. J.; Horvath, T. L.; Baskin, D. G.; Tsch, M. H.; Schwartz, M. W. J. Clin. Invest. 2012, 
122, 153–162. 
114 Swaab, D. F.; Bao, A. M.; Lucassen, P. J. Ageing Res. Rev. 2005, 4, 141–194. 
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elevated GC levels and AD pathology.125 Overall, these data indicate that a 

reduction of GC levels in the brain may relieve cognitive dysfunction in both 

aging and AD. 

 

1.3 Development of 11β-HSD1 inhibitors  

Over 1400 scientific journals about 11β-HSD1 and more than 250 patent applications 

claiming 11β-HSD1 inhibitors from both academia and pharmaceutical industry 

evidence the high level of interest in this enzyme and its therapeutic inhibition 

value.126,127 Although 11β-HSD1 has been linked with many diseases (e.g. type 2 

diabetes, glaucoma, atherosclerosis, hypertension, cognitive dysfunction, 

osteoporosis, myopathy, hepatic steatosis), first and more fruitful research has been 

focused on metabolic disease since the resemblances between the phenotype of the 

hypercortisolism present in the Cushing’s syndrome and the symptoms of the 

metabolic syndrome.128  

Here bellow there is a brief review of the currently reported clinical data of the 11β-

HSD1 inhibitors that have been developed by different organizations, first summarised 

in the following table. 

 

 

 

 

 

 

                                                           
125 Green, K. N.; Billings, L. M.; Roozendaal, B.; McGaugh, J. L.; LaFerla, F. M. J. Neurosci. 2006, 
26, 9047-9056. 
126 Scott, J. S.; Goldberg, F. W.; Turnbull, A. V. J. Med. Chem. 2014, 57, 4466–4486. 
127 Boyle, C. D.; Kowalski, T. J. Expert Opin. Ther. Pat. 2009, 19, 801–825. 
128 Gathercole, L. L.; Lavery, G. G.; Morgan, S. A; Cooper, M. S.; Sinclair, A. J.; Tomlinson, J. W.; 
Stewart, P. M. Endocr. Rev. 2013, 34, 525-555. 
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COMPANY DRUG INDICATION PHASE STATUS 
Amgen/Biovitrum BVT-3498 

(AMB-311) 
T2DM II (2002) Discontinued (2005) 

Amgen/Biovitrum AMG-221 
(BVT-83370) 

T2DM I (2006) Discontinued (2011) 

Pfizer PF-915275 T2DM II (2007) Discontinued (2007) 
Incyte INCB-13739 T2DM II (2007) No longer in pipeline 
Incyte INCB-20817* T2DM I (2008) No longer in pipeline 
Merck & Co MK-0916 T2DM + MetS II (2005) No longer in pipeline 
Merck & Co MK-0736 Hypertension II (2007) No longer in pipeline 
Bristol-Myers-Squibb BMS-770767 T2DM + 

Dyslipidemia 
II (2011) No longer in pipeline 

Bristol-Myers-Squibb BMS-816336 T2DM + 
Dyslipidemia 

I (2010) Discontinued (2013) 

Vitae/Boehringer 
Ingelheim 

BI-135585 T2DM I (2011) No longer in pipeline 

Vitae/Boehringer 
Ingelheim 

BI-187004 CL* T2DM II (2015) Discontinued (2015) 

AstraZeneca 
 
 
Univ. Birmingham 

AZD-4017 T2DM 
Glaucoma 
Intracraneal 
Hypertension 

I (2010) 
II (2012) 
II 
(ongoing) 

Switched indication 
Discontinued (2012) 
 
Active 

AstraZeneca AZD-8329 T2DM + obesity I (2010) Discontinued (2011) 
AstraZeneca 
 

AZD-6925 T2DM ND No longer in pipeline 

Roche RG-7234 
(RO5027838) 

T2DM I (2009) Discontinued (2010) 

Roche RG-4929* 
(RO5093151) 

T2DM 
NAFLD 
Glaucoma 

II (2009) 
I (2012) 
I (2016) 

Switched indication 
Switched indication 
No longer in pipeline 

Wyeth (now Pfizer) HSD-016 T2DM I (2009) Discontinued (2009) 
Eli Lilly LY-2523199* T2DM II (2011) Discontinued (2013) 
Piramal healthcare P2202* T2DM II (2012) Discontinued (2013) 
Japan Tobacco JTT-654* T2DM II (2010) Discontinued (2010) 
High Point Pharma HPP-851* Glaucoma I (2010) Discontinued (2016) 
Abbott/Abbvie ABT-384 AD II (2011) Discontinued (2012) 
Univ. Edinburgh/ 
Actinogen Medical 

UE-2343/ 
XanamemTM 

AD II 
(ongoing) 

Active 

Astellas ASP-3662* Agitation 
associated with 
AD 

II 
(ongoing) 

Active 

Table 1. 11β-HSD1 inhibitors entered into clinical trials. *Structure undisclosed. 
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Chart 1. Structures disclosed of 11β-HSD1 inhibitors entered into clinical trials. 

 

1.3.1 Type 2 diabetes mellitus (T2DM) and other cardiometabolic disorders 

Biovitrum started a collaboration with Amgen which led to the development of the 

first 11β-HSD1 inhibitor to enter clinical trials, BVT-3498 (AMG-311).129 Its 

                                                           
129 Abrahmsen, L.; Nilsson, J.; Opperman, U.; Svensson, S. WO Patent Application, 
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development was discontinued in 2005 in phase II trials, and it was replaced by BVT-

83370 (AMG-221) that was progressed into phase I trials but its development was 

stopped in 2011 for undisclosed reasons. AMG-221 was dosed to healthy, obese 

individuals in the range of 3-100 mg in order to shed light on 

pharmacokinetic/pharmacodynamic (PK/PD) relationships. The compound exhibited 

sustained inhibition of the enzyme over a 24 h period, but presented a delay between 

plasma and adipose tissue concentrations attributed to perfusion limited distribution 

to adipose.130 An attempt to repurpose the compound for AD was done in 2011. The 

company disclosed that aged rats administered with its clinical candidate AMG-221 

exhibited superior improvement in the Nobel Object Recognition Test (NORT) when 

compared to rats that had been administered galantamine.131 

Compound PF-915275 from Pfizer entered in phase I trials in 2006 and after being well 

tolerated, at doses of 0.3-15 mg over 14 days, progressed to phase II next year;132 

however, its development was halted because of tablet formulation problems.133 In 

the first study, PF-915275 presented dose-dependently inhibition of the 

prednisone/prednisolone conversion, reaching a 37% inhibition at the tope dose. Both 

free cortisol/cortisone ratio in urine and ACTH, adrenal androgens and urinary 

corticosteroid profile did not present significant changes, consistent with selectivity 

against 11β-HSD2 and no activation of the HPA axis.132 

Incyte successfully completed phase I trials with INCB-13739 which then progressed 

into phase II trials in 2007. This efficacy study was performed in T2DM patients with 

metformin monotherapy, and resulted that after 12 weeks at doses of 200 mg of INCB-

13739 there were significant metabolic improvements. In addition, a reversible, dose-

dependent elevation in ACTH levels was present, indicting HPA axis activation, 

                                                           
130 Gibbs, J. P.; Emery, M. G.; McCaffery, I.; Smith, B.; Gibbs, M. A.; Akrami, A.; Rossi, J.; 
Paweletz, K.; Gastonguay, M. R.; Bautista, E.; Wang, M.; Perfetti, R.; Daniels, O. J. Clin. 
Pharmacol. 2011, 51, 830−841. 
131 Wyszynski, M. WO Patent Application, WO2012/051139A1, 2012. 
132 Courtney, R.; Stewart, P. M.; Toh, M.; Ndongo, M. N.; Calle, R. A.; Hirshberg, B. J. Clin. 
Endocrinol. Metab. 2008, 93, 550−556. 
133No safety issues were involved in the termination decision. See 
http://clinicaltrials.gov/ct2/show/NCT00427401, Accessed March 2017. 
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although down-stream hormones unchanged.134 The investigators subsequently 

published a review highlighting the need of high doses of the compound to achieve 

efficacy, possibly attributed to the requirement of maximal inhibition of the enzyme. In 

addition to this, the authors also commented that the treatment is more effective in 

obese patients than in overweight ones, suggesting the importance of adipose tissue 

11β-HSD1 activity to the cardiometabolic repercussion.135 A structurally different back-

up compound, INCB-20817, also completed phase I trials, though it does not appear on 

the company pipeline.136 

Two compounds from Merck & Co entered to clinical trials, MK-0916 and MK-0736. A 

12-week phase IIa study of MK-0916 in T2DM patients with metabolic syndrome at 

doses of 0.5 to 6 mg resulted in no significant improvement in fasting plasma glucose, 

although with some other modest significant improvements, such as decrease in blood 

pressure, body weight and haemoglobin A1C (HbA1c). By contrast, elevation of LDL 

cholesterol of 10% probably due to CYP3A4 induction and circulating adrenal 

androgens, though no clinically meaningful –indicating modest HPA axis activation- 

were observed.137 A posterior phase II study of both MK-0916 and MK-0736 was 

performed in overweight and obese patients with hypertension. The new compound, 

MK-0736, was also well tolerated, although it did not achieve significant reduction in 

the diastolic blood pressure. Again, encouraging positive effects on some metabolic 

parameters (e.g. LDL cholesterol, body weight) and adrenal androgens elevation were 

also detected.138 A subsequent report from the investigators stated that these effects 

were attributable to an unknown off-target activity rather than 11β-HSD1 inhibition 

                                                           
134 Rosenstock, J.; Banarer, S.; Fonseca, V. A.; Inzucchi, S. E.; Sun, W.; Yao, W.; Hollis, G.; Flores, 
R.; Levy, R.; Williams, W. V.; Seckl, J. R.; Huber, R. Diabetes Care 2010, 33, 1516−1522. 
135 Hollis, G.; Huber, R. Diabetes, Obesity Metab. 2011, 13, 1–6. 
136 https://www.incyte.com/what-we-do/develop.aspx, Accessed March 2017. 
137 Feig, P. U.; Shah, S.; Hermanowski-Vosatka, A.; Plotkin, D.; Springer, M. S.; Donahue, S.; 
Thach, C.; Klein, E. J.;Lai, E.; Kaufman, K. D. Diabetes, Obesity Metab. 2011, 13, 498–504. 
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since similar effects were observed in both wild-type and 11β-HSD1 knockout mice 

after administration of the compound.139 

Bristol-Myers-Squibb has progressed two compounds into clinical trials. BMS-770767 

completed phase II trials in subjects with T2DM and in hypercholesterolemic patients 

in 2011.140 Then, without additional information, the compound no longer appeared in 

the company pipeline.141 It could be hypothesized that some modest activity against 

11β-HSD2 (IC50 = 2.52 μM, though >200 fold selectivity)142 made the compound 

suboptimal for continuing its clinical development. Furthermore, compound BMS-

816336143 completed phase I for T2DM and dyslipidemia,144 but it was discontinued in 

2013.145 

Vitae Pharmaceuticals and Boehringer Ingelheim collaborated since 2007 to develop a 

11β-HSD1 inhibitor for the treatment of metabolic disorders. Compound BI-135585146 

entered in clinical trials and completed phase I trials in 2011 being safe and well 

tolerated.147,148 However, it seems discontinued as it does not appear in the Report of 
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144 https://clinicaltrials.gov/ct2/show/NCT00979368?term=BMS-816336&rank=1, Accessed 
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Medicines in Development for Diabetes 2014 of the America’s Biopharmaceutical 

Research Companies and it did in the previous report of 2012.149,150 In the later report, 

appeared a new compound, BI-187004 CL, another 11β-HSD1 inhibitor that replaced 

BI-135585.150 This compound reached phase II trials but it did not meet the predefined 

efficacy regarding fasting glucose lowering. Consequently, Boehringer Ingelheim 

informed Vitae of its intention to end the program and the corresponding license 

agreement, being the compound discontinued at the end of 2015.151,152 

Compound AZD-4017 from AstraZeneca was the first 11β-HSD1 inhibitor from this 

company to reach clinical trials in 2008 for diabetes and obesity.153 After being safe 

and well tolerated, it switched indication to raised intraocular pressure for the phase II 

trials performed in 2012.154 Although the company discontinued this program in 2013, 

the University of Birmingham planned other phase II trials for the next year.155 

According to EU Clinical Trials Register, the trials sponsored were for post-menopausal 

osteopenia and idiopathic intracranial hypertension, being the first prematurely ended 

and the later still ongoing.156,157,158 Two back-up compounds generated from AZD-4017 

were AZD-8329, that completed phase I trials for T2DM and obesity in 2010 but 

                                                           
149 Report of Medicines in Development for Diabetes 2012, America’s Biopharmaceutical 
Research Companies. 
150 Report of Medicines in Development for Diabetes 2014, America’s Biopharmaceutical 
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discontinued the next year,159,160 and AZD-6925, supposed to be a clinical candidate 

but not found in the clinical trials registers nor in the company pipeline.161 

Roche entered two compounds in clinical trials. RG-7234 (RO5027838), that was 

selected due to its tissue selectivity in adipose over liver, and RG-4929 (RO5093151) 

completed a head to head, proof-of-concept study in 2009.162 Slight metabolic 

improvements were observed, especially with RG-4929 high dose, although the 

changes did not present statistical significance and were not clearly dose 

dependent.163 Subsequently, RG-7234 was discontinued at phase I the next year164 and 

RG-4929 progressed into phase II trials, although its development was also interrupted 

for metabolic diseases in 2012.165 Afterwards, this compound was switched its 

indication to non-alcoholic fatty liver disease (NAFLD) and completed a phase I trial for 

this condition in 2012.166 The compound resulted effective in reducing liver-fat 

content, but did not improve systemic or hepatic insulin resistance, questioning the 

efficacy in NAFLD patients.167,168 Again, the indication of RG-4929 was changed to 

glaucoma and a phase II trial at the end of 2012169 and a phase I trial in 2016 were 

completed.170 This compound was present in the company pipeline as indicated in the 
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first quartermaster 2016 report,171 but discontinued some months after as indicated in 

the next report in October 2016.172 

Wyeth entered a 11β-HSD1 inhibitor in clinic in 2008, named HSD-016. Although this 

compound completed phase I trials in 2009,173 after the acquisition of Wyeth by Pfizer, 

this program does not appear in the company pipeline probably due to the overlap 

with its own program (PF-915275, see above). 

Eli Lilly also had a 11β-HSD1 program in its development pipeline. Its compound LY-

2523199 entered phase II trials in 2011 for T2DM in USA, although it was reported 

discontinued in the Second Quarter 2013 Financial Review of the company.174 The 

compound P2202 originated by Eli Lilly has been developed by Piramal Enterprises for 

T2DM. Although a phase II study was terminated in the beginning of 2013,175 a phase I 

pharmacokinetics trial was completed at the end of 2013 in India.176 Since then, no 

further development has been reported, and the annual report of 2012 was the last 

one containing the status of P2202. 

Japan Tobacco, through its pharmaceutical subsidiary Akros Pharma, progressed JTT-

654 into phase II trials in 2009 for the treatment of T2DM.177 However, accordingly to a 

company overview report with their updated pipeline in October 2010, the 

development of JTT-654 was terminated.178 
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82f6-02acaa752eb7/Q2_2013_Slides.pdf. 
175 https://clinicaltrials.gov/ct2/show/NCT01674348?term=P2202&rank=1, Accessed March 
2017. 
176 http://www.ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=2394, Accessed March 2017. 
177 https://clinicaltrials.gov/ct2/show/NCT00997152?term=JTT-654&rank=1, Accessed March 
2017. 
178 Japan Tobacco presentation of the Consolidated Financial Results for the six months ended 
September 30, 2010, page 10. 
http://www.jti.com/files/2713/2818/3505/JTs_Consolidated_Financial_Results_for_the_6_mo
nths_ended_September_30_2010.pdf. 
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1.3.2 Glaucoma 

Besides the previous compounds mentioned, AZD-4017 and RG-4929, compound HPP-

851 from High Point Pharma entered in phase I trials for glaucoma in 2010.179 This 

compound was evaluated in a phase Ib/IIa study in patients with elevated intraocular 

pressure or primary open-angle glaucoma,126 but it is no longer in the company 

pipeline. 

 

1.3.3 Cognitive impairment and Alzheimer’s disease 

Abbott focused its 11β-HSD1 program in developing a drug for the treatment of AD. 

The selected clinical candidate ABT-384 successfully completed phase I trials in 2010, 

after assessing the cerebral spinal fluid (CSF) pharmacokinetics and the plasma/CSF 

PK/PD relationship of the compound.180,181 The next step was a phase II study in 

patients with mild-to-moderate AD during 12 weeks, which was completed in 2011.182 

ABT-384, when tested at doses associated with complete brain 11β-HSD1 inhibition, 

did not produce symptomatic improvement in AD, assessed by the Alzheimer's Disease 

Assessment Scale–Cognitive subscale (ADAS-Cog) and other secondary end points.183 

After this lack of efficacy, the compound was discontinued and it no longer appears in 

the company pipeline. 

Researchers at the Centre for Cardiovascular Science of the University of Edinburgh 

also leaded this field of the discovery of 11β-HSD1 inhibitors and especially the target 

validation in Central Nervious System (CNS) disorders, since Prof. Jonathan Seckl 

discovered the role of this enzyme in the brain.118 Prof. Brian Walker and Dr Scott 

Webster leaded the drug development program funded by the Wellcome Trust 
                                                           
179 http://www.businesswire.com/news/home/20101104007514/en/TransTech-Pharma-High-
Point-Pharmaceuticals-Awarded-1.96, Accessed March 2017. 
180 Katz, D. A.; Liu, W.; Locke, C.; Jacobson, P.; Barnes, D. M.; Basu, R.; An, G.; Rieser, M. J.; 
Daszkowski, D.; Groves, F.; Heneghan, G.; Shah, A.; Gevorkyan, H.; Jhee, S. S.; Ereshefsky, L.; 
Marek, G. J. Transl. Psychiatry 2013, 3, e295, 1-7. 
181 https://clinicaltrials.gov/ct2/show/NCT01009216?term=ABT-384&rank=1, Accessed March 
2017. 
182 https://clinicaltrials.gov/ct2/show/NCT01137526?term=ABT-384&rank=2, Accessed March 
2017. 
183 Marek, G. J.; Katz, D. A.; Meier, A.; Greco, N.; Zhang, W.; Liu, W.; Lenz, R. A. Alzheimers 
Dement. 2014, 10, (5 Suppl), S364-S373. 
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through a Seeding Drug Discovery award.184 The great efforts put in this project 

permitted them to select their clinical candidate UE-2343 and to successfully complete 

single dose phase I study in healthy individuals in 2013.185 In May 2014, they founded 

the spin-out company Corticrine Ltd.186 to then being acquired by an Australian biotech 

company, Actinogen Medical.187,188 In partnering, they completed phase I trials in 2015 

with a CSF PK study of UE-2343 (whose brand name is XanamemTM).189,190 After 

demonstrating well tolerability and sufficient brain concentrations to inhibit the target 

enzyme, the phase II study XanADu to assess efficacy in patients with mild dementia 

due to AD has already started (March 2017) and estimated to be completed in two 

years (May 2019).191 Accordingly to the company website, they are currently 

conducting clinical research for other potential indications for XanamemTM, such as 

Diabetes Cognitive Impairment (DCI) and Post-Traumatic Stress Disorder (PTSD).192 

Astellas Pharma entered its clinical candidate ASP-3662 into phase I trials in 2014.193 

The next year, they started a phase II trial for Painful Diabetic Peripheral Neuropathy 

(PDPN) which was terminated in 2016 due to futility analysis.194 Currently, the 

compound is in phase II trials for agitation associated with AD accordingly to the 

company pipeline.195 

 
                                                           
184 https://wellcome.ac.uk/press-release/promising-drug-candidate-reverses-age-related-
memory-loss-mice, Accessed March 2017. 
185 https://clinicaltrials.gov/ct2/show/NCT01770886?term=UE2343&rank=1, Accessed March 
2017. 
186 https://beta.companieshouse.gov.uk/company/SC478733, Accessed March 2017. 
187 http://www.asx.com.au/asxpdf/20140827/pdf/42rs6xh1sx5rsm.pdf. 
188 http://www.edinburghbioquarter.com/news/item/actinogen-limited-to-acquire-corticrine-
limited/, Accessed March 2017. 
189 https://clinicaltrials.gov/ct2/show/NCT02616445?term=UE2343&rank=2, Accessed March 
2017. 
190 Webster, S. P.; McBride, A.; Binnie, M.; Sooy, K.; Seckl, J. R.; Andrew, R.; Pallin, T. D.; Hunt, 
H. J.; Perrior, T. R.; Ruffles, V. S.; Ketelbey, J. W.; Boyd, A.; Walker, B. R. British J. Pharmacol. 
2017, 174, 396-408. 
191 https://clinicaltrials.gov/ct2/show/NCT02727699?term=UE2343&rank=3, Accessed March 
2017. 
192 http://actinogen.com.au/research/#current, Accessed March 2017. 
193 https://clinicaltrials.gov/ct2/show/NCT02194491?term=ASP+3662&rank=1, Accessed 
March 2017. 
194 https://clinicaltrials.gov/ct2/show/NCT02372578?term=ASP+3662&rank=2, Accessed 
March 2017. 
195 https://www.astellas.com/en/ir/library/pdf/3q2017_rd_en.pdf. 
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By way of conclusion, the efficacy of 11β-HSD1 inhibitors in clinics has still to be 

proven since no compounds have progressed beyond phase II, with insufficient efficacy 

being the main cause of attrition. In general, compounds were well tolerated and the 

concern about upregulation of the HPA axis has been mitigated since adrenal 

androgens and urinary corticosteroid profile have not presented significant changes or 

no clinically meaningful elevations.132,134,137  

Regarding metabolic indications, the failure to achieve primary efficacy endpoints such 

as glycemic control or blood pressure were disappointing, but results at high dose 

INCB-13739 (200 mg) led to the hypothesis that a high drive on the target might be 

required (i.e. coverage of IC90 rather than IC50). In addition to this, with this same 

compound, the greatest glucose- and lipid-lowering actions were seen in subjects with 

the highest plasma glucose and lipid levels, suggesting that subjects with elevated 11β-

HSD1 in key target organs might represent the main beneficiaries.135 Also, recent 

reports stating that some of the clinical observations may be in part off-target effects, 

have further complicated the development picture of 11β-HSD1 inhibitors for T2DM 

and metabolic syndrome.136,196  

Finally, in relation to age-associated cognitive impairment and AD, inhibitors from 

Actinogen Medical and Astellas are still in active development, both of them in phase II 

trials. Although the failure of the Abbott compound ABT-384 in demonstrating efficacy, 

central 11β-HSD1 inhibition seems a promising approach to deal with cognitive 

dysfunction associated with AD. As Webster et al. highlighted in their last work 

reporting the selection and phase I trials of UE-2343, their data compare favourably 

with those published for ABT-384 in terms of CSF levels and the expected 11β-HSD1 

inhibition in the brain, so they are keen to success in demonstrating efficacy with their 

compound.190 Furthermore, in contrast with metabolic effects, previous preclinical 

studies have demonstrated that sub-maximal inhibition of the target in the brain is 

enough to reverse memory impairment in aging and AD.121 

 

                                                           
196 Harno, E.; Cottrell, E. C.; Yu, A.; DeSchoolmeester, J.; Gutierrez, P. M.; Denn, M.; Swales, J. 
G.; Goldberg, F. W.; Bohlooly-Y, M.; Andersén, H.; Wild, M. J.; Turnbull, A. V.; Leighton, B.; 
White, A. Endocrinology 2013, 154, 4580-4593. 
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1.4 Framework and previous work of our group 

As the reader could appreciate in Chart 1 from the previous section, polycylic and 

lipophilic groups are a common motif in 11β-HSD1 inhibitors entered in clinical trials, 

as well as in previous lead compounds not mentioned in this Thesis (i.e. MK-544, PF-

877423). Among different structures, adamantyl and norbornyl are the most frequent 

motifs of the disclosed inhibitors (i.e. BMS-816336, AZD-8329, ABT-384, and AMG-221, 

BMS-770767, RG-7234, respectively), followed by bicyclo[2.2.2]octyl (MK-0736). The 

reason of these lipophilic groups is the filling of the hydrophobic cavity in the active 

site of the enzyme which is physiologically filled by the lipophilic GC skeleton. 

This observation caught the attention of our research group, which is expert in 

polycyclic compounds and their potential use in medicinal chemistry as replacement of 

the adamantyl group. The work efforts put in the last years permitted us to discover 

potent channel inhibitors, such as M2 channel blockers (anti-Influenza A compounds), 

NMDA receptor antagonists (for AD) or P2X7 antagonists, as well as improved enzyme 

inhibitors with soluble epoxide hydrolase as the target enzyme. The following table 

intend to briefly summarize the last years’ work replacing the adamantyl moiety in 

various reference compounds addressed to different targets (Table 2). 
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TARGET 

REFERENCE COMPOUND OUR COMPOUND 

M2 channel of the 
influenza A virus 

 

  
Amantadine 
(wt IC50 = 16 μM, 
V27A inactive, 
L26F inactive) 

 

 
UB-MFV-3 
(wt IC50 = 18 μM, 
V27A IC50 = 0.7 μM, 
L26F IC50 = 8.6 μM)197 

NMDA receptor  

 
Memantine (IC50 = 1.5 μM) 

 

 
UB-EV-32 (IC50 = 0.7 μM)198 

Soluble epoxide 
hydrolase (sEH) 

 

 
AR-9281 (IC50 = 8 nM) 

 

 
UB-EV-53 (IC50 = 1 nM)199 

P2X7 receptor  

 
Abbott inhibitor 
(IC50 = 11.5 nM) 

 

 
UB-EV-12 (IC50 = 18 nM)200 

11β-HSD1  

 
PF-877423 (IC50 = 4 nM) 

 

 
UB-EV-57 (IC50 = 350 nM)201 

Table 2. Previous work of the group replacing the adamantyl group by other polycycles in 

different targets attractive for drug discovery. wt = wild type. 

                                                           
197 Rey-Carrizo, M.; Barniol-Xicota, M.; Ma, C.; Frigolé-Vivas, M.; Torres, E.; Naesens, L.; Llabrés, 
S.; Juárez-Jiménez, J.; Luque, F. J.; DeGrado, W. F.; Lamb, R. A.; Pinto, L. H.; Vázquez, S. J. Med. 
Chem. 2014, 57, 5738–5747. 
198 Valverde, E.; Sureda, F. X.; Vázquez, S. Bioorg. Med. Chem. 2014, 22, 2678-2683. 
199 Vázquez S.; Valverde, E.; Leiva, R.; Vázquez-Carrera, M.; Codony, S. PCT Patent Application, 
WO2017017048. 
200 Barniol-Xicota, M.; Kwak, S.-H.; Lee, S.-D.; Caseley, E.; Valverde, E.; Jiang, L.-H.; Kim, Y.-C.; 
Vázquez, S. Bioorg. Med. Chem. Lett. 2017, 27, 759-763. 
201 Valverde, E.; Seira, C.; McBride, A.; Binnie, M.; Luque, F. J.; Webster, S. P.; Bidon-Chanal, A.; 
Vázquez, S. Bioorg. Med. Chem. 2015, 23, 7607-7617. 
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Although the research group had succeeded in finding suitable replacements for the 

adamantyl group against several targets,197,198,199,200 in the case of 11β-HSD1, this 

strategy had not been successful. In the context of Dr Elena Valverde’s PhD Thesis, new 

compounds featuring the benzohomoadamantane scaffold as adamantane surrogate 

were synthesized and evaluated.201 Among thirteen new compounds prepared, with 

different right-hand side substituents and various groups in C-9 of the polycycle, only 

one presented a submicromolar 11β-HSD1 IC50, compound UB-EV-57 (last entry of 

Table 2), although two orders of magnitude above its adamantyl analog. 

This work set the scene for the present PhD Thesis and the objectives thereof, 

resulting in the polycylic group optimization in novel 11β-HSD1 inhibitors. 
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As mentioned in the last section of the Introduction chapter, the main goal of the 

present Thesis is the polycylic group optimization in novel 11β-HSD1 inhibitors in order 

to improve the fit of the molecules in the enzyme binding site. After this, the structure-

activity relationship (SAR) exploration of the rest of the structure is the ultimate 

objective to obtain suitable candidates to use them as investigational tools in rodent 

models of the diseases of interest. 

Insightfully, the objectives are listed as follows: 

 

1. Synthesis and pharmacological evaluation of the novel oxapolycyclic amine 2-

oxaadaman-5-amine, I, as a new polar analog of amantadine. (Chapter 3) 

 

 

 

2. Synthesis of putative 11β-HSD1 inhibitors containing oxaadamantyl amines, the 

just mentioned 2-oxaadaman-5-amine, II, and the previously described by the 

group 3-methyl-2-oxaadaman-1-amine, III, and their pharmacological 

evaluation. By way of comparison, synthesis of a small series of 1- and 2-

adamantyl derivatives, IV and V, also to compare the different substitution in 

the adamantyl moiety. (Chapter 4) 

 

             

 

 



Polycyclic group optimization in 11β-HSD1 inhibitors and their pharmacological evaluation 
 

44 
 

3. Synthesis and pharmacological evaluation of pentacyclododecyl-containing 

compounds, VI, and an array of pyrrolidine-based polycyclic amides, VII-XIV, in 

order to explore the pyrrolidine motif fused to the polycyclic moiety in 11β-

HSD1 inhibitors. After an in vitro profiling, selection of a suitable compound to 

perform an in vivo study in a rodent model of cognitive dysfunction, the 

Senescence-Accelerated Mouse Prone 8 (SAMP8). (Chapter5) 

 

 

 

4. Due to the higher potency of the compound containing the 4-

azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene polycycle, X, the exploration of the 

right-hand side (RHS) substituent was the next objective in order to discover 

more potent and selective inhibitors. The synthesis and pharmacological 

evaluation of a family integrating different groups as RHS substituents, XV, was 

envisage. (Chapter 6) 
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5. After the sub-optimal results of the previous compounds regarding selectivity 

and DMPK properties, a structure-based design of new substitution patterns of 

the RHS group in order to establish additional interactions in the binding site 

that would deliver more potent and selective inhibitors was planned. The 

synthesis and pharmacological evaluation of a new series of putative 11β-HSD1 

inhibitors, XVI, following this methodology was arranged. (Chapter 7) 
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novel 2-oxaadaman-5-amine 
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3.1 Rationale and previous work 

As previously mentioned in the Objectives section, the project presented in this 

chapter aimed to synthesize a novel cage amine in order to replace the 

aminoadamantyl group present in numerous 11β-HSD1 inhibitors (Chart 2). The target 

amine was envisioned to contain an oxygen atom in its hydrophobic skeleton to mimic 

the structure of some hydroxylated adamantyl derivatives developed by pharma 

companies such as HIS-388 and BMS-816336. It appears that the hydroxyl group as 

well as the carboxamide unit in C-5 of the adamantyl moiety confer well fit in the 

binding site together with proper DMPK characteristics.126 

 

 

Chart 2. Structures of adamantyl-based 11β-HSD1 inhibitors.126 

 

Taking into account the exposed reasons and the established expertise of the group 

with oxaadamantyl compounds,202 we proposed the synthesis of the novel 2-

oxaadamantan-5-amine, 4, as the new cage amine to add to our library of polycyclic 

scaffolds (Chart 3). 

 

 
                                                           
126 Scott, J. S.; Goldberg, F. W.; Turnbull, A. V. J. Med. Chem. 2014, 57, 4466–4486. 
202 Duque, M. D.; Camps, P.; Profire, L.; Montaner, S.; Vázquez, S.; Sureda, F. S.; Mallol, J.; 
López-Querol, M.; Naesens, L.; De Clercq, E.; Prathalingam, S. R.; Kelly, J. M. Bioorg. Med. 
Chem. 2009, 17, 3198–3206. 



Polycyclic group optimization in 11β-HSD1 inhibitors and their pharmacological evaluation 
 

50 
 

 

Chart 3. Structures of the previously described (2-oxaadaman-1-yl)amines, 1-3202, and the 

target compound 2-oxaadaman-5-amine, 4. 

 

An additional driving force to prepare this novel oxapolycyclic amine 4 was its potential 

use as M2 channel inhibitor, of interest for the group as previously mentioned in the 

Introduction chapter. The foreseen blocking of the S31N mutant M2 channel of the 

Influenza A virus since its more polar nature was the attraction of this envisaged 

compound. The S31N is the most relevant mutation of the M2 channel, present in 95% 

cases of the current circulating infective viruses.203 

Substitution of Serine 31 (-CH2OH as the side chain) with Asparagine (-CH2CONH2 as 

the side chain) not only narrows the portion of the channel to which the adamantane-

like drugs bind –providing steric hindrance that reduces the affinity- but also adds a 

hydrophilic atom to the site which interacts with the hydrophobic adamantyl cage 

(Figure 8a). 

In light of this evidence, the introduction of an oxygen atom in the lipophilic structure 

of adamantane that could interact with these carboxamide groups seemed interesting 

to explore.  

In addition to this, it has been recently reported that carboxamide nitrogen of each 

Asparagine (Asn) residue of the homotetramer forms a hydrogen bond with the 

carbonyl group of the neighbouring Asn31 side chain. At the centre of this cyclic 

hydrogen-bonding arrangement, a water molecule was observed bridging these 

interactions (Figure 8b).204 In this same location, the nitrogen of a S31N mutant 

channel inhibitor was found in the solved inhibitor-bound solution NMR structure of 

                                                           
203 Dong, G., Peng, C., Luo, J., Wang, C., Han, L., Wu, B., Ji, G. & He, H. PLoS One 2015, 10, 
e0119115. 
204 Thomaston, J. L.; DeGrado, W. F. Protein Science 2016, 25, 1551-1554. 
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S31N (Figure 8c).205 These findings corroborate our hypothesis of trying to locate the 

oxygen atom of the oxaadamantane structure in a convenient position to interact with 

the polar residues namely by hydrogen bonding. 

 

                                   

Figure 8. (a) Overlay of S31N mutant structure 5C02 (green) onto the drug-bound structure 

3C9J (pink) with Asn31, Ser31, and amantadine shown as sticks. (b) Top-down view of the 

channel pore; Asn31 residues form a network of hydrogen bonds (dashed lines). A single water 

(red sphere) is located in the middle of these residues. (c) Side view of N-[(5-bromothiophen-2-

yl)methyl]adamantan-1-amine inhibitor from 2MUV in channel pore, with water from 5C02 

shown as a red sphere.204, 205 

 

3.2 Theoretical discussion 

All the compounds described in the following manuscript and their precursors were 

prepared in the context of this Thesis. 

The first goal of this project was the preparation of the 2-oxaadamantane nucleus, 8 

(Scheme 1). Although its synthesis had been reported by other groups involving 

different synthetic routes, it was not straightforward and resulted in some interesting 

observations. 

We initially envisaged the access to 2-oxaadamantane using the route previously 

reported by Stetter and coworkers from known diketone 5 since our group previously 

synthesized the 2-oxa-1-adamantanol 6 from it.206,207 This approach revolves around a 

                                                           
205 Wu, Y.; Canturk, B.; Jo, H.; Ma, C.; Gianti, E.; Klein, M. L.; Pinto, L. H.; Lamb, R. A.; Fiorin, G.; 
Wang, J.; DeGrado, W. F.  J. Am. Chem. Soc. 2014, 136, 17987–17995. 
206 Stetter, H.; Tacke, P.; Gaertner, J. Chem. Ber. 1964, 97, 3480-3487. 
207 Camps, P.; El Achab, R.; Font-Bardia, M.; Görbig, D. M.; Morral, J.; Muñoz-Torrero, D.; 
Solans, X.; Simon, M. Tetrahedron 1996, 52, 5867-5880. 
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bromide/hydroxy exchange with thionyl bromide on compound 6 followed by 

reduction to 8 (Scheme 1). 

 

 

Scheme 1. Stetter’s proposed synthesis for 2-oxaadamantane, 8. (i) NaBH4, dry MeOH, r.t., 24 

h, 92% yield. (ii) SOBr2, pyridine, 90 °C, 15 min, 10% yield. (iii) Raney-Nickel, NaOH, MeOH, 45 

°C, 1 h. 

 

In our hands, the reduction of the diketone 5 proceeded in very high yield, as 

previously reported.206 Taking into account the very low yield reported by Stetter and 

coworkers for the exchange reaction (10% yield), we preferred to follow a different 

procedure previously applied by our group in a related compound.208 However, this 

attempt was unsuccessful since our method did not use pyridine. Consequently, the 

bromination led to the 8,9-dibromo-2-oxaadamantan-1-ol, 9, likely arising from the 

electrophilic bromination in the alpha positions of the ketone intermediate.209 In this 

way, when we reduced the brominated compound 9 with sodium bis(2-

methoxyethoxy)aluminum hydride (Red-Al®) we recovered the starting material 6 

(Scheme 2). 

 

 

Scheme 2. First attempt to 2-oxaadamantane 8. (i) NaBH4, dry MeOH, r.t., 24 h, 92% yield. (ii) 

SOBr2, r.t., 4 h, 75% yield. (iii) Red-Al®, dry toluene, reflux, 16 h, 70% yield. 

                                                           
208 Valverde, E.; Sureda, F. X.; Vázquez, S. Bioorg. Med. Chem. Lett. 2014, 22, 2678-2683. 
209 Mc Donald, I. A.; Dreiding, A. S.; Hutmacher, H.; Musso, H. Helv. Chim. Acta 1973, 56, 1385-
1395. 
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After that and considering the very low yield of the bromide/hydroxy exchange 

reaction, 2-oxaadamantane, 8, was prepared using a previously described three-step 

synthesis involving a double Criegee rearrangement.210 Commercially available 2-

adamantanone, 10, was treated with methylmagnesium bromide to give 2-methyl-2-

adamantanol, 11, in very high yield. Krasutsky and coworkers had reported 

consecutive Criegee rearrangements on the alcohol 11 to deliver the 2-

oxaadamantane. As occurred to Alder and coworkers, the two-step procedure through 

the intermediate endo,endo-3-hydroxy-7-acetoxybicyclo[3.3.1]nonane, 12, seemed to 

be more efficient than the one-step photochemical procedure.211 Thus, 11 was first 

treated with trifluoroacetic anhydride (TFAAn) and H2O2 at -25 °C -generating in situ 

trifluoroperacetic acid (TFPAA) and trifluoroacetic acid (TFAA)- to give, after quenching 

with water, the acetate 12 (Scheme 3). 

 

 

Scheme 3. Syntheses of 2-oxaadamantane, 8. (i) MeMgBr, dry Et2O, r.t., 1.5 h, 97% yield. (ii) 1) 

TFAAn, H2O2, -25 °C, 2 h. 2) H2O. (iii) concd H2SO4, -10 °C, 1 h, 58% overall yield from 11. (iv) 

HgO, I2, dry toluene, hv, 3 h, 12%. 

 

Trifluoroperacetate 14, which could be formed from alcohol 11 through the 

intermediate carbocation 13, is the obvious intermediate for the double O-insertion. 

Finally, acetate 12 was easily transformed to the required oxaadamantane in cold 

sulfuric acid by electrophilic cyclization (Scheme 4). 

                                                           
210 Krasutsky, P. A.; Kolomitsin, I. V.; Kiprof, P.; Carlson, R. M.; Forkin, A. A. J. Org. Chem. 2000, 
65, 3926-3933. 
211 Alder, R. W.; Carta, F.; Reed, C. A.; Stoyanova, I.; Willis, C. L. Org. Biomol. Chem. 2010, 8, 
1551-1559. 
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Scheme 4. Proposed mechanism by Krasutsky and coworkers for the two-step procedure from 

2-methyl-2-adamantanol, 11, to 2-oxaadamantane, 8, involving a double Criegee 

rearrangement.209 

 

Although the use of a methyl as the group least subject to rearrangement, the 

formation of small amounts of the lactone 22 together with the acetate 12 was 

evidence for a parallel O-insertion into the C2-CH3 bond delivering the intermediate 

21. Subsequent hydrolysis of 21 to ketone 10 which undergoes a Baeyer-Villiger 

reaction in presence of TFPAA gave the stable lactone 22 (Scheme 5). 

 

 

Scheme 5. Mechanism of the formation of lactone 22, involving a Baeyer-Villiger reaction. 

 

In parallel, we also tried the direct conversion from 2-methyl-2-adamantanol 11 to the 

desired 2-oxaadamantane, 8, through a previously described photochemical procedure 
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(Scheme 3).212 We could not reproduce the moderate yield obtained by Suginome and 

Yamada (12% vs 43%), likely because of the lamp we used, a 100-W tungsten filament 

lamp instead of a 100-W high-pressure mercury arc.213 

Once 2-oxaadamantane in hand, we started working on the C-5 functionalization 

(Scheme 6). The successful method we used was the C-H activation of the 

oxaadamantane nucleus by phase-transfer catalysis (PTC) in mixed aqueous/organic 

solvents previously described by Schreiner and coworkers.214 The procedure uses 

tetrabromomethane and sodium hydroxide with benzyltriethylammonium chloride 

(BTEAC) as the catalyst delivering a high regiospecificity for the bromination at the 

bridgehead position 5. The reaction is likely to proceed by single-electron-transfer 

(SET) initiation of OH- by CBr4 followed by a radical substitution that starts the chain 

reaction. 

From the bromo derivative 23, we envisaged the chloroacetamide 24a as the key 

intermediate to finally get the desired 2-oxaadamantan-5-amine, 4. When we applied 

the Jirgensons’ modification of the classical Ritter reaction to 23, we recovered most of 

the starting material, together with an inseparable mixture of the expected 

chloroacetamide 24a and the corresponding bromoacetamide 24b, as evidenced by 

GC/MS analysis. Since alcohols perform better in the Ritter reaction, we attempted to 

obtain the chloroacetamide 24a from the known alcohol 25, which was prepared from 

8 harshening the conditions increasing the temperature of the previous PTC reaction 

with the 50% NaOH solution. Satisfactorily, alcohol 25 furnished the chloroacetamide 

24a in high yield. Finally, cleavage of the haloacetamide group by using thiourea, either 

from pure 24a or from the mixture of 24a and 24b, delivered the 2-oxaadamantan-5-

amine in good yield. 

                                                           
212 Suginome, H.; Yamada, S. Synthesis 1986, 9, 741-743. 
213 After finishing this work, it has been recently reported a two-step synthesis of 8 from 6 in 
36% overall yield, see Benneche, T.; Tius, M. A. Tetrahedron Lett. 2016, 57, 3150-3151. 
214 a) Schreiner, P. R.; Lauensteien, O.; Kolomitsyn, I. V.; Nadi, S.; Fokin, A. A. Angew. Chem. Int. 
Ed. 1998, 37, 1895-1897; b) Schreiner, P. R.; Lauensteien, O.; Butova, E. D.; Gunchenko, P. A.; 
Kolomitsin, I. V.; Wittkopp, A. ; Feder, F. ; Fokin, A. A. Chem. Eur. J. 2001, 7, 4997-5003. 
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Scheme 6. Synthesis of 2-oxaadamantan-5-amine, 4. (i) 50% NaOH, CBr4, BTEAC, DCM, 40 °C, 

90 h, 35% yield. (ii) Chloroacetonitrile, concd H2SO4, acetic acid, 0-50 °C, 40 h, 27% yield. (iii) 

Thiourea, acetic acid, EtOH, reflux, 16 h; then HCl/1,4-dioxane, 70% overall from the mixture 

24a and 24b; 64% overall from 24a. (iv) 50% NaOH, CBr4, BTEAC, DCM, 85 °C, 90 h, 54% yield. 

(v) Chloroacetonitrile, concd H2SO4, acetic acid, 0 °C to r.t., 70 h, 87% yield. 

 

Alternatively, we tried to prepare the target compound 4 by reduction of the 

corresponding azide derivative 26 synthesized via azide/bromide exchange on 23 as 

previously reported by Alder and coworkers (Scheme7).210 

 

 

Scheme 7. Proposed alternative synthesis for 2-oxaadamantan-5-amine, 4. (i) Me3SiN3, SnCl4, 

dry DCM, 0 °C, 4 h, 93% yield.210 (ii) Reduction. 

 

However, a complete exchange was not obtained, since a complex mixture of product, 

starting material and other side products was resulted. We later find out that these 

exchange reactions require reflux for completion as Davis and Nissan reported.215 

                                                           
215 Davis, M. C.; Nissan, D. A. Synth. Commun. 2006, 36, 2113-2119. 
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As it was of interest for the research group, the novel oxaanalog of the clinically 

approved drug amantadine was tested against two of its well-known targets, the M2 

channel of the Influenza A virus and the NMDA receptor, in order to assess its 

behaviour as a bioisostere of amantadine. The results of these pharmacological 

evaluations are discussed in the manuscript that follows. 

As an objective of the present Thesis, we used amine 4 as the starting product for the 

synthesis of a putative 11β-HSD1 inhibitor. This work is reported in the next Chapter 4. 
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a b s t r a c t

Two alternative syntheses of 2-oxaadamantan-5-amine, a novel analog of the clinically approved drug
amantadine, are reported. The compound has been tested as an anti-influenza A virus agent and as an
NMDA receptor antagonist. While the compound was not antivirally active, it displayed moderate activity
as an NMDA receptor antagonist.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

The highly symmetrical structure of adamantane is a very com-
mon building block in organic chemistry. Among the several appli-
cations of adamantane derivatives, two are of the highest interest.
First, the adamantane scaffold is used as a sterically demanding
group in the synthesis of ligands for transition metal catalysts. Cur-
rently there are several adamantane-derived phosphines, such as
Me-DalPhos�, Mor-DalPhos�, AdBrettPhos�, cataCXium� A, that
are commercially available (Fig. 1).1 Of note, the use of heteroada-
mantanes in catalysis has been less studied. The nitroxyl radical
AZADO, a highly active catalyst for alcohol oxidation with superior
catalytic proficiency to the well-known TEMPO, is a remarkable
exception (Fig. 1).2

On the other hand, adamantane is of great interest in medicinal
chemistry. The first clinically approved adamantane derivative,
amantadine, was already introduced in the clinic in 1966.3 Since
then, thousands of adamantane derivatives have been pharmaco-
logically evaluated and, so far, seven of them have been approved
for clinical use (Fig. 2). Many more are in development as potential
therapeutics against a plethora of targets.4

Although there are thousands of adamantyl derivatives that
have been tested for biological activity, the number of heteroada-
mantanes that have been used in medicinal chemistry is only very
small. Indeed, several oxaadamantanes, and azaadamantanes have
been synthesized and pharmacologically tested, but no derivative
has reached clinical trials so far. Some examples from either aca-
demic laboratories or the pharmaceutical industry are presented
in Figure 3.5

Some time ago, we reported the synthesis and pharmacological
evaluation of several 2-oxaadamantan-1-amines as analogs of
amantadine (Fig. 4). Taking into account that amantadine shows
NMDA receptor antagonist and anti-influenza A virus activities,
we evaluated the 2-oxaanalogs for these two activities. We found
that although all the compounds were devoid of antiviral activity,
several of them displayed NMDA receptor antagonism, with some
having lower IC50 values than amantadine.6

In order to further explore the biological interest of heteroada-
mantanes, in this Letter we report the synthesis of a novel scaffold,
2-oxaadamantan-5-amine, 11, of potential interest in medicinal
chemistry. We have found that 11 is devoid of any inhibitory activ-
ity against the M2 channel of influenza A virus, but displays activ-
ity as an NMDA receptor antagonist, albeit being less active than
amantadine.

http://dx.doi.org/10.1016/j.tetlet.2015.01.160
0040-4039/� 2015 Elsevier Ltd. All rights reserved.
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Results and discussion

In order to synthesize the novel amantadine analog 11, we
envisaged chloroacetamide 9 as a key intermediate. In turn 9,
may be accessible from two already known 2-oxaadamantane
derivatives, namely 8 and 12.7,8 When we applied the Jirgensons’
modification of the classical Ritter reaction to 8,9 we recovered
most of the starting material, along with an unseparable mixture
of the expected chloroacetamide 9 and the corresponding bromo-
acetamide, 10, as evidenced by GC/MS analysis. As it is known that
alcohols behave better in the Ritter reaction, we attempted to
obtain 11 from the known alcohol 12.8 To our satisfaction, reaction
of 12 with chloroacetonitrile in acidic medium proceeded
uneventfully to furnish 9 in high yield. Finally, cleavage of the

haloacetamide group by using thiourea, either from pure 9 or from
a mixture of 9 and 10, furnished 2-oxaadamantane-5-amine, 11, in
good yield. Amine 11 was fully characterized as its corresponding
hydrochloride (Scheme 1).

Amine 11 was tested for antiviral activity. However, it did not
display activity against the influenza viruses A/H1N1, A/H3N2 or
B. Also, it was found to be inactive against the enveloped DNA
viruses herpes simplex virus (type 1 or type 2) or vaccinia virus;
the enveloped RNA viruses HIV-1, HIV-2, feline coronavirus,
parainfluenza-3 virus, respiratory syncytial virus, vesicular stoma-
titis virus, sindbis virus or Punta Toro virus; or the non-enveloped
RNA viruses Coxsackievirus B4 and Reovirus-1. Of interest, 11 did
not show cytotoxicity (CC50 >100 lM) in the human MT4 lympho-
blast cells; human embryonic lung (HEL) fibroblast cells; HeLa
cervix carcinoma cells; or African green monkey Vero cells.

Previously, we had found that although 5 did not show any anti-
influenza virus activity,6 it was able to inhibit the wild-type (wt)
M2 channel of influenza A virus, the target for the antiviral action
of amantadine.10 In order to assess if 11 was an inhibitor of the M2
protein, its inhibitory activity was tested on A/M2 channels
expressed in Xenopus oocytes using the two-electrode voltage
clamp (TEV) technique. At 100 lM, amantadine was able to inhibit
91% of the activity of the wt A/M2 channel (IC50 = 16.0 ± 1.2 lM)
and oxaamantadine 5 showed similar activity (IC50 = 29.2 ± 1.2 -
lM). On the other hand, the novel oxaamantadine 11, at 100 lM,
produced only 18.9% inhibition of the activity of the wt M2 chan-
nel, and similar values were obtained when the compound was
evaluated against the amantadine-resistant V27A (8.8% inhibition)
and S31N (21.4% inhibition) M2 mutant channels.

Overall, taking into account the aforementioned pharmacologi-
cal results, it seems that the introduction of the oxygen atom in the
adamantane scaffold is much more deleterious for the anti-influ-
enza A virus activity in 11 than in 5.

Finally, we measured the effect of 11 on the increase in intracel-
lular calcium evoked by NMDA (at a concentration of 100 lM and
in the presence of 10 lM of glycine) on cultured rat cerebellar
granule neurons. Although we indeed found some antagonistic
activity, amine 11 was 2.5 fold less potent (IC50 = 258 ± 93 lM,
n = 3) than amantadine (IC50 = 92 ± 29 lM, n = 3).11

Conclusions

In conclusion, we have synthesized a novel heteroanalog of
amantadine. Although 11 does not behave as a bioisostere of
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amantadine against two of its well-known targets, the potential of
this novel amine in medicinal chemistry may still be very high,
since adamantane-derived compounds can have activity against a
broad and diverse panel of biological targets. Thus, we are cur-
rently further exploring the chemistry and biology of several deriv-
atives of 11 with potential activity against several targets, such as
the 11b-HSD1 or the soluble epoxide hydrolase enzymes.

Experimental

Chemistry: general

Melting points were determined in open capillary tubes. NMR
spectra were recorded in the following spectrometers: 1H NMR
(400 MHz), 13C NMR (100.6 MHz). Chemical shifts (d) are reported
in ppm related to internal tetramethylsilane (TMS) and coupling
constants are reported in Hertz (Hz). Accurate mass measurements
were obtained using ESI technic. Absorption values in the IR spec-
tra [using the Attenuated Total Reflectance (ATR) technique] are
given as wave-numbers (cm�1). Only the more intense bands are
given. For the thin layer chromatography (TLC) aluminum-backed
sheets with silica gel 60 F254 were used and spots were visualized
with UV light and/or 1% aqueous solution of KMnO4.

N-(2-Oxaadamantan-5-yl)-2-chloroacetamide, 9

(a) From 5-bromo-2-oxaadamantane, 8: A solution of 5-bromo-
2-oxaadamantane, 8, (593.5 mg, 2.74 mmol) in chloroaceto-
nitrile (0.18 mL, 2.74 mmol) and glacial acetic acid (1.5 mL)
was cooled to 0 �C. Then concentrated sulfuric acid
(0.22 mL) was added dropwise. The reaction mixture was
stirred at 50 �C for 40 h. The solution was added to ice
(8 g) and the mixture stirred for few minutes. CH2Cl2
(10 mL) was added, the layers separated and the aqueous
layer extracted with further CH2Cl2 (2 � 10 mL). The com-
bined organics were dried over anhyd sodium sulfate and
filtered. Evaporation in vacuo of the organics gave an orange
oil (894.3 mg). Column chromatography (hexane/ethyl
acetate mixture) gave N-(2-oxaadamantan-5-yl)-2-chloro-
acetamide, 9, and N-(2-oxaadamantan-5-yl)-2-bromoacet-
amide, 10, as a white solid (167.8 mg, approx. 26.7% yield).

(b) From 2-oxaadamantan-5-ol, 12: A solution of 2-oxaadaman-
tane-5-ol, 12,8a (186 mg, 1.21 mmol) in chloroacetonitrile
(0.08 mL, 1.21 mmol) and glacial acetic acid (0.8 mL) was
cooled to 0 �C. Then concentrated sulfuric acid (0.1 mL)
was added dropwise. The reaction mixture was stirred at
room temperature for 70 h. The solution was added to ice
(2 g) and the mixture stirred for few minutes. CH2Cl2
(5 mL) was added, the layers separated and the aqueous
layer extracted with further CH2Cl2 (2 � 5 mL). The com-
bined organics were dried over anhyd sodium sulfate and
filtered. Evaporation in vacuo of the organics gave the N-
(2-oxaadamantan-5-yl)-2-chloroacetamide, 9, as a white
solid (239.9 mg, 86.5% yield), mp 105–106 �C. IR (ATR) m,
3272, 3082, 2937, 1661, 1556, 1441, 1414, 1358, 1315,
1271, 1234, 1193, 1150, 1107, 1076, 1017, 975, 961, 924,

817, 799, 777, 685 cm�1. 1H NMR (400 MHz, CDCl3) d: 1.60
[dm, 2H, 80(100)-Ha], 1.96–2.22 [complex signal, 8H, 40(90)-
Ha, 40(90)-Hb, 80(100)-Hb, 60-H2], 2.27 [m, 1H, 70-H], 3.94 [s,
2H, CH2Cl], 4.20 [br s, 2H, 10(30)-H], 6.27 (s, 1H, NH). 13C
NMR (100.6 MHz, CDCl3) d: 27.2 (CH, C70), 34.8 [CH2,
C80(100)], 39.3 (CH2, C60), 40.2 [CH2, C40(90)], 42.7 (CH2, C2),
51.1 (C, C50), 69.0 [CH, C10(30)], 164.9 (C, C1). HRMS-ESI+
m/z [M+H]+ calcd for [C11H16ClNO2+H]+: 230.0942, found:
230.0951.

2-Oxaadamantan-5- amine hydrochloride, 11�HCl

(a) From a mixture of 9 and 10: To a solution of a mixture of N-
(2-oxaadamantan-5-yl)-2-chloroacetamide, 9, and N-(2-
oxaadamantan-5-yl)-2-bromoacetamide, 10, (113.6 mg,
0.49 mmol) in absolute ethanol (9.6 mL) was added thiourea
(44.9 mg, 0.59 mmol) and glacial acetic acid (0.34 mL). The
reaction mixture was stirred and heated at reflux overnight.
The resulting mixture was allowed to reach room tempera-
ture and evaporated in vacuo. The residue was partitioned
between CH2Cl2 (10 mL) and water (10 mL) and the layers
were separated. The aqueous layer was basified with 10 N
NaOH to basic pH and extracted with CH2Cl2 (3 � 10 mL).
The combined organics were dried over anhyd sodium
sulfate, filtered, and HCl/dioxane was added to form the
hydrochloride salt. Evaporation in vacuo of the organics
gave 2-oxaadamantan-5-amine hydrochloride, 11�HCl, as a
white solid (55.8 mg, 70.0% yield).

(b) From pure 9: To a solution of N-(2-oxaadamantan-5-yl)-2-
chloroacetamide, 9, (239.9 mg, 1.05 mmol) in absolute etha-
nol (20.3 mL) was added thiourea (95.2 mg, 1.25 mmol) and
glacial acetic acid (0.72 mL). The reaction mixture was
stirred and heated at reflux overnight. The resulting mixture
was allowed to reach room temperature and evaporated in
vacuo. The residue was partitioned between CH2Cl2
(20 mL) and water (20 mL) and the layers were separated.
The aqueous layer was basified with 10 N NaOH to basic
pH and extracted with CH2Cl2 (3 � 20 mL). The combined
organics were dried over anhyd sodium sulfate, filtered,
and HCl/dioxane was added to form the hydrochloride salt.
Evaporation in vacuo of the organics gave 2-oxaadaman-
tan-5-amine hydrochloride, 11�HCl, as a white solid
(117.4 mg, 64.0% yield), mp 240 �C (sublimation). IR (ATR)
m, 3361, 2893, 2609, 1657, 1625, 1525, 1443, 1383, 1364,
1322, 1197, 1172, 1120, 1095, 1062, 1009, 984, 933, 912,
896, 831, 811, 779, 717, 625 cm�1. 1H NMR (400 MHz, CD3-

OD) d: 1.65 [dm, 2H, 8(10)-Ha], 1.89 [d, J = 12 Hz, 2H,
4(9)-Ha], 1.98–2.12 [complex signal, 6H, 6-H2, 8(10)-Hb,
4(9)-Hb], 2.35 [m, 1H, 7-H], 4.23 [br s, 2H, 1(3)-H], 4.86
(s, 3H, NH3). 13C NMR (100.6 MHz, CD3OD d: 28.4 (CH, C7),
35.0 [CH2, C8(10)], 39.6 (CH2, C6), 40.2 [CH2, C4(9)], 51.8
(C, C5), 69.9 [CH, C1(3)]. Anal. Calcd for C9H16ClNO: C,
56.99; H, 8.50; N, 7.38; calcd for C9H16ClNO�0.75H2O:
C, 53.20; H, 8.68; N, 6.89. Found: C, 53.26; H, 8.40; N,
6.58.

12

9 iiiii

8 9, X = Cl
10, X = Br 11·HCl

i ii

O NH2 O OHO Br
·HCl

O N
H

O
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Scheme 1. Syntheses of 2-oxaadamantan-5-amine, 11, from known 2-oxaadamantane derivatives 8 and 12. (i) Chloroacetonitrile, acetic acid, concd H2SO4, 0–50 �C, 40 h, 27%
yield. (ii) Thiourea, acetic acid, ethanol, reflux; then HCl/1,4-dioxane, 70% overall from the mixture of 9 and 10; 64% overall from pure 9. (iii) Chloroacetonitrile, acetic acid,
concd H2SO4, 0 �C to room temperature, 70 h, 87% yield.
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Antiviral activity

The antiviral activity of amine 11 was determined in estab-
lished cell culture assays using a selection of DNA and RNA viruses,
including four subtypes of influenza virus [A/Puerto Rico/8/34
(H1N1); A/Virginia/ATCC3/2009 (H1N1); A/Hong Kong/7/87
(H3N2) and B/Hong Kong/5/72].12 The compound’s inhibitory
effect on virus replication (antiviral EC50 >100 lM) as well as its
cytotoxicity (CC50 >100 lM) were monitored by microscopic
inspection, and confirmed by the colorimetric MTS cell viability
assay.

Plasmid, mRNA synthesis, and microinjection of oocytes

The cDNA encoding the influenza A/Udorn/72 (A/M2) was
inserted into pSUPER vector for expression in Xenopus oocyte
plasma membrane. A/M2 S31N and A/M2 V27A mutants were gen-
erated by QuikChange site-directed mutagenesis kit (Agilent Tech-
nologies). The synthesis of cRNA and microinjection of oocytes
have been described previously.13

Two-electrode voltage clamp analysis

Macroscopic membrane current was recorded 24–72 h after
injection as described previously.14 Oocytes were perfused at room
temperature in Barth’s solution containing (in mM) 88 NaCl, 1 KCl,
2.4 NaHCO3, 0.3 NaNO3, 0.71 CaCl2, 0.82 MgCl2, and 15 HEPES for
pH 8.5 or 15 MES for pH 5.5 at a rate of 2 mL/min. The tested com-
pound was dissolved in DMSO and applied (100 lM) at pH 5.5
when the inward current reached a maximum. The compound
was applied for 2 min, and residual membrane current was com-
pared with the membrane current before the application of com-
pounds. Currents were recorded at �20 mV and analyzed with
pCLAMP 8 software package (Axon Instruments, Sunnyvale, CA).

Antagonist activity against NMDA receptors

The functional assay for antagonist activity against NMDA
receptors was performed using primary cultures of rat cerebellar
granule neurons that were prepared according to established
protocols.11 Cells were grown on 10 mm poly-L-lysine coated glass
cover slips, and used for the experiments after 6–10 days in vitro
culture. Cells were loaded with 6 lM Fura-2 AM (Invitrogen-
Molecular Probes) for 30 min. Then, the coverslip was mounted
on a quartz cuvette containing a Locke–Hepes buffer using a
special holder. Measurements were performed using a PerkinElmer
LS-55 fluorescence spectrometer equipped with a fast-filter acces-
sory, under mild agitation and at 37 �C. Analysis from each sample
was recorded real-time during 1400 s. After stimulation with
NMDA (100 lM, in the presence of 10 lM glycine), increasing
cumulative concentrations of the compound to be tested were
added. The percentages of inhibition at every tested concentration
were analyzed using a non-linear regression curve fitting (variable
slope) by using the software GraphPad Prism 5.0.

Acknowledgments

R.L. thanks the Generalitat de Catalunya for a PhD Grant (FI).
S.V. thanks financial support fromMinisterio de Ciencia e Innovación
(Project CTQ2011-22433) and the Generalitat de Catalunya (Grant
2014-SGR-00052). L.N. acknowledges the financial support from
the KU Leuven Geconcerteerde Onderzoeksacties (GOA/15/019/
TBA), and the technical assistance from W. van Dam.

Supplementary data

Supplementary data (1H and 13C NMR spectra of 9 and 11�HCl)
associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.tetlet.2015.01.160.

References and notes

1. (a) Lundgren, R. J.; Peters, B. D.; Alsabeh, P. G.; Stradiotto, M. Angew. Chem., Int.
Ed. 2010, 49, 4071–4074; (b) Lundgren, R. J.; Stradiotto, M. Angew. Chem., Int.
Ed. 2010, 49, 8686–8690; (c) Lundgren, R. J.; Stradiotto, M. Aldrichim. Acta 2012,
45, 59–65; (d) Su, M.; Buchwald, S. L. Angew. Chem., Int. Ed. 2012, 51, 4710–
4713; (e) Zapf, A.; Ehrentraut, A.; Beller, M. Angew. Chem., Int. Ed. 2000, 39,
4153–4155; (f) Zapf, A.; Jackstell, R.; Rataboul, F.; Riermeier, T.; Monsees, A.;
Fuhrmann, C.; Shaikh, N.; Dingerdissen, U.; Beller, M. Chem. Commun. 2004, 38–
39; (g) Rataboul, F; Zapf, A.; Jackstell, R.; Harkal, S.; Riermeier, T.; Monsees, A.;
Dingerdissen, U.; Beller, M. Chem. Eur. J. 2004, 10, 2983–2990.

2. (a) Shibuya, M.; Tomizawa, M.; Suzuki, I.; Iwabuchi, Y. J. Am. Chem. Soc. 2006,
128, 8412–8413; (b) Iwabuchi, Y. Chem. Pharm. Bull. 2013, 61, 1197–1213.

3. Davies, W. L.; Grunert, R. R.; Haff, R. F.; McGahen, J. W.; Neumayer, E. M.;
Paulshock, M.; Watts, J. C.; Wood, T. R.; Hermann, E. C.; Hoffmann, C. E. Science
1964, 144, 862–863.

4. (a) Lamoureux, G.; Artavia, G. Curr. Med. Chem. 2010, 17, 2967–2978; (b) Liu, J.;
Obando, D.; Liao, V.; Lifa, T.; Codd, R. Eur. J. Med. Chem. 2011, 46, 1949–1963; (c)
Wanka, L.; Iqbal, K.; Schreiner, P. R. Chem. Rev. 2013, 113, 3516–3604.

5. (a) Banister, S. D.; Yoo, D. T.; Chua, S. W.; Cui, J.; Mach, R. H.; Kassiou, M. Bioorg.
Med. Chem. Lett. 2011, 21, 5289–5292; (b) Ye, X.-Y.; Chen, S. Y.; Nayeem, A.;
Golla, R.; Seethala, R.; Wang, M.; Harper, T.; Sleczka, B. G.; He, B.; Gordon, D. A.;
Robl, J. A. Bioorg. Med. Chem. Lett. 2011, 21, 6699–6704; (c) Nelson, D. W.; Frost,
J. M.; Tietje, K. R.; Florjancic, A. S.; Ryther, K.; Carroll, W. A.; Dart, M. J.; Daza, A.
V.; Hooker, B. A.; Grayson, G. K.; Fan, Y.; Garrison, T. R.; El-Kouhen, O. F.; Yao,
B.; Pai, M.; Chandran, P.; Zhu, C.; Hsieh, G. C.; Meyer, M. D. Bioorg. Med. Chem.
Lett. 2012, 22, 2604–2608; (d) Tanaka, Y.; Gamo, K.; Oyama, T.; Ohashi, M.;
Waki, M.; Matsuno, K.; Matsuura, N.; Tokiwa, H.; Miyachi, H. Bioorg. Med. Chem.
Lett. 2014, 24, 4001–4005.

6. Duque, M. D.; Camps, P.; Profire, L.; Montaner, S.; Vázquez, S.; Sureda, F. S.;
Mallol, J.; López-Querol, M.; Naesens, L.; De Clercq, E.; Prathalingam, S. R.;
Kelly, J. M. Bioorg. Med. Chem. 2009, 17, 3198–3206.

7. Schreiner, P. R.; Lauenstein, O.; Kolomitsyn, I. V.; Nadi, S.; Fokin, A. A. Angew.
Chem., Int. Ed. 1998, 37, 1895–1897.

8. (a) Duddeck, H.; Wagner, P. Liebigs Ann. Chem. 1984, 1981–1988; (b) Alder, R
W.; Carta, F.; Reed, C. A.; Stoyanova, I.; Willis, C. L. Org. Biomol. Chem. 2010, 8,
1551.

9. (a) Jirgensons, A.; Kauss, V.; Kalvinsh, L.; Gold, M. R. Synthesis 2000, 1709–
1712; (b) Jiang, D.; He, T.; Ma, L.; Wang, Z. RSC Adv. 2014, 4, 64936–64946.

10. Duque, M. D.; Ma, C.; Torres, E.; Wang, J.; Naesens, L.; Juárez-Jiménez, J.;
Camps, P.; Luque, F. J.; DeGrado, W. F.; Lamb, R. A.; Pinto, L. H.; Vázquez, S. J.
Med. Chem. 2011, 54, 2646–2657.

11. Canudas, A. M.; Pubill, D.; Sureda, F. X.; Verdaguer, E.; Camps, P.; Muñoz-
Torrero, D.; Jiménez, A.; Camins, A.; Pallàs, M. Exp. Neurol. 2003, 180, 123–130.

12. (a) Setaki, D.; Tataridis, D.; Stamatiou, G.; Kolocouris, A.; Foscolos, G. B.; Fytas,
G.; Kolocouris, N.; Padalko, E.; Neyts, J.; De Clercq, E. Bioorg. Chem. 2006, 34,
248–273; (b) Naesens, L.; Vanderlinden, E.; Roth, E.; Jeko, J.; Andrei, G.; Snoeck,
R.; Pannecouque, C.; Illyes, E.; Batta, G.; Herczegh, P.; Sztaricskai, F. Antiviral
Res. 2009, 82, 89–94.

13. Gazzarrini, S.; Kang, M.; Abenavoli, A.; Romani, G.; Olivari, C.; Gaslini, D.;
Ferrara, G.; van Etten, J. L.; Kreim, M.; Kast, S. M.; Thiel, G.; Moroni, A. Biochem.
J. 2009, 420, 295–303.

14. Balannik, V.; Lamb, R. A.; Pinto, L. H. J. Biol. Chem. 2008, 283, 4895–4904.

R. Leiva et al. / Tetrahedron Letters 56 (2015) 1272–1275 1275



S1 
 

Supporting information 

 

Ritter reaction-mediated syntheses of 2-oxaadamantan-5-amine, a 
novel amantadine analog 

Rosana Leivaa, Sabrina Gazzarrinib, Roser Esplugasc, Anna Moronib, Lieve Naesensd, 
Francesc X. Suredac, and Santiago Vázqueza,  

aLaboratori de Química Farmacèutica (Unitat Associada al CSIC), Facultat de Farmàcia, and Institute of Biomedicine (IBUB),  
Universitat de Barcelona, Av. Joan XXIII, s/n, Barcelona, E-08028, Spain 

bDepartment of Biosciences and National Research Council (CNR) Biophysics Institute (IBF), University of Milan, Via Celoria 26, 
20133 Milan, Italy 

cUnitat de Farmacologia, Facultat de Medicina i Ciències de la Salut, Universitat Rovira i Virgili, c./ St. Llorenç 21, Reus E-43201, 
Spain 

dRega Institute for Medical Research, KU Leuven, 3000 Leuven, Belgium 
  

 

 

Table of content: 

 

1H and 13C NMR spectra of 9        S2 

 

1H, 13C NMR and HSQC spectra of 11·HCl      S3 

 

 

 

  

                                                           
 Corresponding author. Tel.: +34-934-024-533; e-mail: svazquez@ub.edu 



S2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



S3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S4 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 
CHAPTER 4 

Study of C-1 vs C-2 substitution in 
adamantyl derivatives and 

introduction of oxaadamantyl 
groups in 11β-HSD1 inhibitors 



 



Chapter 4. Adamantyl and oxaadamantyl derivatives 

69 
 

4.1 Rationale and previous work 

The project presented hereinafter is the follow-up work of the previous chapter. 

Therefore, after the preparation of the novel cage amine 4,215 the next step was 

introducing it in a potential 11β-HSD1 inhibitor structure, II, replacing the adamantyl 

group broadly used as the lipophilic motif of the molecule. As a comparison, another 

oxaamantadine previously described by the group, the 3-methyl-2-oxaadaman-1-

amine, was used for the synthesis of other putative 11β-HSD1 inhibitors, III.202 

 

Chart 4. Structures of the previously described 2-oxaadaman-5-amine, 4, and the envisioned 

potential 11β-HSD1 inhibitors II and III featuring oxaadamantyl groups.202,215 

 

In addition to this, the aim of this project was also the preparation of a small series of 

1- and 2-adamantyl derivatives featuring fragments of proven 11β-HSD1 inhibitors in 

order to compare their potency, since some seemingly contradictory results and 

scarcity of data are present in this regard (see manuscript for further discussion).216,217 

 

4.2 Theoretical discussion 

All the compounds described in the following manuscript were prepared in the context 

of this Thesis. Their design, synthesis and pharmacological results are discussed in the 

manuscript, and the experimental procedures and methods for the synthesis, 

characterization and biological evaluation are described in the accompanying 

supporting information. 
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a b s t r a c t

The adamantane scaffold is found in several marketed drugs and in many investigational 11b-HSD1 inhi-
bitors. Interestingly, all the clinically approved adamantane derivatives are C-1 substituted. We demon-
strate that, in a series of paired adamantane isomers, substitution of the adamantane in C-2 is preferred
over the substitution at C-1 and is necessary for potency at human 11b-HSD1. Furthermore, the introduc-
tion of an oxygen atom in the hydrocarbon scaffold of adamantane is deleterious to 11b-HSD1 inhibition.
Molecular modeling studies provide a basis to rationalize these features.

� 2015 Elsevier Ltd. All rights reserved.

Adamantane is a very common building block in medicinal
chemistry.1 So far, seven adamantane derivatives have been
introduced in clinical use for a variety of diseases and molecular
targets (Fig. 1) and hundreds of derivatives have been tested
against different targets.

Interestingly, the rapid inspection of the structures of the
adamantane derivatives shown in Figure 1 reveals as a general
trend that the polycyclic scaffold is substituted at the C-1 position.
Of note, the anti-influenza A activity of amantadine is significantly
higher than that of its isomer, 2-aminoadamantane.2

In recent years, more than 25 pharmaceutical companies have
been working on the synthesis of 11b-hydroxysteroid dehydroge-
nase type 1 (11b-HSD1) inhibitors, as a potential new candidates
for the treatment of type II diabetes and metabolic syndrome.3

On the one hand, contrary to the aforementioned trend observed
in clinically approved adamantanes, most of the 11b-HSD1 inhibi-
tors evaluated are 2-adamantyl substituted derivatives (Fig. 2).4,5

However, for these derivatives no comparison between the activi-
ties of compounds substituted at the C-1 and C-2 positions is avail-
able. On the other hand, a potential advantage of positioning the
substituent at the 1-position is that one of the metabolically labile
positions of the adamantane would be blocked. Also, for any given

substituent, the theoretical c logP value of the 1-substituted analog
is usually lower than that of the 2-substituted derivative.6

The synthesis and pharmacological evaluation of a series of 1-
adamantyl amide 11b-HSD1 inhibitors has been previously
reported by Webster et al.7 Of note, inhibitors 1 and 2 were found
to be equipotent compounds (Fig. 3). Later, Xia et al. reported that
the C-2 substituted amide 3 was 20 times more potent than its 1-
isomer, 4 (Fig. 3).8

Taking into account these seemingly contradictory results and
the scarcity of data on 1-substituted adamantane derivatives eval-
uated as 11b-HSD1 inhibitors,5 we decided to synthesize a small
series of 1- and 2-adamantyl derivatives featuring fragments of
proven inhibitors of 11b-HSD1 in order to compare their pharma-
cological behavior.

Moreover, considering that very few heteroadamantanes have
been biologically tested as 11b-HSD1 inhibitors,9 we also evaluated
some 1- and 5-substituted 2-oxaadamantanes. The introduction of
an oxygen atom in the scaffold increases the polar surface area and
decreases the overall lipophilicity. Thus, if potency is retained, the
lipophilic ligand efficiency, which is one of the most significant
parameters that normalizes potency relative to lipophilicity, would
increase.10

We started from known urea 5, an 11b-HSD1 inhibitor reported
by Vitae.11 In our microsomal assay, 5 was shown to be a submi-
cromolar inhibitor of the human 11b-HSD1 enzyme

http://dx.doi.org/10.1016/j.bmcl.2015.07.097
0960-894X/� 2015 Elsevier Ltd. All rights reserved.
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(IC50 = 0.87 lM). Table 1 shows the structures and the percentage
of inhibition of human 11b-HSD1 at 10 lM of the novel com-
pounds. The IC50 value of the more potent derivatives is also
included.

All the compounds were synthesized in medium to high yields
using standard chemistry from four known amines: amantadine
(1-aminoadamantane), 2-aminoadamantane, 5-amino-2-ox-
aadamantane,12 and 3-methyl-2-oxaadamantane-1-amine13 (see
details in Supplementary material). Briefly, the reaction of aman-
tadine with 1-piperidinecarbonyl chloride in dichloromethane in
the presence of triethylamine furnished, after column chromatog-
raphy, urea 6 in 31% yield.14 In the same way, starting from the
known 3-methyl-2-oxaadamante-1-amine, urea 7 was obtained
in 34% yield. We also synthesized amides 8 and 9 in high yields,
by reaction of amantadine with 3,5-dichloro-4-aminobenzoic acid
or cyclohexanecarboxylic acid, respectively.15

Surprisingly, in our microsomal assay ureas 6 and 7 and amide 8
did not inhibit the human 11b-HSD1 enzyme. Under the same con-
ditions, amide 9 only inhibited 20% the enzyme activity.
Oxaadamantanes 10 and 11 were also very poor inhibitors.

Taking into account the aforementioned results and that the
corresponding C-2 isomers of 8 and 9 had not been previously
tested, we synthesized both amides from 2-aminoadamantane.
By way of contrast with the lack of inhibitory activity of their C-
1 isomers, amides 12 and 13 displayed potent, nanomolar inhibi-
tion. Also, in agreement with the previous trend observed in going
from ureas 6 and 7 to their corresponding amides 9 and 10, the
novel amide 12 was more potent than our previous hit 5. It was
noteworthy that ring contraction from 12 to 14 led to a less potent
inhibitor.

Overall, for the three pairs of isomers evaluated here, substitu-
tion in position 2 of the adamantyl scaffold consistently leads to
more potent inhibitory activity of human 11b-HSD1.

The introduction of an oxygen atom in the adamantane does not
improve the activity within the series of the C-1 substituted
derivatives. As Ye et al. found, within a series of 2,2-disubstituted
adamantanes, that the corresponding oxaadamantane analogs per-
formed poorly,9b we have not evaluated oxaadamantane
derivatives with the amino group attached to a methylene group
of the polycyclic ring.16

In order to rationalize these results we combined docking stud-
ies with molecular dynamics simulations to examine the structural
integrity of the binding of compounds 5, 6, and 12. Let us note that
the inhibitory activities of 5 and 6, which only differ in the substi-
tution at positions C1 and C2, vary from 87% (5) to 3% (6). On the
other hand, compound 12 involves the replacement of the piperi-
dine moiety present in 5 by the cyclohexyl one in 12, leading to
a moderate increase of the inhibitory activity from 87% (5) to
100% (12).

Compounds were docked in the binding cavity of human 11b-
HSD1 using Glide.17 In all cases the best scored poses mimicked
the bindingmode of PF-877423 (Fig. S1 in Supporting information),
which is a potent adamantyl-based inhibitor against the human
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enzyme (Ki = 1.4 nM).18 Thus, all the compounds retained the
hydrogen bond formed between the carbonyl oxygen of the
amide/urea moiety with the hydroxyl group of Ser170 and the ada-
mantyl cage filled a common site in the binding pocket.

Three independent 50 ns MD simulations were run for each
ligand–receptor complex, and additional runs were performed for
the complex with PF-877423, which was used as a reference sys-
tem. All the simulations were stable except that of the complex
with the C1-substituted compound 6, since the ligand was released
from the binding site in one simulation. Upon exclusion of this lat-
ter trajectory, the root-mean square deviation (RMSD) profiles
were similar in all cases. Thus, the RMSD of the protein backbone
varied from 1.5 to 2.2 Å, whereas the residues in the binding site

showed a larger RMSD (2.5–3.7 Å) due to the enhanced flexibility
of the loops that enclose the binding pocket.

The hydrogen bond formed between the inhibitor and the
hydroxyl group of Ser170 was retained in all cases (average dis-
tance of 2.8 Å). Often, an additional hydrogen bond with the hydro-
xyl unit of Tyr183 was transiently formed. Nevertheless,
compound 6 consistently showed a higher root-mean square fluc-
tuation (1.4 Å) compared to inhibitors 5 and 12 (RMSF of 0.8 Å),
suggesting a poorer fit of the hydrophobic cage in the binding cav-
ity due to the change in the substitution pattern from position C1
in 6 to position C2 in 5 and 12. This reflects the larger steric hin-
drance of the adamantyl cage with the NADP nicotinamide ring
arising from the C1-substitution, because C2-derived compounds
are found to adopt a configuration where the C2-H unit is primarily
oriented toward the nicotinamide ring (Fig. 4)

Finally, the moderate increase in the inhibitory activity of com-
pound 12 relative to 5 may be ascribed to the enhanced hydropho-
bicity afforded by the cyclohexane unit, as noted in their respective
c logP values of 4.5 and 3.6, determined from quantum mechanical
IEF/MST continuum solvation calculations.19 This trend agrees with
similar findings reported for series of structurally related
compounds.20

In conclusion, bearing in mind the aforementioned pharmaco-
logical results, it is clear that for potent 11b-HSD1 inhibitory activ-
ity, 2-substituted adamantanes are preferred over their
corresponding 1-substituted counterpart. Also, the introduction
of an oxygen atom in the polycyclic scaffold did not improve the
activity (compare 9 vs 10 and 11).
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List of abbreviations 

ATR = Attenuated Total Reflectance 

COSY = Correlation Spectroscopy 

DCM = dichloromethane 

EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EtOAc = ethyl acetate 

HOBt = 1-hydroxybenzotriazole 

11 -HSD1 = 11 -HydroxySteroid Dehydrogenase type 1 

HSQC = Heteronuclear Single Quantum Correlation 

NMR = Nuclear Magnetic Resonance 

RESP = Restrained Electrostatic Potential 

TIP3P = Transferable Intermolecular Potential 3P 
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Chemical Synthesis. General Methods

Melting points were determined in open capillary tubes with a MFB 595010M 

Gallenkamp melting point apparatus. 400 MHz 1H NMR and 100.6 MHz 13C

NMR spectra were recorded on a Varian Mercury 400 spectrometer. The 

chemical shifts are reported in ppm (

tetramethylsilane, and coupling constants are reported in hertz (Hz). 

Assignments given for the NMR spectra of the new compounds is based on 

COSY 1H/13C (gHSQC sequence) experiments. IR spectra were run on a 

Perkin-Elmer Spectrum RX I spectrophotometer. Absorption values are 

expressed as wavenumbers (cm 1). Column chromatography was performed on 

silica gel 60 Å (35-70 mesh, SDS, ref 2000027). Thin-layer chromatography 

was performed with aluminum-backed sheets with silica gel 60 F254 (Merck, ref 

1.05554), and spots were visualized with UV light and 1% aqueous solution of 

KMnO4. The analytical samples of all of the new compounds that were 

subjected to pharmacological evaluation possess a purity of >95%, as 

evidenced by results of their 1H NMR spectra and elemental analyses. 
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Obtention of N-(2-adamantyl)piperidine-1-carboxamide (5) 

To a solution of 2-adamantanamine hydrochloride (300 mg, 1.6 mmol) in DCM 

(15 mL) were added 1-piperidinecarbonyl chloride (0.30 mL, 2.4 mmol) and 

triethylamine (0.8 mL, 6.4 mmol). The reaction mixture was stirred at room 

temperature overnight. To the resulting suspension was then added saturated 

aqueous NaHCO3 solution (15 mL) and the phases were separated. The 

aqueous phase was extracted with further DCM (2 x 15 mL), and the organics 

were dried over anh. sodium sulphate, filtered and concentrated in vacuo to 

give a white yellowish solid (507 mg). Column chromatography (hexane/ethyl 

acetate mixture) gave 5 as a white solid (298 mg, 71% yield), mp 183-184 ºC. 

IR (ATR) : 753, 993, 1030, 1056, 1116, 1193, 1218, 1250, 1261, 1506, 1534, 

1558, 1606, 1640, 2901, 2918, 3415 cm-1. 1H-NMR (400 MHz, CDCl3 -

1.62 [c. s., 6 H, 4-H2, 3(5)-H2 -Ha], 1.69-1.78 [c. s., 4 H, 

-Hb -H2], 1.82 [c. s., - - -H2 -H],

3.31 [c. s., 4 H, 2(6)-H2 -H), 4.74 (d, J = 4.8 Hz, 1 H, NH). 13C-

NMR (100.5 MHz, CDCl3 2, C4), 25.5 [CH2

2, 2,

2 2

Calcd for C17H27NO: C 73.24, H 9.99, N 10.68. Found: C 73.22, H 10.27, N 

10.71. 

Obtention of N-(1-adamantyl)piperidine-1-carboxamide (6) 

To a solution of 1-adamantanamine hydrochloride (300 mg, 1.6 mmol) in DCM 

(15 mL) were added 1-piperidinecarbonyl chloride (0.30 mL, 2.4 mmol) and 

triethylamine (0.8 mL, 6.4 mmol). The reaction mixture was stirred at room 
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temperature overnight. To the resulting suspension was then added saturated 

aqueous NaHCO3 solution (15 mL) and the phases were separated. The 

aqueous phase was extracted with further DCM (2 x 15 mL), and the organics 

were dried over anh. sodium sulphate, filtered and concentrated in vacuo to 

give a yellow solid (392 mg). Column chromatography (hexane/ethyl acetate 

mixture) gave 6 as a white solid (129 mg, 31% yield). The analytical sample 

was obtained by washing with pentane, mp 190-191 ºC. IR (ATR) : 756, 919, 

982, 994, 1033, 1164, 1193, 1221, 1248, 1347, 1369, 1441, 1535, 1641, 2348, 

2844, 2924, 3415 cm-1. 1H-NMR (400 MHz, CDCl3 -1.60 [c. s., 6 H, 3(5)-

H2, 4-H2], 1.61- -H2], 1.94- -H2],

2.05 [m, 3 H, 3'(5')(7')-H], 3.24 (m, 4 H, 2(6)-H2), 4.17 (b. s., 1 H, NH). 13C-NMR 

(100.5 MHz, CDCl3 2, C4), 25.6 [CH2

36.5 [CH2 2 2

156.8 (C, CO). Calcd for C17H20Cl2N2O: C 73.24, H 9.99, N 10.68. Found: C 

73.22, H 10.26, N 10.73. 

Obtention of N-(3-methyl-2-oxaadamant-1-yl)piperidine-1-carboxamide (7) 

To a solution of (3-methyl-2-oxaadamant-1-yl)amine hydrochloride (137 mg, 0.7 

mmol) in DCM (10 mL) were added 1-piperidinecarbonyl chloride (0.13 mL, 1 

mmol) and triethylamine (0.34 mL, 2.7 mmol). The reaction mixture was stirred 

at room temperature overnight. To the resulting suspension was then added 

saturated aqueous NaHCO3 solution (10 mL) and the phases were separated. 

The aqueous phase was extracted with further DCM (2 x 10 mL), and the 

organics were dried over anh. sodium sulphate, filtered and concentrated in 

vacuo to give an orange oil (374 mg). Column chromatography (hexane/ethyl 

acetate mixture) gave 7 as a white solid (64 mg, 34% yield), mp 116-117 ºC. IR 

(ATR) : 617, 672, 708, 764, 813, 852, 896, 922, 955, 964, 985, 995, 1037, 

1067, 1144, 1166, 1195, 1220, 1253, 1349, 1374, 1392, 1443, 1538, 1632, 

1643, 2847, 2922, 3322 cm-1. 1H-NMR (400 MHz, CDCl3 3-
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-1.60 [c. s., 8 H, 4-H2, 3(5)-H2 -Ha], 1.61- -Ha,

-Hb], 1.72- -Hb), 1.86 [dm, J -Ha], 2.25 

-H], 2.30 [dm, J -Hb], 3.24 [c. s., 4 H, 2(6)-H2), 

4.63 (b. s., 1 H, NH). 13C-NMR (100.5 MHz, CDCl3 2, C4), 25.6 

[CH2 3, C3-CH3), 33.9 (CH2 2,

2 2

155.5 (C, CO). Calcd for C17H27NO: C 69.03, H 9.41, N 10.06. Found: C 68.91, 

H 9.40, N 9.82. 

Obtention of N-(1-adamantyl)-4-amino-3,5-dichlorobenzamide (8) 

To a solution of 1-adamantanamine hydrochloride (207 mg, 1.1 mmol) in EtOAc 

(10 mL) were added 4-amino-3,5-dichlorobenzoic acid (206 mg, 1 mmol), HOBt 

(202.6 mg, 1.5 mmol), EDC (232 mg, 1.5 mmol) and triethylamine (0.6 mL, 4.4 

mmol). The reaction mixture was stirred at room temperature for 22 hours. To 

the resulting suspension was then added water (20 mL) and the phases were 

separated. The organic phase was washed with saturated aqueous NaHCO3

solution (15 mL) and brine (15 mL), dried over anh. sodium sulphate and 

filtered. Evaporation in vacuo of the organics gave 8 as a white yellowish solid 

(286 mg, 84% yield). The analytical sample was obtained by crystallization from 

ethyl acetate/pentane, mp 222-223 ºC. IR (ATR) : 648, 753, 799, 879, 907, 

1027, 1053, 1087, 1107, 1250, 1306, 1321, 1483, 1533, 1569, 1600, 1638, 

2353, 2844, 2901, 3381, 3729, 3832 cm-1. 1H-NMR (400 MHz, CDCl3 -

-H2], 2.07- -H2], 2.11 [m, 3 H, 

-H], 4.70 (b. s., 2 H, NH2), 5.62 (b. s., 1 H, NH), 7.56 [s, 2 H, 2(6)-HAr]. 
13C-NMR (100.5 MHz, CDCl3 2

41.6 [CH2

C2(6)], 142.3 (C, C4), 164.2 (C, CO). Calcd for C17H20Cl2N2O:  C 60.19, H 5.94, 

N 8.26. Found: C 60.32, H 6.09, N 8.32. 
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Obtention of N-(1-adamantyl)cyclohexanecarboxamide (9) 

To a solution of 1-adamantanamine hydrochloride (207 mg, 1.1 mmol) in EtOAc 

(15 mL) were added cyclohexanecarboxylic acid (128 mg, 1 mmol), HOBt (203 

mg, 1.5 mmol), EDC (232 mg, 1.5 mmol) and triethylamine (0.6 mL, 4.4 mmol). 

The reaction mixture was stirred at room temperature overnight. To the resulting 

suspension was then added water (15 mL) and the phases were separated. The 

organic phase was washed with saturated aqueous NaHCO3 solution (15 mL) 

and brine (15 mL), dried over anh. sodium sulphate and filtered. Evaporation in 

vacuo of the organics gave 9 as a white solid (202 mg, 77% yield). The 

analytical sample was obtained by crystallization from ethyl acetate/pentane, 

mp 192-193 ºC. IR (ATR) : 665, 711, 762, 919, 950, 993, 1027, 1195, 1215, 

1250, 1270, 1307, 1341, 1355, 1378, 1446, 1537, 1642, 2353, 2844, 2914, 

3272, 3409 cm-1. 1H-NMR (400 MHz, CDCl3 1.12-1.31 [c. s., 3 H, 3(5)-Hax

and 4-Hax], 1.32-1.46 [c. s., 2 H, 2(6)-Hax], 1.60-1.70 [c. s., 7 H, 4-Heq,

-H2], 1.72-1.82 [c. s., 4 H, 3(5)-Heq and 2(6)-Heq], 1.93 [tt, J = 11.6 Hz, 

J’ = 3.6 Hz, 1 H, 1-H], 1.96-2.0 [c. s., 6 -H2], 2.05 [m, 3 -

H], 5.07 (b. s., 1 H, NH). 13C-NMR (100.5 MHz, CDCl3 25.8 [CH2, C3(5) and 

C4], 29.4 [CH, )( )], 29.8 [CH2, C2(6)], 36.4 [CH2, )( )], 41.7 [CH2,

)( )], 46.4 (CH, C1), 51.4 (C, 175.4 (C, CO). Calcd for C17H27NO: C 

78.11, H 10.41, N 5.36. Found: C 78.26, H 10.29, N 5.27. 

Obtention of N-(3-methyl-2-oxaadamant-1-yl)cyclohexanecarboxamide (10) 

To a solution of (3-methyl-2-oxaadamant-1-yl)amine hydrochloride (120 mg, 0.6 

mmol) in EtOAc (10 mL) were added cyclohexanecarboxylic acid (69 mg, 0.5 

mmol), HOBt (111 mg, 0.8 mmol), EDC (127 mg, 0.8 mmol) and triethylamine 
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(0.3 mL, 2.4 mmol). The reaction mixture was stirred at room temperature 

overnight. To the resulting suspension was then added water (10 mL) and the 

phases were separated. The organic phase was washed with saturated 

aqueous NaHCO3 solution (10 mL), brine (10 mL) and 2N HCl solution (2 x 10 

mL), dried over anh. sodium sulphate and filtered. Evaporation in vacuo of the 

organics gave 10 as a white solid (59 mg, 39% yield), mp 101-102 ºC. IR (ATR) 

: 613, 642, 671, 714, 763, 797, 831, 890, 920, 953, 1000, 1037, 1074, 1100, 

1146, 1204, 1217, 1255, 1302, 1319, 1338, 1374, 1445, 1540, 1662, 2850, 

2918, 3316 cm-1. 1H-NMR (400 MHz, CDCl3 -CH3), 1.15-

1.29 [c. s., 3 H, 3(5)-Hax and 4-Hax], 1.38 [m, 2 H, 2(6)-Hax], 1.51 [dm, J = 12.4 

-Ha], 1.60-1.88 [c. s., 11 H, 2(6)-Heq, 3(5)-Heq, 4-Heq -H2 -

Ha -Hb], 1.97 [tt, J = 11.6 Hz, J’ = 3.6 Hz, 1 H, 1- -

H], 2.45 (dm, J )-Hb], 5.54 (b. s., 1 H, NH). 13C-NMR (100.5 

MHz, CDCl3 2, C3(5)], 25.74 (CH2

(CH3 -CH3), 29.6 [CH2, C2(6)], 33.6 (CH2 2

[CH2,

for C17H27NO: C 73.61, H 9.81, N 5.05. Found: C 73.45, H 10.01, N 5.15. 

Obtention of N-(2-oxaadamant-5-yl)cyclohexanecarboxamide (11) 

A solution of cyclohexanecarbonyl chloride (87 mg, 0.59 mmol) in anhydrous 

acetone (0.5 mL) was added to a solution of the 2-oxaadamantan-5-amine 

hydrochloride (86 mg, 0.49 mmol) and triethylamine in anhydrous acetone (0.5 

mL). The reaction mixture was stirred at reflux for 3 hours. The residue was 

dissolved in DCM (5 mL) and 1N HCl solution (5 mL) and the phases were 

separated. The organic phase was washed with further 1N HCl solution (2 x 5 

mL). The combined organic phases were dried, filtered and concentrated in 

vacuo to give RL-109 as a white solid (122 mg). Column chromatography 

(hexane/ethyl acetate mixture) gave 11 as a white solid (51 mg, 42% yield), mp 

165-166 ºC. IR (ATR) : 675, 720, 733, 781, 803, 818, 847, 890, 924, 953, 972, 

1002, 1015, 1073, 1106, 1144, 1190, 1217, 1249, 1273, 1315, 1347, 1357, 
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1438, 1548, 1639, 2847, 2899, 2933, 3073, 3267  cm-1. 1H-NMR (400 MHz, 

CDCl3 -1.31 [c. s., 3 H, 3(5)-Hax and 4-Hax], 1.39 [m, 2 H, 2(6)-Hax], 1.59 

-Ha], 1.67 [m, 1 H, 4-Heq], 1.74-1.86 [c. s., 4 H, 

2(6)-Heq, 3(5)-Heq], 1.90-2.03 [c. s., 3 H, 1- -Hb -

H2], 2.18- -H2 -H), 4 -H), 5.13 

(b. s., 1 H, NH). 13C-NMR (100.5 MHz, CDCl3 2, C3(5), C4], 27.3 

2, C2(6)], 34.9 [CH2 2 2,

for C16H25NO2·0.2 H2O: C 71.98, H 9.59, N 5.25. Found: C 72.02, H 9.58, N 

5.15. 

Obtention of N-(2-adamantyl)cyclohexanecarboxamide (12) 

To a solution of 2-adamantanamine hydrochloride (207 mg, 1.1 mmol) in EtOAc 

(15 mL) were added cyclohexanecarboxylic acid (128 mg, 1 mmol), HOBt (203 

mg, 1.5 mmol), EDC (232 mg, 1.5 mmol) and triethylamine (0.6 mL, 4.4 mmol). 

The reaction mixture was stirred at room temperature overnight. To the resulting 

suspension was then added water (15 mL) and the phases were separated. The 

organic phase was washed with saturated aqueous NaHCO3 solution (15 mL) 

and brine (15 mL). The aqueous phase was extracted with further EtOAc (2 x 

15 mL) and the organics were dried over anh. sodium sulphate and filtered. 

Evaporation in vacuo of the organics gave 12 as a white solid (184 mg, 71% 

yield). The analytical sample was obtained by crystallization from DCM/diethyl 

ether, mp 201-202 ºC. IR (ATR) : 659, 919, 979, 993, 1030, 1195, 1218, 1248, 

1367, 1441, 1536, 1609, 1641, 2365, 2844, 2923, 3415 cm-1. 1H-NMR (400 

MHz, CDCl3 1.16-1.34 [c. s., 3 H, 3(5)-Hax and 4-Hax], 1.42 [m, 2 H, 2(6)-Hax], 

1.60-1.94 [c. s., 18 H, 2(6)-Heq, 3(5)-Heq -H, -H2, -H, -H2,

-H2],  2.08 (tt, J = 11.6 Hz, J’ = 3.6 Hz, 1 H, 1-H), 4.02 (m, 1 -H), 5.75 (b. 

s., 1 H, NH). 13C-NMR (100.5 MHz, CDCl3  [CH2, C3(5) and C4], 27.1 

, 27.2 (CH, C7 5 , 29.8 [CH2, C2(6)], 31.8 [CH2, ( )],



S10

31.9 ], 37.1 [CH2, C4 (9 )], 37.5 (CH2 , 45.8 (CH, C1), 52.7 (CH, 

C2 175.0 (C, CO). Calcd for C17H27NO: C 78.11, H 10.41, N 5.36. Found: C 

78.23, H 10.52, N 5.30. 

Obtention of N-(2-adamantyl)-4-amino-3,5-dichlorobenzamide (13) 

To a solution of 2-adamantanamine hydrochloride (413 mg, 2.2 mmol) in EtOAc 

(20 mL) were added 4-amino-3,5-dichlorobenzoic acid (412 mg, 2 mmol), HOBt 

(405 mg, 3 mmol), EDC (464.6 mg, 3 mmol) and triethylamine (1.2 mL, 8.8 

mmol). The reaction mixture was stirred at room temperature for 22 hours. To 

the resulting suspension was then added water (40 mL) and the phases were 

separated. The organic phase was washed with saturated aqueous NaHCO3

solution (30 mL) and brine (30 mL), dried over anh. sodium sulphate and 

filtered. Evaporation in vacuo of the organics gave 13 as a white yellowish solid 

(686 mg, quantitative yield). The analytical sample was obtained by 

crystallization from hot EtOAc, mp 173-174 ºC. IR (ATR) : 632, 655, 718, 760, 

789, 817, 845, 894, 905, 945, 982, 1019, 1056, 1078, 1102, 1224, 1279, 1300, 

1341, 1358, 1375, 1470, 1481, 1531, 1606, 2848, 2903, 3298, 3391, 3490 cm-1.
1H-NMR (400 MHz, CDCl3  1.67-1.76 [m, 2 -Ha], 1.77 (b. s., 2 H, -

H2), 1.81-1.94 [c. s., 8 -Hb -H2 -H], 2.01 [m, 2 -H],

4.20 (dm, J = 7.2 Hz, 1 -H), 4.74 (s, 2 H, NH2), 6.23 (d, J = 7.2 Hz, 1 H, 

NH), 7.62 [s, 2 H, 2(6)-HAr]. 13C-NMR (100.5 MHz, CDCl3

1 [CH2 2,

2 H

[CH, C2(6)], 142.6 (C, C4), 164.3 (C, CO). Calcd for C17H27NO: C 60.19, H 

5.94, N 8.26. Found: C 60.25, H 6.11, N 8.26. 
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Obtention of N-(2-adamantyl)cyclopentanecarboxamide (14)

To a solution of 2-adamantanamine hydrochloride (207 mg, 1.1 mmol) in EtOAc 

(10 mL) were added cyclopentanecarboxylic acid (0.11 mL, 1 mmol), HOBt 

(202.6 mg, 1.5 mmol), EDC (232 mg, 1.5 mmol) and triethylamine (0.6 mL, 4.4 

mmol). The reaction mixture was stirred at room temperature for 22 hours. To 

the resulting suspension was then added water (20 mL) and the phases were 

separated. The organic phase was washed with saturated aqueous NaHCO3

solution (15 mL) and brine (15 mL), dried over anh. sodium sulphate and 

filtered. Evaporation in vacuo of the organics gave 14 as a white solid (227 mg, 

92% yield). The analytical sample was obtained by crystallization from hot 

EtOAc (180 mg), mp 203-204 ºC. IR (ATR) : 665, 797, 819, 862, 930, 963, 

981, 1058, 1098, 1116, 1145, 1228, 1271, 1306, 1387, 1444, 1471, 1537, 1633, 

2847, 2901, 3312 cm-1. 1H-NMR (400 MHz, CDCl3 1.54-1.60 [m, 2 H, 3(4)-

Ha], 1.61-1.87 [c. s., 18 -H2 -H2, 2(5)-H2 -H, - - H2, 3(4)-

Hb], 1.90 [m, 2 -H], 2.53 (m, 1 H, 1-H), 4.04 (m, 1 -H), 5.74 (b. s., 1 

H, NH). 13C-NMR (100.5 MHz, CDCl3 25.9 [CH2

2 2,

2 2

175.2 (C, CO). Calcd for C16H25NO·0.1 H2O: C 77.12, H 10.19, N 5.62. Found: 

C 77.05, H 10.16, N 5.52. 
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Determination of the 11 -HSD1 inhibition 

11 -HSD1 activity was determined in mixed sex, Human Liver Microsomes 

(Celsis In-vitro Technologies) by measuring the conversion of 3H-cortisone to 
3H-cortisol.  Percentage inhibition was determined relative to a no inhibitor 

control. 5 g of Human Liver microsomes was pre-incubated at 37°C for 15 

minutes with inhibitor and 1mM NADPH in a final volume of 90 l Krebs buffer. 

10 l of 200nM 3H-cortisone was then added followed by incubation for at 37°C 

for a further 30 minutes.  The assay was terminated by rapid freezing on dry ice 

and 3H-cortisone to 3H-cortisol conversion determined in 50 l of the defrosted 

reaction by capturing liberated 3H-cortisol on anti-cortisol (HyTest Ltd)-coated 

scintillation proximity assay beads (protein A-coated YSi, GE Healthcare).  
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Computational methods

Docking

Taking advantage of the X-ray structures of the murine 11ß-HSD1 (PDB ID 

3LZ6)1, and the human enzyme (PDB IDs 4BB62 and 4BB52) in complex with 

the known inhibitors PF-877423, HD1 and HD2, docking experiments were run 

to find the most appropriate orientation of compounds 5, 6 and 12 in the binding 

site of human 11ß-HSD1. The structures of the three complexes were used to 

restrict the position of the adamantyl amide group, and the protein coordinates 

were taken from X-ray structure 4BB6. NADP was also included in the docking 

experiment as it forms part of the binding site. 

Glide3 with the SP scoring function was used to perform the docking assays. 

Each molecule was energy minimized previously and the centroid of HD1 was 

used to generate the docking cavity by selecting all the residues located within 

15 Å from the ligand. 100 poses were generated for each ligand and the best 

scored fulfilling the adamantly amide group position requirement was selected. 

Molecular Dynamics  

For each compound (5, 6, 12 and PF-877423) three independent 50 ns 

molecular dynamic simulations were run starting from the ligand-enzyme 

generated from docking calculations. Every complex was immersed in an 

octahedral box of TIP3P4 water molecules and sodium ions were added to 

neutralize the system. The box size was selected so that 12 Å was the minimum 

distance between any atom of the protein and the box limits. The force field 

ff99SBildn5,6 was used for the protein parameters and RESP charges at the 

HF/6-31G(d) level and the gaff7 force field were used to build the ligand and 

NADP parameters. 

The system was energy minimized following a three-step protocol. First, the 

hydrogens of the protein, the ligand and the cofactor were minimized. Second, 

the orientation of water molecules was optimized. Finally, a global minimization 
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was run in which all the atoms were let free to move. At this point, the system 

was thermalized to 300K in 4 steps of 50 ps each from an initial temperature of 

100K. The last snapshot from the thermalization procedure was used as starting 

point for the molecular dynamic simulations that were run in the NVT ensemble 

using a 2 fs timestep, periodic boundary conditions and keeping frozen all the 

bonds implicating hydrogen atoms using SHAKE.8

Bioorg. Med. Chem. Lett.

20

J. Med. Chem. 55

Friesner, R. A.; Banks, J. L.; Murphy, R. B.; Halgren, T. A.; Klicic, J. J.; Mainz, D. T.; Repasky, 

M. P.; Knoll, E. H.; Shaw, D. E.; Shelley, M.; Perry, J. K.; Francis, P.; Shenkin, P. S., J. Med. 

Chem., 2004, 47, 1739 

J. Chem. Phys

79

Proteins 65

Proteins 78

J. Comp. Chem 25

J. Comput. Phys. 23
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Figure S1. Best scoring complexes generated by docking for compounds 6 (a), 12 (b) 
and 5 (c) superposed to the crystallographic structure with PDB ID 3LZ6 containing the 
inhibitor PF-877423. The key residues Ser170 and Tyr183, NADP, PF-877423 and 
compounds 5, 6 and 12 are shown as sticks. NADP carbons are colored in yellow, PF-
877423 and the aminoacids carbons are colored in white. The secondary structure of the 
protein in the binding site region is ashown as blue cartoon and the surface of the 
protein as transparent white contour. 
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CHAPTER 5 

Polycycle optimization in 11β-HSD1 
inhibitors. Evaluation of unexplored 

pyrrolidine-based polycyclic 
hydrocarbons 
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5.1 Rationale and previous work 

In the present chapter, the main goal of this Thesis is addressed as previously mentioned 

in the Objectives section. After the disappointing results of the new oxapolycycle whose 

synthesis is detailed in the Chapter 3 and its use in compound 27 in the fourth chapter 

(Figure 9), a polycyclic substituent optimization process supported by molecular 

modeling studies was implemented in order to improve the filling of the hydrophobic 

pocket in the binding site. 

 

 

Figure 9. Compound described in Chapter 4 featuring the 2-oxaadaman-5-amine and its 11β-

HSD1 inhibitory activity.218 

 

As noted in the final section of the Introduction chapter, a previous attempt in 

substituting the adamantyl moiety of numerous 11β-HSD1 inhibitors by one of our 

polycycles was conducted in the context of Dr Elena Valverde’s PhD Thesis. The 

benzohomoadamantyl group succeed before in replacing the adamantyl scaffold in 

memantine delivering a potent NMDAR antagonist (see Table 2 in the Introduction 

chapter).198 However, it did not deliver 11β-HSD1 inhibitors equal in potency when 

replaced the adamantyl moiety in a series of 11β-HSD1 inhibitors (Chart 5).201 

 

                                                           
218 Leiva, R.; Seira, C.; McBride, A.; Binnie, M.; Bidon-Chanal, A.; Luque, F. J.; Webster, S. P.; 
Vázquez, S. Bioorg. Med. Chem. Lett. 2015, 25, 4250-4253. 
198 Valverde, E.; Sureda, F. X.; Vázquez, S. Bioorg. Med. Chem. 2014, 22, 2678-2683. 
201 Valverde, E.; Seira, C.; McBride, A.; Binnie, M.; Luque, F. J.; Webster, S. P.; Bidon-Chanal, A.; 
Vázquez, S. Bioorg. Med. Chem. 2015, 23, 7607-7617. 
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Chart 5. Potent adamantyl-containing 11β-HSD1 inhibitors, PF-877423 and UB-RL-105, and their 

analogs featuring the benzohomoadamantane moiety.219,218,201 

 

Taking into account this previous work and the expertise of our group in multiple 

polycyclic groups, we envisioned further exploration of other cage structures detailed in 

this chapter. Our endeavour started with a series of compounds with the pentacyclic 

and hexacyclic amines contained in general structures VI and XVII, respectively.  

 

Chart 6. General structures VI and XVII designed as putative 11β-HSD1 inhibitors.                       

R = cyclohexyl or piperidine. n = 0 or 1. R’ = cyclohexyl, piperidine or 3,5-dichloro-4-aniline. 

                                                           
219 Cheng, H.; Hoffman, J.; Le, P.; Nair, S. K.; Cripps, S.; Matthews, J.; Smith, C.; Yang, M.; 
Kupchinsky, S.;  Dress, K.; Edwards, M.; Cole, B.; Walters, E.; Loh, C.; Ermolieff, J.; Fanjul, A.; Bhat, 
G. B.; Herrera, J.; Pauly, T.; Hosea, N.; Paderes, G.; Rejto, P. Bioorg. Med. Chem. Lett. 2010, 20, 
2897-2902. 
218 Leiva, R.; Seira, C.; McBride, A.; Binnie, M.; Bidon-Chanal, A.; Luque, F. J.; Webster, S. P.; 
Vázquez, S. Bioorg. Med. Chem. Lett. 2015, 25, 4250-4253. 
201 Valverde, E.; Seira, C.; McBride, A.; Binnie, M.; Luque, F. J.; Webster, S. P.; Bidon-Chanal, A.; 
Vázquez, S. Bioorg. Med. Chem. 2015, 23, 7607-7617. 
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The pharmacological evaluation of the new compounds revealed that those of general 

structure XVII were more potent than their analogs of structure VI (see the following 

manuscript for further details). It seemed that the pyrrolidine ring is a favoured motif, 

likely reducing the contribution of the conformational penalty to the binding affinity of 

compounds containing it compared to the more flexible ones. Worthy of note is that this 

N-acylpyrrolidine motif fused to a polycycle has been barely explored in the design of 

11β-HSD1 inhibitors. 

In order to further improve the inhibitory potency of the previous compounds and to 

explore this peculiar motif, we envisage the preparation of an array of the following 

pyrrolidine-based polycyclic amides (Chart 7). 

 

 

Chart 7. Designed pyrrolidine-based polycylic amides as improved 11β-HSD1 inhibitors. 
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5.2 Theoretical discussion 

Compounds featuring the general structure VI as well as all the compounds depicted in 

Chart 7 were prepared in the context of the present Thesis. Compounds of general 

structure XVII were prepared by Dr Elena Valverde in the context of her PhD Thesis.220 

Here bellow the syntheses of the polycylic amine precursors are detailed, with the 

exemption of the amine precursors of compounds 35 and 36 that were prepared in the 

context of Dr Marta Barniol-Xicota’s PhD Thesis.221,197 

To access the pentacyclo[6.4.0.02,10.03,7.04,9]dodecane structure, a synthetic route 

previously conducted in the group was followed.222 The synthetic pathway started with 

an elegant domino Diels-Alder reaction between 9,10-dihydrofulvalene and dimethyl 

acetylenedicarboxylate. Previously, freshly distilled cyclopentadiene was deprotonated 

by sodium hydride, whose anion 41 self-coupled through a low-temperature iodine-

promoted oxidation, to generate in situ the 9,10-dihydrofulvalene 42, which underwent 

double Diels-Alder reaction with the dimethyl acetylenedicarboxylate, yielding to a 

mixture of monoadducts 43 and 44, and diadducts 45 and 46 (Scheme 8). This procedure 

was simultaneously described by Hedaya’s and Paquette’s research groups in 1974223,224 

and optimized later on by Paquette225 (Scheme 8). 

Taking advantage of the solubility properties of the products, 43 and 44 were isolated 

by precipitation the side-products 45 and 46 with diethyl ether. Hence, a simple filtration 

allowed the removal of the undesired diadducts. This procedure was scaled-up to 40 g 

of final mixture. 

 

                                                           
220 Elena Valverde, PhD Thesis, Universitat de Barcelona 2015. 
221 Marta Barniol-Xicota, PhD Thesis, Universitat de Barcelona 2017. 
197 Rey-Carrizo, M.; Barniol-Xicota, M.; Ma, C.; Frigolé-Vivas, M.; Torres, E.; Naesens, L.; Llabrés, 
S.; Juárez-Jiménez, J.; Luque, F. J.; DeGrado, W. F.; Lamb, R. A.; Pinto, L. H.; Vázquez, S. J. Med. 
Chem. 2014, 57, 5738–5747. 
222 Duque, M. D.; Ma, C.; Torres, E.; Wang, J.; Naesens, L.; Juárez-Jiménez, J.; Camps, P.; Luque, 
F. J.; DeGrado, W. F.; Lamb, R. A.; Pinto, L. H.; Vázquez, S. J. Med. Chem. 2011, 54, 2646−2657. 
223 Paquette, L. A.; Wyvratt, M. J. J. Am. Chem. Soc. 1974, 96, 4671-4673. 
224 McNeil, D.; Vogt, B. R.; Sudol, J. J.; Theodoropulos, S.; Hedaya, E. J. Am. Chem. Soc. 1974, 96, 
4673-4674. 
225 Taylor, R. J.; Welter, M. W.; Paquette, L. A. Org. Synth. Coll. VIII 1993, 298-302. 



Chapter 5. Pyrrolidine-based polycycle optimization 

107 
 

Scheme 8. Domino Diels-Alder reaction of in situ prepared 9,10-dihydrofulvalene, 42, and 

dimethyl acetylenedicarboxylate.223,224,225 

 

Separation of the monoadducts 43 and 44 was achieved by selective hydrolysis of the 

less sterically hindered diester 44 to afford diacid 47, which was removed from the intact 

diester 43 in the aqueous work-up (Scheme 9). In this way, 28 g of the desired 

pentacyclic diester 43 were prepared in 10% overall yield. 

 

 

Scheme 9. Selective hydrolysis of 44 over 43.223-225 

 

Pushing further the conditions, diester 43 was hydrolyzed providing its corresponding 

pentacyclic diacid 48, which was subjected to dehydration leading the anhydride 49.226 

This anhydride was then treated with sodium methoxide in anhydrous methanol to give 

the corresponding hemiester 50.227 Finally, 50 undergoes a Barton decarboxylation228,229 

to furnish the monoester 51 that via hydrolysis yields the monoacid 52 (Scheme 10).226 

                                                           
226 Camps, P.; Pujol, X.; Rossi, R. A.; Vázquez, S. Synthesis 1999, 854-858. 
227 Recently, our group has found that hemiester 50 can be obtained more easily just boiling 
anhydride 49 in methanol, without need of sodium methoxide neither anhydrous solvent. 
228 Barton, D. H. R.; Crich, D.; Motherwell, W. B. Tetrahedron. 1985, 41, 3901-3924. 
229 Barton, D. H. R.; Samadi, M. Tetrahedron 1992, 48, 7083-7090. 
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Scheme 10. Preparation of monoacid 52 from pentacyclic diester 43.223-226 

 

The monoacid 52 was then reduced applying a catalytic hydrogenation to yield its 

saturated analog 53, the common precursor of both amines 54 and 56.222 The sooner 

was obtained through a Curtius rearrangement230 on the in situ formed acyl azide; and 

the later was prepared following a two-step synthesis, starting with the formation of 

amide 55 and then its reduction with Red-Al® to deliver the amine 56 (Scheme 11).222 

 

 

Scheme 11. Synthesis of amines 54 and 56 from the pentacyclic monoacid 52.222 

 

                                                           
230 Curtius, T. J. Prakt. Chem. 1894, 50, 275–294. 



Chapter 5. Pyrrolidine-based polycycle optimization 

109 
 

Tricyclic-based compounds 29-32 were prepared from their precursor amines 58 and 

60.231,232 In the first case, imide 57 was prepared after Diels-Alder reaction between 

freshly distilled cyclopentadiene and maleimide, while the preparation of imide 59 

involved cyclohexadiene and maleimide as well as dienophile. Afterwards, their 

reduction with Red-Al® gave the desired amines 58 and 60 (Scheme 12). 

 

 

Scheme 12. Synthetic routes for the preparation of amines 58 and 60.231,232 

 

The synthesis of the tetracyclic amine precursors for the synthesis of 33-36 was 

previously described by our group, based on straightforward tandem electrocyclic/Diels-

Alder reactions.197 

For the preparation of amine 62, the first step is a Diels-Alder reaction between 

norcaradiene, in turn obtained in situ by thermal electrocyclic ring closure of 

cycloheptatriene, and maleimide.233 As expected, the endo product was obtained since 

there is a bonding interaction, stabilizing this isomer, between the carbonyl groups and 

the developing double bond at the back of norcaradiene. The synthetic route continued 

                                                           
231 Culberson, C. F.; Wilder Jr., P. J. Org. Chem. 1960, 25, 1358-1362. 
232 Fumimoto, M.; Okabe, K. Chem. Pharm. Bull. 1962, 10, 714-718. 
197 Rey-Carrizo, M.; Barniol-Xicota, M.; Ma, C.; Frigolé-Vivas, M.; Torres, E.; Naesens, L.; Llabrés, 
S.; Juárez-Jiménez, J.; Luque, F. J.; DeGrado, W. F.; Lamb, R. A.; Pinto, L. H.; Vázquez, S. J. Med. 
Chem. 2014, 57, 5738–5747. 
233 Abou-Gharbia, M.; Patel, U. R.; Webb, M. B.; Moyer, J. A.; Andree, T. H.; Muth, E. A. J. Med. 
Chem. 1988, 31, 1382−1392. 
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with the reduction of the obtained imide 61 with Red-Al® to obtain the corresponding 

pyrrolidine derivative 62 (Scheme 13).197 

 

Scheme 13. Synthetic route for the preparation of amine 62.233,197 

 

Finally, for the synthesis of compounds 37-40, two synthetic pathways were followed to 

access to their polycyclic amine precursors previously described by our group.197,234 The 

bicyclic diacids, either the commercially available 63 or 67, obtained from hydrolysis of 

the anhydride 66 prepared by a double Diels-Alder reaction, were subjected to imide 

cyclization with neat urea to afford imides 64 and 68 that were reduced with Red-Al® to 

get the corresponding amines 65 and 69, respectively.197,234 

Besides, the key step for the preparation of amine 71 was a [2+2] photocycloaddition. 

Imide 68 was submitted to UV radiation in order to form the cyclobutane derivative 70. 

Then, a reduction procedure involving Red-Al® afforded the desired amine 71 (Scheme 

14).197 

                                                           
234 Torres, E.; Leiva, R.; Gazzarrini, S.; Rey-Carrizo, M.; Frigolé-Vivas, M.; Moroni, A.; Naesens, L.; 
Vázquez, S. ACS Med. Chem. Lett. 2014, 5, 831–836. 
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Scheme 14. Synthetic routes for the preparation of amines 65, 69 and 71.197,234 

 

The preparation of the target amides is detailed in the following manuscript, as well as 

their pharmacological evaluation as 11β-HSD1 inhibitors. 

Briefly, the synthesis of amides 28, 29, 31, 33, 35, 36, 37, 39 and 40 involved a standard 

solution-phase peptide chemistry method employing 1-hydroxybenzotriazole (HOBt), 

water-soluble carbodiimide, EDC·HCl, and triethylamine. Then, the corresponding 

saturated analogs, 30, 32, 34 and 38, were obtained by a reductive step using catalytic 

hydrogenation (Scheme 15). 
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Scheme 15. Synthesis of amides 28-40. 
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Some of the compounds reported in the following manuscript along with those 

described in the next chapters 6 and 7 have been protected with a European patent 

application.235 In such a way we have moved out of the current intellectual property 

protection for adamantyl-containing 11β-HSD1 inhibitors held by several of the big-

pharma companies.236 

In addition to the synthetic work, I also participated in the in vitro biological profiling of 

the compounds during my research stay in the BHF Centre for Cardiovascular Science of 

the Queen’s Medical Research Institute (University of Edinburgh) under the supervision 

of our collaborator Dr Scott P. Webster. There, I learnt the basics of the pharmacological 

initial screening of the compounds and I conducted the activity evaluation in both 

human liver microsomes (HLM) and in transfected HEK293 cells, the selectivity over the 

isoform 11β-HSD2 in transfected HEK293 cells and the microsomal stability in HLM. The 

detailed procedures are described in the manuscript. 

The in vitro characterization permitted us to select compound 34 to move forward to in 

vivo experiments. The Senescence-Accelerated Mouse Prone 8 (SAMP8) was used for 

the first time to investigate the effects of 11β-HSD1 pharmacological inhibition in this 

model of cognitive dysfunction. 

The group of Prof. Mercè Pallàs (Universitat de Barcelona) with broad expertise in this 

model conducted two studies with the selected compound 34, with one of those 

reported in the following manuscript. In this first analysis, behavioral tests were 

performed to asses cognitive changes, and biochemical assays of synaptic density, 

oxidative stress, inflammation and amyloid processing Aβ clearance to shed light about 

the neuroprotective mechanism (if any) in the treated mice compared to control 

animals. 

The second analysis, reported in a separated manuscript,237 aimed to study the 

implications of the autophagy process in the neuroprotective effect observed in the 

                                                           
235 Vázquez, S.; Leiva, R.; Valverde, E. PCT Patent Application, PCT/EP2017/059178, 2017. 
236 Boyle, C. D.; Kowalski, T. J. Expert Opin. Ther. Patents 2009, 19, 801-825. 
237 Puigoriol-Illamola, D.; Griñan-Ferre, C.; Vasilopoulou, F.; Leiva, R.; Vázquez, S.; Pallàs, M. 
Neuroprotective effect of RL-118, an 11β-HSD1 inhibitor: implication in autophagy and 
inflammaging processes in SAMP8 mouse model. Neuropharmacology (submitted). 
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previous work. The changes in behavior and cognition correlated with a decrease in 

mammalian target of rapamycin (mTOR) phosphorylation, without significant changes 

in phosphorylated AMP-activated protein kinase (pAMPK) activation, but an increase in 

Beclin1 protein levels and changes in light chain 3 B (LC3B), indicating a progression in 

the autophagy process. In line with autophagy increase, a diminution in phosphorylated 

tau species (Ser396 and Ser404) jointly with an increase in the non-amyloidogenic 

pathway (a positive tendency in the α-secretase Adam10 and a significant increase in 

the secreted amyloid precursor protein-α, sAPPα) indicated that an improvement in 

removing the abnormal proteins by autophagic process might be, in part, on the basis 

of the neuroprotective role of 11β-HSD1 inhibitor tested. 

Additional in vivo studies in models of stress and cognitive dysfunction aggravated with 

metabolic disease are currently ongoing to study how 11β-HSD1 inhibition can modulate 

these linked disorders, as so-called type 3 diabetes in the second case. 
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Figure S1. Representation of the root-mean square deviation (RMSD; Å) along the 
simulation time (ns) for the two independent MD simulations run for the complex 
between 11 -HSD1 and compound 12. The RMSD was determined for the backbone 
atoms of the whole protein (black), the heavy atoms of the residues in the binding site 
(red), and the ligand (green). 

 

  

 

Figure S2. Representation of the root-mean square deviation (RMSD; Å) along the 
simulation time (ns) for the two independent MD simulations run for the complex 
between 11 -HSD1 and compound 14. The RMSD was determined for the backbone 
atoms of the whole protein (black), the heavy atoms of the residues in the binding site 
(red), and the ligand (green). 
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Figure S3. Representation of the root-mean square deviation (RMSD; Å) along the 
simulation time (ns) for the two independent MD simulations run for the complex 
between 11 -HSD1 and compound 8. The RMSD was determined for the backbone 
atoms of the whole protein (black), the heavy atoms of the residues in the binding site 
(red), and the ligand (green). 

 

 

  

 

Figure S4. Representation of the root-mean square deviation (RMSD; Å) along the 
simulation time (ns) for the two independent MD simulations run for the complex 
between 11 -HSD1 and compound 23. The RMSD was determined for the backbone 
atoms of the whole protein (black), the heavy atoms of the residues in the binding site 
(red), and the ligand (green). 
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Table S1. Concentrations of 23 in mouse plasma at different times after oral 
administration at 21 mg/kg. 

 

 

 

Figure S5. Concentration (log10) vs time for oral administration at 21 mg/kg of 23. 

Time ID
Total 

concentration 
(ng/mL)

Mean 
(ng/mL)

SD 
(ng/mL)

Mouse 31 0
Mouse 32 0 0 0
Mouse 33 0
Mouse 1 47.05
Mouse 2 32.05 44.58 11.50
Mouse 3 54.65
Mouse 4 10.13
Mouse 5 6.01 10.26 4.32
Mouse 6 14.65
Mouse 7 3.73
Mouse 8 0.97 2.12 1.43
Mouse 9 1.67

Mouse 10 0.10
Mouse 11 0.15 0.28 0.28
Mouse 12 0.60
Mouse 13 0.00
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Table S2. Pharmacokinetic parameters of the pharmacokinetic study calculated by a 
Non Compartimental Analysis with Phoenix 7.0 Winnolin software. 

 

 

  

Parameter Units Estimate

Lambda_z 1/h 0.899

HL_Lambda_z h 0.771

Tmax h 0.500

Cmax ng/mL 44.583

Cmax_D kg*ng/mL/mg 2.123

AUClast h*ng/mL 39.721

AUCINF_obs h*ng/mL 40.036

AUCINF_D_obs h*kg*ng/mL/mg 1.906

AUC_%Extrap_obs % 0.787

Vz_F_obs L/kg 583.499

Cl_F_obs L/h/kg 524.522
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Figure S6. Lack of effects of amide 23 (at 21 mg/kg) on Pre-APP, Adam10 or Bace1 
gene expression. 
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CHAPTER 6 

Exploring novel 11β-HSD1 inhibitors 
containing the optimized 4-

azatetracyclo[5.3.2.02,6.08,10]dodec-
11-ene polycycle 
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6.1 Rationale and previous work 

The project discussed in this chapter aims to synthesize and evaluate novel compounds 

containing the 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene polycycle discovered in 

the previous project to have the optimal size and shape for filling the hydrophobic 

cavity in the 11β-HSD1 binding site. Although the high potency of compound 33, the 

selectivity over 11β-HSD2 and the metabolic stability in HLM are far away from 

desirable values (Chart 8).238 

 

 

Chart 8. Structure of the previously described compound 33 and its pharmacological profile.238 

 

Herein, there is the report of the exploration of different substituents in the right-hand 

side (RHS) of the molecule while maintaining the pyrrolidine-based polycycle of 33 in 

order to address the abovementioned issues. The endeavor started integrating 

different aromatic, heteroaromatic (electron-rich and -deficient rings), cycloalkenyl, 

heterocycloalkyl and branched alkyl substituents in order to generate diversity to build 

some SAR information. 

Then, specifically, the target molecules were those outlined in the following chart. 

                                                           
238 Leiva, R.; Griñan-Ferré, C.; Seira, C.; Valverde, E.; McBride, A.; Binnie, M.; Pérez, B.; Luque, F. 
J.; Pallàs, M.; Bidon-Chanal, A.; Webster, S. P.; Vázquez, S. Eur. J. Med. Chem. 2017, 139, 412-
428. 
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Chart 9. Designed novel compounds containing the 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-

ene polycycle and varying the RHS substituent of the structure. 

 

6.2 Theoretical discussion 

All the compounds described in the following manuscript were prepared in the context 

of this Thesis. Their design, synthesis and pharmacological results are discussed in the 

manuscript, together with the experimental procedures and methods for the 

synthesis, characterization and biological evaluation. 

In addition to the synthesis of the compounds, I also participated in its 

pharmacological evaluation during my research stay in the Dr Webster’s laboratory 

(University of Edinburgh) in the same way as described in the previous project 

reported in Chapter 5. 
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1. Introduction 

Glucocorticoids (GCs) are hormones that play a major role in 
the modulation of inflammatory and immune responses, 
metabolism regulation, cardiovascular homeostasis and the 
body’s response to stress.1,2 It is well accepted that the local GC 
concentration in peripheral tissues depends not only on the 
circulating levels from adrenal secretion but also on the 
intracellular metabolism performed by activating and 
deactivating enzymes. 11β-hydroxysteroid dehydrogenase type 1 
(11β-HSD1) catalyzes cortisol regeneration from its inactive 
form cortisone.3 In contrast, 11β-HSD2 catalyzes the opposite 
reaction by oxidizing  cortisol to cortisone.4 11β-HSD1 
predominates in tissues mainly expressing glucocorticoids 
receptors, such as liver, adipose and brain, whereas 11 -HSD2 is 
found in tissues mainly expressing mineralocorticoid receptors, 
such as kidney, colon and salivary glands.5 Selectivity against the 
desired 11 -HSD isoform is a key factor to avoid side effects of 
novel 11β-HSD1 inhibitors in development. 

In recent years, both academia and industry have made great 
efforts to determine the role of this enzyme in diseases in which 
elevated cortisol plays an important role.6 As a result, 11β-HSD1 
activity in tissues has been found to be important in type 2 
diabetes and metabolic syndrome,7 in Alzheimer’s disease (AD),8 
in osteoporosis,9 and in glaucoma.10 In light of this evidence, 
11β-HSD1 has been explored as a therapeutic target to decrease 
cortisol concentrations in target tissues. 

2. Results and discussion 

2.1. Design of new inhibitors  

Our previous work on polycyclic substituent optimization of 
N-(2-adamantyl)amide 111 led to the identification of pyrrolidine-
based amides 2 and 3 as potent 11β-HSD1 inhibitors (Table 1). 
When tested against the 11β-HSD2 isoform, 2 had a selectivity 
index of at least 50-fold (IC50 = 1-10 μM), while 3 showed poor 
selectivity (IC50 = 0.1-1 μM). However, 3 possessed high 
metabolic stability in human liver microsomes (HLM, 94% of 
remaining compound after 30-min incubation), whereas 2 was 
rapidly metabolized (27%). In light of these results, and with the 
aim of prioritizing the microsomal stability, 3 was further in vitro 
characterized in terms of murine enzyme inhibition (mHSD1 IC50 
= 81 nM) and metabolic stability in murine liver microsomes 
(MLM, 93%). Subsequently, we performed an in vivo study with 
3 in the Senescence-Accelerated Mouse Prone 8 (SAMP8) model 
of cognitive dysfunction in order to support the neuroprotective 
effect of 11β-HSD1 inhibition in cognitive decline related to the 
aging process. We found that 3, administered to 12-month-old 
SAMP8 mice for four weeks, prevented memory deficits and 
displayed a neuroprotective action.12 

These promising results with an early lead without optimal 
selectivity and DMPK properties led us to investigate additional 
potent 11β-HSD1 inhibitors that maintained the optimized 
polycycle of compound 2 while modifying the right-hand side 
(RHS) substituent of the structure. 
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Table 1. Previous 11β-HSD1 inhibitors reported by the group.a,b 11,12 

 

 

 

 

 

 
aSee Experimental section for further details. bPercentage inhibition was 
determined relative to a no inhibitor control. cHEK293 cells stably transfected 
with the full-length gene coding for human 11β-HSD2 were used. dThe 
microsomal stability of each compound was determined using either human 
or murine liver microsomes. 

A series of different substituents were integrated into the RHS 
moiety, while the amido linker was retained to enable the key 
hydrogen bonds in the binding site.12 A diversity of substituents 
was generated including aromatic, heteroaromatic (electron-rich 
and -deficient rings), branched alkyl, cycloalkenyl, 
heterocycloalkyl and other groups inspired in previously reported 
11β-HSD1 inhibitors from Abbott (a series of dichoroaniline 
amides,13 and ABT-384, which contains a 4-(pyridin-2-
yl)piperazin-1-yl ring system.14 

2.2. Chemistry 

The novel compounds were synthesized according to Scheme 
1. From 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride and the corresponding carboxylic acid in 
combination with 1-hydroxybenzotriazole (HOBt) and N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), amides 4-13 
were prepared in moderate to excellent yields. For the synthesis 
of compounds 14-16, the chloropyridinyl-containing analogue 10 
was used as starting material in a nucleophilic aromatic 
substitution with the appropriate N-arylpiperazine delivering the 
desired compounds in moderate yields. 

Scheme 1. Synthesis of amides 4-16 (for R and Ar motifs, see Table 2). 

 

 

 

2.3. In vitro pharmacological evaluation 

A preliminary screen was performed using a human 
microsome assay with compounds at 10 μM in order to assess 
their potential inhibition of the target enzyme. Eight of the 
thirteen compounds presented 100% inhibition of the human 11β-
HSD1 in this single concentration assay, so dose-response curves 
were performed to get their IC50 values.  

The analysis of these potencies showed some structure-
activity relationships (SAR). Firstly, the introduction of a double 
bond in the cyclohexyl substituent of 2 delivered compound 9 
which maintained nanomolar (IC50 = 0.056 μM). Secondly, 
introduction of a phenyl group on the RHS of the molecule was 
deleterious for the activity of the amide 4 (IC50 = 0.546 μM), 
which was replaced without success by either electron-rich (2-
thiophenyl, 7, 49% inhibition at 10 μM) or electron-deficient (2-
pyridinyl, 4-chloro-3-pyridinyl, 3-chloro-4-pyridinyl, 5, 10 and 
11, IC50 = 4.3 μM, 0 and 23% inhibition at 10 μM, respectively) 
heteroaromatic rings. Fortunately, when the phenyl group was 
substituted by a previously reported dichloroaniline group,13 the 
potency was substantially increased to deliver a low nanomolar 
inhibitor (8, IC50 = 0.045 μM). Thirdly, introduction of N-
substituted piperidinyl groups was again deleterious for the 11β-
HSD1 inhibitory activity (12 and 13, 3 and 0% inhibition at 10 
μM, respectively). Fourthly, a branched alkyl substituent, such as 
the tert-butyl group, delivered amide 6 with a moderate potency 
(IC50 = 0.666 μM). Finally, compounds 14-16 containing a 6-(4-
phenylpiperazin-1-yl)pyridin-3-yl system showed interesting 
SAR while completely inhibiting the target enzyme at 10 μM. 
Compound 14, featuring a terminal non-substituted phenyl ring 
in its structure, displayed an IC50 of 5.44 μM. Surprisingly, 
introduction of the trifluoromethyl group in para position 
mimicking the ABT-384 structure was deleterious for the activity 
(compound 15, IC50 = 11.60 μM), while replaced by a cyano 
group increased the potency (compound 16, IC50 = 0.377 μM). 

Those compounds with submicromolar IC50 values (4, 6, 8, 9 
and 16) were further evaluated in terms of cellular potency, 
selectivity over 11β-HSD2 and metabolic stability. 

Cellular potency was assessed using Human Embryonic 
Kidney 293 (HEK293) cells stably transfected with the 11β-
HSD1 gene. The results were in line with the previous results 
obtained in the microsomal assay. The most potent compounds 
(8, 9 and 16, IC50 = 0.045, 0.056 and 0.377 μM, respectively) 
presented complete inhibition at 10 μM in the cell-based assay, 
whereas compounds with IC50 values between 0.5 and 1 μM, 4 
and 6, showed a moderate cellular potency (77 and 41%, 
respectively). 

Selectivity over 11β-HSD2 was also assessed in a cell-based 
assay using the same methodology as before (HEK293 stably 
transfected with the 11β-HSD2 gene). Although all the tested 
compounds presented a poor selectivity (>50% inhibition at 10 
μM), it must be highlighted that compound 16 (IC50 = 0.377 μM) 
presented a 54% inhibition, indicating that its IC50 against 11β- 
HSD2 is approximately 10 μM, having a selectivity index of 30-
fold. 

Finally, metabolic stability was determined using HLM, 
which are widely used to predict the degree of primary metabolic 
clearance in the liver. Compounds 6 and 4 displayed moderate to 
high microsomal stabilities (60 and 85% of remaining compound 
after 30-min incubation, respectively), while 8, 9 and 16 
presented low stabilities (13, 44 and 13%, respectively). 

 

 

Cp hHSD1 
IC50 (nM) 

HEK hHSD2 
% inh 10 μM 

or IC50
c 

HLM % 
parentd 

mHSD1 
IC50 (nM) 

MLM % 
parentd 

1 86 88% 74 ND ND 

2 19 1-10 μM 27 ND ND 

3 29 0.1-1 μM 94 81 93 



Table 2. Novel 11β-HSD1 inhibitors featuring the 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene polycycle.a,b 

 

 

 

 

 

aSee Experimental section for further details. bPercentage inhibition was determined relative to a no inhibitor control. cHEK293 cells stably transfected with the 
full length gene coding for human either 11β-HSD1 or 11β-HSD2 were used. dPercentage of remaining compound after 30-min incubation period in human liver 
microsomes. ND, not determined. 

3. Conclusions 

In summary, we have designed, synthesized and described 
SAR for a novel series of 11β-HSD1 inhibitors featuring the 
optimized polycyclic substituent 4-azapentacyclo[5.3.2.02,6.08,10] 
dodec-11-ene. Nanomolar potencies were achieved for 
compounds 8 and 9, although selectivity and metabolic stabilities 
were suboptimal. The discovery of inhibitors with desirable 

selectivity and DMPK properties is a key step for the 
development of successful 11β-HSD1 inhibitors for the treatment 
of GC-related disorders such as diabetes and AD. Clear SAR in 
this new family of HSD1 inhibitors was found; a double bond 
was tolerated in the initial cyclohexyl unit (9, IC50 = 0.056 μM), 
but the inclusion of heterocycloalkyl and heteroaromatic groups 
very detrimental for the inhibitory activity (5, IC50 = 4.265 μM, 
and 7, 10, 11, 12 and 13, <50% inhibition at 10 μM). The 

Cp RHS hHSD1 % 
inh at 10 μM 

hHSD1 IC50 
(μM) 

HEK hHSD1 % 
inh at 10 μM 

HEK hHSD2 % 
inh at 10 μM 

HLM % 
parentd 

2  
100 0.019 100 69 27 

4  100 0.546 77 84 85 

5  100 4.265 ND ND ND 

6  100 0.666 41 71 60 

7  49 ND ND ND ND 

8 
 

100 0.045 100 86 13 

9  100 0.056 100 87 44 

10  0 ND ND ND ND 

11  23 ND ND ND ND 

12  3 ND ND ND ND 

13 
 

0 ND ND ND ND 

14 

 

100 5.441 ND ND ND 

15 

 

100 11.560 ND ND ND 

16 

 

100 0.377 100 53 13 



introduction of a phenyl group as RHS of the molecule was also 
detrimental for the potency (4, 0.546 μM); however, the 
introduction of a previously reported substitution pattern on the 
aryl unit delivered again a low nanomolar inhibitor (8, IC50 = 
0.045 μM). Future efforts will be focused on rational design of 
the substitution pattern of this aryl group to identify optimized 
compounds addressing the weaknesses of those described in this 
work. 

4. Experimental 

4.1. Chemistry 

4.1 .1 .  General  
Melting points were determined in open capillary tubes with a 

MFB 595010M Gallenkamp. 400 MHz 1H/100.6 MHz 13C NMR 
spectra were recorded on a Varian Mercury 400. The chemical 
shifts are reported in ppm (δ scale) relative to internal 
tetramethylsilane, and coupling constants are reported in Hertz 
(Hz). Assignments given for the NMR spectra of the new 
compounds have been carried out on the basis of COSY 1H/13C 
(gHSQC sequences) experiments. IR spectra were run on Perkin-
Elmer Spectrum RX I spectrophotometer. Absorption values are 
expressed as wave-numbers (cm-1); only significant absorption 
bands are given. High-resolution mass spectrometry (HRMS) 
analyses were performed with an LC/MSD TOF Agilent 
Technologies spectrometer. Column chromatography was 
performed either on silica gel 60 Å (35-70 mesh) or on 
aluminium oxide, neutral, 60 Å (50-200 μm, Brockmann I). 
Thin-layer chromatography was performed with aluminum-
backed sheets with silica gel 60 F254 (Merck, ref 1.05554), and 
spots were visualized with UV light and 1% aqueous solution of 
KMnO4. The analytical samples of all of the new compounds 
which were subjected to pharmacological evaluation possessed 
purity ≥95% as evidenced by their elemental analyses. The 
elemental analyses were carried out in a Flash 1112 series 
Thermofinnigan elemental microanalyzator (A5) to determine C, 
H and N. 

4.1 .2 .  (4-aza te t racyclo[5.3 .2 .0 2 , 6 .0 8 , 1 0] dodec-11-en-
4-yl ) (phenyl )methanone ,  4  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (400 mg, 2.07 mmol) in EtOAc (20 mL) were 
added benzoic acid (230 mg, 1.88 mmol), HOBt (381 mg, 2.82 
mmol), EDC (437 g, 2.82mmol) and triethylamine (1.2 mL, 8.27 
mmol). The reaction mixture was stirred at room temperature 
overnight. To the resulting suspension was then added water (20 
mL) and the phases were separated. The organic phase was 
washed with saturated aqueous NaHCO3 solution (20 mL) and 
brine (20 mL), dried over anh. Na2SO4 and filtered. Evaporation 
in vacuo of the organics gave 4 as an orange oil (479 mg, 96% 
yield). Column chromatography (Hexane/Ethyl acetate mixture) 
gave 4 as a white solid (385 mg), mp 65-66ºC. IR (ATR) ν: 660, 
700, 715, 763, 794, 814, 847, 986, 1029, 1135, 1170, 1231, 1378, 
1423, 1572, 1618, 2845, 2865, 2921, 2946 cm-1. 1H-NMR (400 
MHz, CDCl3) δ: 0.10-0.18 (complex signal, 2 H, 9’-H2), 0.82-
0.98 (complex signal, 2 H, 8’-H and 10’-H), 2.50-2.66 (complex 
signal, 2 H, 2’-H and 6’-H), 2.71 (m, 1 H, 1’-H or 7’-H), 2.91 (m, 
1 H, 7’-H or 1’-H), 3.09 (dd, J = 11.6 Hz, J’ = 4.4 Hz, 1 H, 3’-Ha 
or 5’-Ha), 3.42-3.56 (complex signal, 2 H, 5’-Ha or 3’-Ha and 3’-
Hb or 5’-Hb), 3.74 (dd, J = 13.0 Hz, J’ = 8.6 Hz, 1 H, 5’-Hb or 3’-
Hb), 5.70 (m, 1 H, 11’-H or 12’-H), 5.86 (m, 1 H, 12’-H or 11’-
H), 7.32-7.41 (complex signal, 5 H, Ar-H). 13C-NMR (100.5 
MHz, CDCl3) δ: 3.9 (CH2, C9’), 9.2 (CH, C8’ or C10’), 10.2 
(CH, C10’ or C8’), 35.5 (CH, C1’ or C7’), 35.6 (CH, C7’ or 
C1’), 42.8 (CH, C2’ or C6’), 44.8 (CH, C6’ or C2’), 49.3 (CH2, 
C3’ or C5’), 53.3 (CH2, C5’ or C3’), 126.8 [CH, C2(6)], 128.1 

[CH, C3(5)], 128.2 (CH, C11’ or C12’), 129.2 (CH, C12’ or 
C11’), 129.4 (CH, C4), 137.4 (C, C1), 168.9 (C, CO). Calcd for 
C18H19NO: C, 81.47; H, 7.22; N, 5.28. Found: C, 81.52; H, 7.34; 
N 5.25. 

4.1 .3 .  (4-aza te t racyclo[5.3 .2 .0 2 , 6 .0 8 , 1 0] dodec-11-en-
4-yl ) (pyr id in -2-yl )methanone,  5  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (400 mg, 2.07 mmol) in EtOAc (20 mL) were 
added picolinic acid (231 mg, 1.88 mmol), HOBt (381 mg, 2.82 
mmol), EDC (437 mg, 2.82 mmol) and triethylamine (1.2 mL, 
8.27 mmol). The reaction mixture was stirred at room 
temperature overnight. To the resulting suspension was then 
added water (20 mL) and the phases were separated. The organic 
phase was washed with saturated aqueous NaHCO3 solution (20 
mL) and brine (20 mL), dried over anh. Na2SO4 and filtered. 
Evaporation in vacuo of the organics gave 5 as an orange oil (466 
mg, 93% yield). Column chromatography (Hexane/Ethyl acetate 
mixture) gave 5 as a white solid (326 mg), mp 110-111ºC. IR 
(ATR) ν: 682, 720, 753, 796, 814, 844, 912, 988, 1041, 1082, 
1142, 1165, 1201, 1226, 1269, 1294, 1302, 1340, 1378, 1400, 
1441, 1474, 1562, 1585, 1618, 2850, 2870, 2926, 3007, 3048 cm-

1. 1H-NMR (400 MHz, CDCl3) δ: 0.10-0.19 (complex signal, 2 H, 
9’-H2), 0.84-0.97 (complex signal, 2 H, 8’-H and 10’-H), 2.57-
2.69 (complex signal, 2 H, 2’-H and 6’-H), 2.75 (m, 1 H, 1’-H or 
7’-H), 2.90 (m, 1 H, 7’-H or 1’-H), 3.31 (dd, J = 12.4 Hz, J’ = 4.8 
Hz, 1 H, 3’-Ha or 5’-Ha), 3.42 (dd, J = 13.0 Hz, J’ = 4.8 Hz, 1 H, 
5’-Ha or 3’-Ha), 3.82 (dd, J = 13.6 Hz, J’ = 8.8 Hz, 1 H, 3’-Hb or 
5’-Hb), 3.85 (dd, J = 12.8 Hz, J’ = 8.8 Hz, 1 H, 5’-Hb or 3’-Hb), 
5.71 (m, 1 H, 11’-H or 12’-H), 5.83 (m, 1 H, 12’-H or 11’-H), 
7.30 (ddd, J = 12.4 Hz, J’ = 4.8 Hz, J’’ = 1.6 Hz, 1 H, 5-H), 7.67-
7.80 (complex signal, 2 H, 4-H and 3-H), 8.54 (ddd, J = 4.8 Hz, 
J’ = 1.6 Hz, J’’ = 1.0 Hz, 1 H, 6-H). 13C-NMR (100.5 MHz, 
CDCl3) δ: 4.1 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.2 (CH, 
C10’ or C8’), 35.4 (CH, C1’ and C7’), 42.5 (CH, C2’ or C6’), 
45.2 (CH, C6’ or C2’), 50.2 (CH2, C3’ or C5’), 52.8 (CH2, C5’ or 
C3’), 123.6 (CH, C3), 124.3 (CH, C5), 128.6 (CH, C11’ or 
C12’), 129.1 (CH, C12’ or C11’), 136.7 (CH, C4), 147.9 (CH, 
C6), 154.8 (C, C2), 165.8 (C, CO). Calcd for C17H18N2O: C, 
76.66; H, 6.81; N, 10.52. Found: C, 76.47; H, 7.01; N, 10.21. 

4.1 .4 .  (4-aza tet racyclo[5 .3 .2 .02 ,6 .08,10] dodec -11-
en-4 -y l) ( t er t -butyl )methanone,  6  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added pivalic acid (105 mg, 0.94 mmol), HOBt (190mg, 1.41 
mmol), EDC (218 mg, 1.41 mmol) and triethylamine (0.6 mL, 
4.14 mmol). The reaction mixture was stirred at room 
temperature overnight. To the resulting suspension was then 
added water (10 mL) and the phases were separated. The organic 
phase was washed with saturated aqueous NaHCO3 solution (10 
mL) and brine (10 mL), dried over anh. Na2SO4 and filtered. 
Evaporation in vacuo of the organics gave 6 as a yellowish solid 
(216 mg, 94% yield). The analytical sample was obtained by 
crystallization from hot EtOAc (69 mg), mp 91-92ºC. IR (ATR) 
ν: 720, 756, 766, 809, 829, 849, 912, 943, 988, 1036, 1069, 1094, 
1165, 1193, 1239, 1274, 1340, 1362, 1380, 1405, 1461, 1476, 
1507, 1610, 2870, 2896, 2936, 2951, 2992 cm-1. 1H-NMR (400 
MHz, CDCl3) δ: 0.10-0.18 (complex signal, 2 H, 9’-H2), 0.91 [m, 
2 H, 8’(10’)-H], 1.18 [s, 9 H, C(CH3)3], 2.56 [m, 2 H, 2’(6’)-H], 
2.84 [m, 2 H, 1’(7’)-H], 3.27 [dd, J = 11.8 Hz, J’ = 4.2 Hz, 2 H, 
3’(5’)-Ha], 3.63 [m, 2 H, 3’(5’)-Hb], 5.74 [t, J = 4.0 Hz, 2 H, 
11’(12’)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, C9’), 
10.1 [CH, C8’(10’)], 27.5 [CH3, C(CH3)3], 35.6 [CH, C1’(7’)], 
38.6 [C, C(CH3)3], 51.7 [CH2, C3’(5’)], 128.6 [CH, C11’(12’)], 
175.7 (C, CO). The signal of C2’(6’) was not observed. Anal. 



Calcd for C16H23NO: C, 78.32; H, 9.45; N, 5.71. Found: C, 78.16; 
H, 9.52; N, 5.86. 

4.1 .5 .  (4-aza tet racyclo[5 .3 .2 .02 ,6 .08,10] dodec -11-
en-4 -y l) ( th ien -2-yl )methanone,  7  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added 2-thiophenecarboxylic acid (121 mg, 0.94 mmol), HOBt 
(190mg, 1.41 mmol), EDC (218 mg, 1.41 mmol) and 
triethylamine (0.6 mL, 4.14 mmol). The reaction mixture was 
stirred at room temperature overnight. To the resulting 
suspension was then added water (10 mL) and the phases were 
separated. The organic phase was washed with saturated aqueous 
NaHCO3 solution (10 mL) and brine (10 mL), dried over anh. 
Na2SO4 and filtered. Evaporation in vacuo of the organics gave 7 
as a yellowish solid (219 mg, 86% yield). The analytical sample 
was obtained by crystallization from hot EtOAc (87 mg), mp 
104-105ºC. IR (ATR) ν: 667, 703, 720, 738, 786, 814, 849, 890, 
915, 950, 1008, 1031, 1057, 1087, 1132, 1239, 1254, 1279, 1312, 
1352, 1380, 1403, 1431, 1519, 1580, 1598, 2921, 2936, 3002, 
3037 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.20 (complex 
signal, 2 H, 9’-H2), 0.86-1.02 (complex signal, 2 H, 8’-H and 
10’-H), 2.63 (m, 1 H, 2’-H or 6’-H), 2.73 (m, 1 H, 6’-H or 2’-H), 
2.81-2.98 (complex signal, 2 H, 1’-H and 7’-H), 3.36-3.48 
(complex signal, 2 H, 3’-Ha and 5’-Ha), 3.72-3.96 (complex 
signal, 2 H, 3’-Hb and 5’-Hb), 5.75 (m, 1 H, 11’-H or 12’-H), 5.83 
(m, 1 H, 12’-H or 11’-H), 7.03 (dd, J = 5.0 Hz, J’ = 3.4, 1 H, 4-
H), 7.40 (dd, J = 3.4 Hz, J’ = 1.0, 1 H, 3-H or 5-H), 7.43 (dd, J = 
5.0 Hz, J’ = 1.0, 1 H, 5-H or 3-H). 13C-NMR (100.5 MHz, 
CDCl3) δ: 4.1 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.1 (CH, 
C10’ or C8’), 35.6 (broad s, CH, C1’ and C7’), 42.1 (CH, C2’ or 
C6’), 45.4 (CH, C6’ or C2’), 50.9 (CH2, C3’ or C5’), 52.9 (CH2, 
C5’ or C3’), 126.8 (CH, C3), 128.3 (broad s, CH, C11’ or C12’), 
129.1 (CH, C4), 129.3 (CH, C5), 129.4 (broad s, CH, C12’ or 
C11’), 139.4 (C, C2), 161.2 (C, CO). Anal. Calcd for 
C16H17NOS: C, 70.81; H, 6.31; N, 5.16. Found: C, 70.70; H, 
6.28; N, 5.12. 

4.1 .6 .  (4-amino -3 ,5-d ichlorophenyl ) (4 -
azatetracyclo[5 .3 .2 .02,6 .08,10]  do dec-11-en-4 -
yl )methanone,  8  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added 3,5-dichloro-4-aminobenzoic acid (194 mg, 0.94 mmol), 
HOBt (190mg, 1.41 mmol), EDC (218 mg, 1.41 mmol) and 
triethylamine (0.6 mL, 4.14 mmol). The reaction mixture was 
stirred at room temperature overnight. To the resulting 
suspension was then added water (10 mL) and the phases were 
separated. The organic phase was washed with saturated aqueous 
NaHCO3 solution (10 mL) and brine (10 mL), dried over anh. 
Na2SO4 and filtered. Evaporation in vacuo of the organics gave 8 
as a yellowish solid (322 mg, 89% yield). The analytical sample 
was obtained by crystallization from hot EtOAc, mp 186-187ºC. 
IR (ATR) ν: 680, 718, 743, 763, 783, 809, 844, 864, 892, 915, 
955, 991, 1034, 1097, 1173, 1223, 1246, 1297, 1347, 1416, 1469, 
1501, 1537, 1595, 2875, 2921, 3194, 3240, 3301, 3458 cm-1. 1H-
NMR (400 MHz, CDCl3) δ: 0.10-0.19 (complex signal, 2 H, 9’-
H2), 0.84-0.98 (complex signal, 2 H, 8’-H and 10’-H), 2.52-2.64 
(complex signal, 2 H, 2’-H and 6’-H), 2.76 (m, 1 H, 1’-H or 7’-
H), 2.88 (m, 1 H, 7’-H or 1’-H), 3.16 (m, 1 H, 3’-Ha or 5’-Ha), 
3.44 (m, 1 H, 5’-Ha or 3’-Ha), 3.58 (m, 1 H, 3’-Hb or 5’-Hb), 3.68 
(m, 1 H, 5’-Hb or 3’-Hb), 4.63 (s, 2 H, NH2), 5.70 (m, 1 H, 11’-H 
or 12’-H), 5.83 (m, 1 H, 12’-H or 11’-H), 7.30 [s, 2 H, 2(6)-H]. 
13C-NMR (100.5 MHz, CDCl3) δ: 4.0 (CH2, C9’), 10.0 (CH, C8’ 
or C10’), 10.1 (CH, C10’ or C8’), 35.5 (CH, C1’ and 7’), 42.6 
(CH, C2’ or C6’), 45.0 (CH, C6’ or C2’), 49.6 (CH2, C3’ or C5’), 
53.6 (CH2, C5’ or C3’), 118.7 [C, C3(5)], 126.8 (C, C1), 127.2 

[CH, C2(6)], 128.2 (CH, C11’ or C12’), 129.3 (CH, C12’ or 
C11’), 141.3 (C, C4), 166.4 (C, CO). Anal. Calcd for 
C18H18Cl2N2O: C, 61.90; H, 5.20; N, 8.02. Found: C, 62.10; H, 
5.20; N, 7.92.  

4.1 .7 .  (4-aza tet racyclo[5 .3 .2 .02 ,6 .08,10]  dodec -11-
en-4 -y l) (cyc lohex -3 -en -1-yl )methanone,  9  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added 3-cyclohexene carboxylic acid (119 mg, 0.94 mmol), 
HOBt (190mg, 1.41 mmol), EDC (218 mg, 1.41 mmol) and 
triethylamine (0.6 mL, 4.14 mmol). The reaction mixture was 
stirred at room temperature overnight. To the resulting 
suspension was then added water (10 mL) and the phases were 
separated. The organic phase was washed with saturated aqueous 
NaHCO3 solution (10 mL) and brine (10 mL), dried over anh. 
Na2SO4 and filtered. Evaporation in vacuo of the organics gave 
RL-135 as a yellowish solid (259 mg, quantitative yield). 
Column chromatography (Hexane/Ethyl acetate mixture) gave 9 
as a white solid (199 mg), mp 78-79ºC. IR (ATR) ν: 682, 710, 
763, 816, 839, 854, 887, 915, 940, 981, 1016, 1034, 1087, 1135, 
1168, 1203, 1221, 1274, 1292, 1332, 1355, 1380, 1431, 1620, 
1651, 2870, 2926, 3022 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 
0.10-0.19 (complex signal, 2 H, 9’-H2), 0.86-0.96 (complex 
signal, 2 H, 8’-H and 10’-H), 1.56-2.38 (complex signal, 6 H, 2-
Hax, 5-Hax, 6-Hax, 2-Heq, 5-Heq, 6-Heq), 2.47 (m, 1 H, 1-H), 2.56 
(m, 1 H, 2’-H or 6’-H), 2.67 (m, 1 H, 6’-H or 2’-H), 2.81-2.89 
(complex signal, 2 H, 1’-H and 7’-H), 3.11-3.24 (complex signal, 
2 H, 3’-Ha and 5’-Ha), 3.52-3.64 (complex signal, 2 H, 3’-Hb and 
5’-Hb), 3.50-3.64 (complex signal, 2 H, 3’-Hb and 5’-Hb), 5.61-
5.84 (complex signal, 4 H, 11’-H, 12’-H, 3-H and 4-H). 13C-
NMR (100.5 MHz, CDCl3) δ: 4.03 and 4.06 (CH2, C9’), 9.9 (CH, 
C8’ or C10’), 10.1 (CH, C10’ or C8’), 24.96 and 24.99 (CH2, C5 
or C6), 25.1 and 25.2 (CH2, C6 or C5), 27.40 and 27.43 (CH2, 
C2), 35.6 (CH, C1’ or C7’), 35.7 (CH, 7’ or C1’), 38.36 and 
38.38 (CH, C1), 42.7 (CH, C2’ or C6’), 44.72 and 44.73 (CH, 
C6’ or C2’), 49.68 and 49.74 (CH2, C3’ or C5’), 50.6 (CH2, C5’ 
or C3’), 125.88 and 125.94 (CH, C3 or C4), 126.3 and 126.4 
(CH, C4 or C3), 128.1 (CH, C11’ or C12’), 129.5 and 129.6 (CH, 
C12’ or C11’), 173.66 and 173.69 (C, CO). Anal. Calcd for 
C18H23NO: C, 80.26; H, 8.61; N, 5.20. Found: C, 80.24; H, 8.73; 
N 5.19. 

4.1 .8 .  (4-aza tet racyclo[5 .3 .2 .02 ,6 .08,10]  dodec -11-
en-4 -y l)  (6 -chloropyrid in -3-yl )methanone,  10  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (500 mg, 2.58 mmol) in EtOAc (25 mL) were 
added 6-choloronicotinic acid (370 mg, 2.35 mmol), HOBt (477 
mg, 3.53 mmol), EDC (547 mg, 3.53 mmol) and triethylamine 
(1.4 mL, 10.34 mmol). The reaction mixture was stirred at room 
temperature overnight. To the resulting suspension was then 
added water (25 mL) and the phases were separated. The organic 
phase was washed with saturated aqueous NaHCO3 solution (25 
mL) and brine (25 mL), dried over anh. Na2SO4 and filtered. 
Evaporation in vacuo of the organics gave 10 as a yellowish solid 
(664 mg, 86% yield). Column chromatography (Hexane/Ethyl 
acetate mixture) gave 10 as a white solid (457 mg), mp 101-
102ºC. IR (ATR) ν: 712, 736, 759, 793, 814, 835, 924, 940, 985, 
1030, 1097, 1129, 1156, 1174, 1215, 1239, 1251, 1271, 1283, 
1350, 1372, 1430, 1455, 1563, 1583, 1612, 2914, 2948, 3002 cm-

1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.20 (complex signal, 2 H, 
9’-H2), 0.85-0.98 (complex signal, 2 H, 8’-H and 10’-H), 2.54-
2.68 (complex signal, 2 H, 2’-H and 6’-H), 2.75 (m, 1 H, 1’-H or 
7’-H), 2.92 (m, 1 H, 7’-H or 1’-H), 3.10 (dd, J = 10.8 Hz, J’ = 3.2 
Hz, 1 H, 5’-Ha or 3’-Ha), 3.42-3.58 (complex signal, 2 H, 3’-Ha 
or 5’-Ha and 5’-Hb or 3’-Hb), 3.71 (m, 1 H, 3’-Hb or 5’-Hb), 5.69 
(t, J = 7.2 Hz, 1 H, 11’-H or 12’-H), 5.86 (t, J = 7.2 Hz, 1 H, 12’-



H or 11’-H), 7.35 (dd, J = 8.4 Hz, J’ = 0.8 Hz, 1 H, 5-H), 7.71 
(dd, J = 8.4 Hz, J’ = 2.6 Hz, 1 H, 4-H), 8.43 (dd, J = 2.6 Hz, J’ = 
0.8 Hz, 1 H, 2-H). 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, 
C9’), 9.8 (CH, C8’ or C10’), 10.1 (CH, C10’ or C8’), 35.5 (CH, 
C1’ or C7’), 35.6 (CH, C7’ or C1’), 42.7 (CH, C2’ or C6’), 44.8 
(CH, C6’ or C2’), 49.7 (CH2, C3’ or C5’), 53.4 (CH2, C5’ or 
C3’), 124.1 (CH, C5), 128.1 (CH, C11’ or C12’), 129.4 (CH, 
C12’ or C11’), 131.8 (C, C3), 137.7 (CH, C4), 148.1 (CH, C2), 
152.3 (C, C6), 165.2 (C, CO). Anal. Calcd for C17H17ClN2O: C, 
67.88; H, 5.70; N, 9.31. Found: C, 68.14; H, 5.84; N, 9.00. 

4.1 .9 .  (4-aza tet racyclo[5 .3 .2 .02 ,6 .08,10]  dodec -11-
en-4 -y l) (2 -chloropyrid in -4-yl )methanone,  11  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (500 mg, 2.58 mmol) in EtOAc (25 mL) were 
added 6-choloronicotinic acid (370 mg, 2.35 mmol), HOBt (477 
mg, 3.53 mmol), EDC (547 mg, 3.53 mmol) and triethylamine 
(1.4 mL, 10.34 mmol). The reaction mixture was stirred at room 
temperature overnight. To the resulting suspension was then 
added water (25 mL) and the phases were separated. The organic 
phase was washed with saturated aqueous NaHCO3 solution (25 
mL) and brine (25 mL), dried over anh. Na2SO4 and filtered. 
Evaporation in vacuo of the organics gave 11 as a yellowish solid 
(614 mg, 79% yield). Column chromatography (Hexane/Ethyl 
acetate mixture) gave 11 as a white solid (445 mg), mp 135-
136ºC. IR (ATR) ν: 669, 708, 720, 741, 753, 771, 817, 844, 915, 
942, 987, 1041, 1091, 1118, 1163, 1176, 1203, 1232, 1245, 1269, 
1287, 1342, 1373, 1437, 1464, 1476, 1530, 1593, 1632, 2868, 
2932, 3003, 3057 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.22 
(complex signal, 2 H, 9’-H2), 0.85-1.00 (complex signal, 2 H, 8’-
H and 10’-H), 2.56-2.70 (complex signal, 2 H, 2’-H and 6’-H), 
2.76 (m, 1 H, 1’-H or 7’-H), 2.92 (m, 1 H, 7’-H or 1’-H), 3.01 
(dd, J = 11.0 Hz, J’ = 3.8 Hz, 1 H, 5’-Ha or 3’-Ha), 3.40-3.52 
(complex signal, 2 H, 3’-Ha or 5’-Ha and 5’-Hb or 3’-Hb), 3.68 
(m, 1 H, 3’-Hb or 5’-Hb), 5.71 (m, 1 H, 11’-H or 12’-H), 5.87 (m, 
1 H, 12’-H or 11’-H), 7.18 (dd, J = 5.0 Hz, J’ = 1.4 Hz, 1 H, 5-
H), 7.30 (dd, J = 1.4 Hz, J’ = 0.8 Hz, 1 H, 3-H), 8.42 (dd, J = 5.0 
Hz, J’ = 0.8 Hz, 1 H, 6-H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.0 
(CH2, C9’), 9.8 (CH, C8’ or C10’), 10.1 (CH, C10’ or C8’), 35.5 
(CH, C1’ or C7’), 35.6 (CH, C7’ or C1’), 42.7 (CH, C2’ or C6’), 
44.6 (CH, C6’ or C2’), 49.6 (CH2, C3’ or C5’), 53.1 (CH2, C5’ or 
C3’), 119.8 (CH, C5), 121.9 (CH, C3), 128.2 (CH, C11’ or 
C12’), 129.4 (CH, C12’ or C11’), 147.6 (C, C4), 150.1 (CH, C6), 
151.9 (C, C2), 164.8 (C, CO). Anal. Calcd for C17H17ClN2O: C, 
67.88; H, 5.70; N, 9.31. Found: C, 67.98; H, 5.77; N, 9.09. 

4.1 .10.  (4-aza tet racyclo[5.3 .2 .02 ,6 .08,10]  dodec -
11-en -4-yl )(1 -methylp iper id in -4 -y l)methanone,  12  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added 1-methylpiperidine-4-carboxylic acid (135 mg, 0.94 
mmol), HOBt (190 mg, 1.41 mmol), EDC (218 g, 1.41 mmol) 
and triethylamine (0.6 mL, 4.14 mmol). The reaction mixture 
was stirred at room temperature overnight. To the resulting 
suspension was then added water (10 mL) and the phases were 
separated. The organic phase was washed with saturated aqueous 
NaHCO3 solution (10 mL) and brine (10 mL), dried over anh. 
Na2SO4 and filtered. Evaporation in vacuo of the organics gave a 
yellowish solid (129 mg). Column chromatography 
(Hexane/Ethyl acetate/Methanol mixture) gave 12 as a yellowish 
solid (86 mg, 32% yield). The analytical sample was obtained by 
crystallization from hot EtOAc (50 mg), mp 100-101ºC. IR 
(ATR) ν: 718, 767, 819, 835, 850, 876, 915, 987, 1013, 1041, 
1067, 1090, 1129, 1150, 1191, 1214, 1250, 1276, 1305, 1359, 
1374, 1431, 1447, 1625, 2780, 2857, 2914, 2940, 3328 cm-1. 1H-
NMR (400 MHz, CDCl3) δ: 0.10-0.18 (complex signal, 2 H, 9’-
H2), 0.86-0.96 (complex signal, 2 H, 8’-H and 10’-H), 1.58-1.68 

(complex signal, 2 H, 3-Hax and 5-Hax), 1.71-1.87 (complex 
signal, 2 H, 3-Heq and 5-Heq), 1.88-1.98 (complex signal, 2H, 2-
Hax and 6-Hax), 2.18 (tt, J = 11.2 Hz, J’ = 3.6 Hz, 1 H, 1-H), 2.24 
(s, 3 H, N-CH3), 2.55 (m, 1 H, 2’-H or 6’-H), 2.66 (m, 1 H, 6’-H 
or 2’-H), 2.81-2.96 (complex signal, 4 H, 1’-H, 7’-H, 2-Heq and 
6-Heq), 3.11 (dd, J = 11.0 Hz, J’ = 5.0 Hz, 1 H, 3’-Ha or 5’-Ha), 
3.16 (dd, J = 13.0 Hz, J’ = 5.0 Hz, 1 H, 5’-Ha or 3’-Ha), 3.50-3.64 
(complex signal, 2 H, 3’-Hb and 5’-Hb), 5.74 (complex signal, 2 
H, 11’-H and 12’-H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.1 (CH2, 
C9’), 9.4 (CH, C8’ or C10’), 10.2 (CH, C10’ or C8’), 27.9 (CH2, 
C3 or C5), 28.0 (CH2, C5 or C3), 35.6 (CH, C1’ or C7’), 35.7 
(CH, 7’ or C1’), 39.9 (CH, C4), 42.7 (CH, C2’ or C6’), 44.8 (CH, 
C6’ or C2’), 46.4 (CH3, N-CH3), 49.8 (CH2, C3’ or C5’), 50.6 
(CH2, C5’ or C3’), 55.2 (CH2, C2 or C6), 55.3 (CH2, C6 or C2), 
128.1 (CH, C11’ or C12’), 129.6 (CH, C12’ or C11’), 172.9 (C, 
CO). HRMS-ESI+ m/z [M+H]+: Calcd for [C18H26N2O+H]+: 
287.2118, found: 287.2113. 

4.1 .11.  1-[[4 -(4 -azatetracyc lo[5.3 .2 .02,6 .08,10]  
dodec-11-en -4 -yl )carbonyl] piper id in -1 -yl] ethan-1-
one,  13  

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene 
hydrochloride (200 mg, 1.03 mmol) in EtOAc (10 mL) were 
added 1-acetyl-4-piperidinecarboxylic acid (161 mg, 0.94 mmol), 
HOBt (190 mg, 1.41 mmol), EDC (218 g, 1.41 mmol) and 
triethylamine (0.6 mL, 4.14 mmol). The reaction mixture was 
stirred at room temperature overnight. To the resulting 
suspension was then added water (10 mL) and the phases were 
separated. The organic phase was washed with saturated aqueous 
NaHCO3 solution (10 mL) and brine (10 mL), dried over anh. 
Na2SO4 and filtered. Evaporation in vacuo of the organics gave a 
yellowish solid (182 mg). Column chromatography 
(Hexane/Ethyl acetate mixture) gave 13 as a white solid (134 mg, 
45% yield), mp 134-135ºC. IR (ATR) ν: 605, 703, 762, 814, 829, 
920, 956, 977, 997, 1041, 1098, 1116, 1168, 1222, 1271, 1307, 
1356, 1426, 1620, 1640, 2852, 2925, 2992 cm-1. 1H-NMR (400 
MHz, CDCl3) δ: 0.11-0.19 (complex signal, 2 H, 9’-H2), 0.88-
0.98 (complex signal, 2 H, 8’-H and 10’-H), 1.50-1.84 (complex 
signal, 4 H, 3-H2, 5-H2), 2.06 (s, 3 H, COCH3), 2.46 (tt, J = 10.6 
Hz, J’ = 4.0 Hz, 1 H, 4-H), 2.52-2.74 (complex signal, 3 H, 2’-H, 
6’-H and 2-Hax or 6-Hax), 2.81-2.89 (complex signal, 2 H, 1’-H 
and 7’-H), 3.05 (m, 1 H, 6-Hax or 2-Hax), 3.11-3.22 (complex 
signal, 2 H, 3’-Ha and 5’-Ha), 3.50-3.64 (complex signal, 2 H, 3’-
Hb or 5’-Hb), 3.84 (dm, J = 13.6 Hz, 1 H, 2-Heq or 6-Heq), 4.54 
(dm, J = 13.6 Hz, 1 H, 6-Heq or 2-Heq), 5.75 (complex signal, 2 
H, 11’-H and 12’-H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.1 (CH2, 
C9’), 9.9 (CH, C8’ or C10’), 10.1 (CH, C10’ or C8’), 21.4 (CH3, 
COCH3), 27.6 and 27.7 (CH2, C3 or C5), 28.1  and 28.2 (CH2, C5 
or C3), 35.6 (CH, C1’ or C7’), 35.7 (CH, 7’ or C1’), 40.1 (CH, 
C4), 40.9 and 41.0 (CH2, C2 or C6), 42.62 and 42.64 (CH, C2’ or 
C6’), 44.69 and 44.70 (CH, C6’ or C2’), 45.7 and 45.8 (CH2, C6 
or C2), 49.8 (CH2, C3’ or C5’), 50.63 and 50.64 (CH2, C5’ or 
C3’), 128.0 (CH, C11’ or C12’), 129.65 and 129.68 (CH, C12’ or 
C11’), 168.8 (C, COCH3), 171.82 and 171.85 (C, CO). Anal. 
Calcd for C19H26N2O2: C 72.58; H, 8.34; N, 8.91. Found: C, 
72.65; H 8.60; N 8.48. 

4.1 .12.  (4-aza tet racyclo[5.3 .2 .02 ,6 .08,10]  dodec -
11-en -4-yl )[6 -(4 -phenylp iperaz in -1 -yl )pyr id in -3-
yl] methanone,  14  

To a solution of 10 (100 mg, 0.33 mmol) and 1-
phenylpiperazine (60 mg, 0.37 mmol) in DMF (0.5 mL) was 
added solid K2CO3 (82 mg, 0.59 mmol). The resulting suspension 
was stirred at 90 ºC for 48 hours. Water (5 mL) and DCM (5 mL) 
were added and the phases were separated. The aqueous phase 
was then extracted with further DCM (2 x 5 mL). The organics 
were dried over anh. Na2SO4, filtered and evaporated in vacuo to 



give a yellowish solid (137 mg). Column chromatography 
(Hexane/Ethyl acetate mixture) gave 14 as a white solid (56 mg, 
39% yield). The analytical sample was obtained by washing this 
solid with cold pentane (45 mg), mp 90-91ºC. IR (ATR) ν: 661, 
695, 739, 754, 814, 822, 845, 948, 987, 1013, 1028, 1041, 1095, 
1152, 1227, 1310, 1349, 1349, 1395, 1413, 1491, 1594, 1617, 
2847, 2919, 2997 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.20 
(complex signal, 2 H, 9-H2), 0.86-1.00 (complex signal, 2 H, 8-H 
and 10-H), 2.54-2.66 (complex signal, 2 H, 2-H and 6-H), 2.76 
(m, 1 H, 1-H or 7-H), 2.90 (m, 1 H, 7-H or 1-H), 3.18-3.36 
[complex signal, 6 H, 3-Ha, 5-Ha, 2’’(6’’)-H2], 3.38-3.84 
[complex signal, 6 H, 3-Hb, 5-Hb, 3’’(5’’)-H2], 5.70 (m, 1 H, 11-
H or 12-H), 5.84 (m, 1 H, 12-H or 11-H), 6.66 (d, J = 8.8 Hz, 1 
H, 5’-H), 6.90 (t, J = 7.2 Hz, 1 H, 4’’’-H), 6.97 [d, J = 8.6 Hz, 2 
H, 2’’’(6’’’)-H], 7.28 [dd, J = 8.6 Hz, J’ = 7.2 Hz, 2 H, 3’’’(5’’’)-
H], 7.66 (dd, J = 8.8 Hz, J’ = 2.4 Hz, 1 H, 4’-H), 8.31 (d, J = 2.4 
Hz, 1 H, 2’-H). 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, C9), 
10.2 (broad s, CH, C8 and C10), 35.5 (CH, C1 and C7), 42.6 
(CH, C2 or C6), 44.9 [CH2, C3’’(5’’)], 45.0 (CH, C6 or C2), 49.1 
[CH2, C2’’(6’’)], 49.6 (CH2, C3 or C5), 53.6 (CH2, C5 or C3), 
105.8 (CH, C5’), 116.4 [CH, C2’’’(6’’’)], 120.2 (CH, C4’’’), 
121.9 (C, C3’), 128.2 (CH, C11 or C12), 129.19 [CH, 
C3’’’(5’’’)], 129.24 (CH, C12 or C11), 137.5 (CH, C4’), 147.5 
(CH, C2’), 151.1 (C, C1’’’), 159.3 (C, C6’), 167.1 (C, CO). 
HRMS-ESI+ m/z [M+H]+ calcd for [C27H30N4O+H]+: 427.2494, 
found: 427.2492. 

4.1 .13.  (4-aza tet racyclo[5.3 .2 .02 ,6 .08,10]  dodec-
11-en -4-yl )[6 -[4-(4 -
tr i f luoromethyl )phenylp iperaz in -1-yl] pyr id in -3-
yl] methanone,  15  

To a solution of 10 (100 mg, 0.33 mmol) and 1-(4-
trifluoromethylphenyl)piperazine (85 mg, 0.37 mmol) in DMF 
(0.5 mL) was added solid K2CO3 (82 mg, 0.59 mmol). The 
resulting suspension was stirred at 90 ºC for 48 hours. Water (5 
mL) and DCM (5 mL) were added and the phases were 
separated. The aqueous phase was then extracted with further 
DCM (2 x 5 mL). The organics were dried over anh. Na2SO4, 
filtered and evaporated in vacuo to give a yellowish solid (161 
mg). Column chromatography (Hexane/Ethyl acetate mixture) 
gave 15 as a white solid (52 mg, 32% yield). The analytical 
sample was obtained by washing with cooled pentane (38 mg), 
mp 157-158ºC. IR (ATR) ν: 667, 711, 721, 744, 770, 806, 824, 
909, 951, 971, 984, 1039, 1070, 1106, 1157, 1199, 1230, 1330, 
1354, 1390, 1429, 1493, 1522, 1594, 1615, 2847, 2919 cm-1. 1H-
NMR (400 MHz, CDCl3) δ: 0.10-0.18 (complex signal, 2 H, 9-
H2), 0.84-0.98 (complex signal, 2 H, 8-H and 10-H), 2.54-2.66 
(complex signal, 2 H, 2-H and 6-H), 2.75 (m, 1 H, 1-H or 7-H), 
2.90 (m, 1 H, 7-H or 1-H), 3.26 (m, 1 H, 3-Ha or 5-Ha), 3.41 [t, J 
= 5.4 Hz, 4 H, 2’’(6’’)-H2], 3.48 (m, 1 H, 5-Ha or 3-Ha), 3.56-
3.82 [complex signal, 6 H, 3-Hb, 5-Hb, 3’’(5’’)-H2], 5.69 (m, 1 H, 
11-H or 12-H), 5.85 (m, 1 H, 12-H or 11-H), 6.65 (d, J = 8.8 Hz, 
1 H, 5’-H), 6.95 [d, J = 8.6 Hz, 2 H, 2’’’(6’’’)-H], 7.50 [d, J = 8.6 
Hz, 2 H, 3’’’(5’’’)-H], 7.66 (dd, J = 8.8 Hz, J’ = 2.2 Hz, 1 H, 4’-
H), 8.31 (d, J = 2.2 Hz, 1 H, 2’-H). 13C-NMR (100.5 MHz, 
CDCl3) δ: 3.9 (CH2, C9), 10.2 (broad s, CH, C8 and C10), 35.6 
(CH, C1 and C7), 42.7 (CH, C2 or C6), 44.5 [CH2, C3’’(5’’)], 
45.1 (CH, C6 or C2), 47.7 [CH2, C2’’(6’’)], 49.6 (CH2, C3 or 
C5), 53.6 (CH2, C5 or C3), 105.8 (CH, C5’), 114.6 [CH, 
C2’’’(6’’’)], 120.8 (q, J = 32 Hz, C, C4’’’), 122.1 (C, C3’), 124.6 
(q, J = 269 Hz, C, CF3), 126.4 [q, J = 4 Hz, CH, C3’’’(5’’’)], 
128.1 (CH, C11 or C12), 129.3 (CH, C12 or C11), 137.5 (CH, 
C4’), 147.5 (CH, C2’), 153.0 (C, C1’’’), 159.1 (C, C6’), 167.0 
(C, CO). HRMS-ESI+ m/z [M+H]+ calcd for [C28H29F3N4O+H]+: 
495.2396, found: 495.2369. 

4.1 .14.  4-[[4 -[5-(4 -azate tracyc lo[5 .3 .2 .02,6 .08,10]  
dodec-11-en -4 -yl )carbonyl] pyr id in -2-yl] p iperaz in-
1-yl] benzoni tr i l e ,  16  

To a solution of 10 (100 mg, 0.33 mmol) and 4-
piperazinobenzonitrile (69 mg, 0.37 mmol) in DMF (0.5 mL) was 
added solid K2CO3 (82 mg, 0.59 mmol). The resulting suspension 
was stirred at 90ºC for 48 hours. Water (5 mL) and DCM (5 mL) 
were added and the phases were separated. The aqueous phase 
was then extracted with further DCM (2 x 5 mL). The organics 
were dried over anh. Na2SO4, filtered and evaporated in vacuo to 
give a yellowish solid (181 mg). Column chromatography 
(Hexane/Ethyl acetate mixture) gave 16 as a white solid (72 mg, 
48% yield), mp 160-161ºC. IR (ATR) ν: 656, 692, 713, 742, 773, 
811, 912, 951, 1008, 1039, 1176, 1235, 1312, 1392, 1426, 1511, 
1537, 1555, 1599, 1648, 1666, 2847, 2925 cm-1. 1H-NMR (400 
MHz, CDCl3) δ: 0.10-0.22 (complex signal, 2 H, 9’’’-H2), 0.84-
1.00 (complex signal, 2 H, 8’’’-H and 10’’’-H), 2.54-2.66 
(complex signal, 2 H, 2’’’-H and 6’’’-H), 2.75 (m, 1 H, 1’’’-H or 
7’’’-H), 2.90 (m, 1 H, 7’’’-H or 1’’’-H), 3.15-3.56 [complex 
signal, 6 H, 3’’’-Ha, 5’’’-Ha, 3’(5’)-H2], 3.58-3.84 [complex 
signal, 6 H, 3’’’-Hb, 5’’’-Hb, 2’(6’)-H2], 5.69 (m, 1 H, 11’’’-H or 
12’’’-H), 5.84 (m, 1 H, 12’’’-H or 11’’’-H), 6.63 (d, J = 8.8 Hz, 1 
H, 3’’-H), 6.87 [dm, J = 8.8 Hz, 2 H, 3(5)-H], 7.51 [dm, J = 8.8 
Hz, 2 H, 2(6)-H], 7.67 (dd, J = 8.8 Hz, J’ = 2.2 Hz, 1 H, 4’’-H), 
8.31 (d, J = 2.2 Hz, 1 H, 6’’-H). 13C-NMR (100.5 MHz, CDCl3) 
δ: 3.9 (CH2, C9’’’), 10.1 (broad singlet, CH, C8’’’ and C10’’’), 
35.5 (CH, C1’’’ and C7’’’), 42.7 (CH, C2’’’ or C6’’’), 44.2 [CH2, 
C2’(6’)], 45.0 (CH, C6’’’ or C2’’’), 46.6 [CH2, C3’(5’)], 49.6 
(CH2, C3’’’ or C5’’’), 53.5 (CH2, C5’’’ or C3’’’), 100.5 (C, C1), 
105.7 (CH, C3’’), 114.0 [CH, C3(5)], 119.9.2 (C, CN), 122.2 (C, 
C5’’), 128.1 (CH, C11’’’ or C12’’’), 129.3 (CH, C12’’’ or 
C11’’’), 133.5 [CH, C2(6)], 137.6 (CH, C4’’), 147.4 (CH, C6’’), 
152.9 (C, C4), 158.8 (C, C2’’), 166.9 (C, CO). HRMS-ESI+ m/z 
[M+H]+ calcd for [C28H29N5O+H]+: 452.2445, found: 452.2444. 

4.2. 11 -HSD1 Enzyme Inhibition Assay 

11 -HSD1 activity was determined in mixed sex, human liver 
microsomes (Celsis In-vitro Technologies) by measuring the 
conversion of 3H-cortisone to 3H-cortisol.  Percentage inhibition 
was determined relative to a no inhibitor control. 5 μg of human 
liver microsomes were pre-incubated at 37°C for 15 min with 
inhibitor and 1 mM NADPH in a final volume of 90 μL Krebs 
buffer. 10 μL of 200 nM 3H-cortisone was then added followed 
by incubation at 37°C for a further 30 min.  The assay was 
terminated by rapid freezing on dry ice and 3H-cortisone to 3H-
cortisol conversion determined in 50 μL of the defrosted reaction 
by capturing liberated 3H-cortisol on anti-cortisol (HyTest Ltd)-
coated scintillation proximity assay beads (protein A-coated YSi, 
GE Healthcare). 

4.3. Cellular 11β-HSD1 Enzyme Inhibition Assay 

The cellular 11β-HSD1 enzyme inhibition assay was 
performed using HEK293 cells stably transfected with the human 
11β-HSD1 gene. Cells were incubated with substrate (cortisone) 
and product (cortisol) was determined by LC/MS. Cells were 
plated at 2 x 104 cells/well  in a 96-well poly-D-lysine coated 
tissue culture microplate (Greiner Bio-one) and incubated 
overnight at 37ºC in 5% CO2 95% O2. Compounds to be tested 
were solubilized in 100% DMSO at 10 mM and serially diluted 
in water and 10% DMSO to final concentration of 10 μM in 10% 
DMSO. 10 μL of each test dilution and 10 μL of 10% DMSO 
(for low and high control) were dispensed into the well of a new 
96-well microplate (Greiner Bio-one). Medium was removed 
from the cell assay plate and 100 μL of DMEM solution 
(containing 1% penicillin, 1% streptomycin and 300 nM 
cortisone) added to each well. Cells were incubated for 2 h at 



37ºC in 5% CO2 95% O2. Following incubation, medium was 
removed from each well into an eppendorf containing 500 μL of 
ethyl acetate, mixed by vortex and incubated at rt for 5 min. A 
calibration curve of known concentrations of cortisol in assay 
medium was also set up and added to 500 μL of ethyl acetate, 
vortexed and incubated as above. The supernatant of each 
eppendorf was removed to a 96-deep-well plate and dried down 
under liquid nitrogen at 65ºC. Each well was solubilised in 100 
μL 70:30 H2O:ACN and removed to a 96-well V-bottomed plate 
for LC/MS analysis. Separation was carried out on a sunfire 150 
x 2.1 mm, 3.5 μM column using a H2O:ACN gradient profile. 
Typical retention times were 2.71 min for cortisol and 2.80 min 
for cortisone. The peak area was calculated and the concentration 
of each compound determined from the calibration curve. 

4.4. Cellular 11β-HSD2 Enzyme Inhibition Assay 

For measurement of inhibition of 11β-HSD2, HEK293 cells 
stably transfected with the full-length gene coding for human 
11β-HSD2 were used.  The protocol was the same as for the 
cellular 11β-HSD1 enzyme inhibition assay, only changing the 
substrate, this time cortisol, and the concentrations of the tested 
compounds, 10, 1 and 0.1 μM. 

4.5. Microsomal Stability Assay 

The microsomal stability of each compound was determined 
using human liver microsomes (Celsis In-vitro 
Technologies).  Microsomes were thawed and diluted to a 
concentration of 2 mg/mL in 50 mM NaPO4 buffer pH 7.4.  Each 
compound was diluted in 4 mM NADPH (made in the phosphate 
buffer above) to a concentration of 10 μM.  Two identical 
incubation plates were prepared to act as a 0 minute and a 30 
minute time point assay.  30 μL of each compound dilution was 
added in duplicate to the wells of a U-bottom 96-well plate and 
warmed at 37ºC for approximately 5 min.  Verapamil, lidocaine 
and propranolol at 10 μM concentration were utilised as 
reference compounds in this experiment.  Microsomes were also 
pre-warmed at 37ºC before the addition of 30 μL to each well of 
the plate resulting in a final concentration of 1 mg/mL.  The 
reaction was terminated at the appropriate time point (0 or 30 
min) by addition of 60 μL of ice-cold 0.3 M trichloroacetic acid 
(TCA) per well.  The plates were centrifuged for 10 min at 112 x 
g and the supernatant fraction transferred to a fresh U-bottom 96-
well plate.  Plates were sealed and frozen at -20ºC prior to MS 
analysis.  LC-MS/MS was used to quantify the peak area 
response of each compound before and after incubation with 
human liver microsomes using MS tune settings established and 
validated for each compound.  These peak intensity 
measurements were used to calculate the % remaining after 
incubation with human microsomes for each hit compound. 
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7.1 Rationale and previous work 

The project reported in this chapter is the follow-up work of the previous project 

presented in Chapter 6. As previously discussed, the introduction of different 

substituents in the RHS of the molecule delivered some potent inhibitors, albeit with 

suboptimal results regarding selectivity and microsomal stability (Chart 10).239 

 

 

Chart 10. Structures of the previously described compounds 33, 75, 79 and 80, and their 

pharmacological profiles.239 

 

Compounds 79 and 80 presented nanomolar potencies against the human 11β-HSD1 

enzyme, but could not improve the selectivity of the previous cyclohexyl analog 33, 

presenting high inhibition of the isoenzyme 11β-HSD2 (86% and 87% inhibition at 10 

μM, respectively). Regarding the microsomal stability of the new compounds, 

cyclohexenyl derivative, 80, slightly improved the performance of 33, with a 44% 

                                                           
239 Leiva, R.; McBride, A.; Binnie, M.; Webster, S. P.; Vázquez, S. Exploring N-acyl-4-azatetracyclo 
[5.3.2.02,6.08,10]docec-11-enes as 11β-HSD1 inhibitors. Bioorg. Med. Chem. (submitted). 
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remaining compound after 30-min incubation with HLM vs the previous 17%. To our 

surprise, the unsubstituted phenyl derivative, 75, presented a high microsomal stability, 

85%, although being less potent (Chart 10). 

These observations made us envisage new substitution patterns in the aryl moiety that 

would combine the good points of compounds 79 and 75, as well as improving the 

selectivity over 11β-HSD2. For doing so, we implemented a structure-based design in 

order to establish additional interactions of the molecule RHS within the binding site 

that would deliver more potent and selective inhibitors. 

 

7.2 Theoretical discussion 

Stemming from the computational work carried out by Constantí Seira in the context of 

his PhD Thesis, directed by Prof. F. J. Luque and Dr A. Bidon-Chanal (Departament de 

Nutrició, Ciències de l’Alimentació i Gastronomia, Facultat de Farmàcia i Ciències de 

l’Alimentació, Universitat de Barcelona), several compounds were targeted as putative 

11 -HSD1 inhibitors with improved selectivity. All these compounds described in the 

following manuscript were prepared in the context of the present Thesis. Their rational 

design, synthesis and pharmacological evaluation are discussed in the manuscript that 

follows. 



1 of 23 
 

Rational design as an ally to discover novel N-
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Abstract:  

Structure-based drug design contributed to the discovery of potent 11β-HSD1 inhibitors 

containing the previously reported N-acylpyrrolidine structure. Biaryl derivatives 11 and 

17 were identified as low nanomolar inhibitors with greater metabolic stabilities than the 

earlier hit dichloroaniline 7, although better selectivity over the isoenzyme 11β-HSD2 

remains to be achieved. 
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1. Introduction  

Cushing’s syndrome is caused by increased circulating levels of cortisol, the 

glucocorticoid (GC) hormone. This elevated and sustained cortisol levels causes the 

characteristic clinical symptomatology, namely central obesity, hyperglycaemia, 

dyslipidaemia and hypertension by its action in key metabolic tissues, and depression and 

cognitive impairments by acting in the CNS.1 Thus, from these observations and some 

mechanistic investigations elevated cortisol seems to be key in metabolic syndrome and 

age-related diseases such as cognitive decline.2-5 

11β-Hydroxysteroid dehydrogenase (11β-HSD) enzymes are responsible for the 

interconversion of cortisone and cortisol (or 11-dehydrocorticosterone and corticosterone 

in rodents, respectively) in target tissues, being an enzymatic barrier gating GC access to 

intra-cellular receptors.6,7 11β-HSD presents two isoforms: 11β-HSD1 with a 

predominantly reductase activity is present in the liver, adipose tissue and in the 

hippocampus and cortex of the brain, where it regenerates the active cortisol from 

cortisone; and 11β-HSD2, present in mineralocorticoid tissues such as the kidney, with 

an oxidative activity on cortisol to inactivate it to cortisone, protecting by this way 

mineralocorticoid receptors from GC activation.8  

The expected promising effects have been found both in metabolic and cognitive 

disorders in numerous studies using 11β-HSD1 knockout mice. Global knockout of 11β-

HSD1 causes enhanced hepatic insulin sensitivity and reduced gluconeogenesis and 

glycogenolysis, indicating a potential use of 11β-HSD1 inhibitors for type 2 diabetes.9 

These same mice also present low serum triglycerides and increased HDL cholesterol and 

apo-lipoprotein A1 levels, suggesting a positive effect of 11β-HSD1 inhibition in 

atherosclerosis prevention.10 In addition to this, 11β-HSD1 knockout mice are also 

protected against age-related cognitive impairment, encouraging the use of that inhibitors 

in cognitive dysfunction-related diseases, such as Alzheimer’s disease.11 

Very encouraging results have also been obtained in several in vitro and in vivo models 

of both cognitive and metabolic disorder using a myriad of 11β-HSD1 inhibitors.12 

Notwithstanding, the efficacy of 11β-HSD1 inhibitors in clinics has still to be proven 

since no compounds have progressed beyond phase II, with insufficient efficacy being 

the main cause of attrition. Regarding metabolic indications, the failure to achieve 

primary efficacy endpoints such as glycaemic control or blood pressure were 

disappointing.13 Although Abbott’s compound ABT-384 failed in demonstrating efficacy 

in phase II clinical trial,14 central 11β-HSD1 inhibition seems a promising approach to 



3 of 23 
 

deal with cognitive dysfunction associated with AD, since sub-maximal inhibition of the 

target in the brain seems enough to reverse memory impairment in ageing and AD.15 

Indeed, inhibitors from Actinogen Medical (UE2343) and Astellas (ASP3662) are still in 

active development, both of them in phase II trials, in relation to age-associated cognitive 

impairment and AD.15,16  

 

2. Previous work 

We have previously described novel series of 11β-HSD1 inhibitors featuring polycyclic 

N-acylpyrrolidines. Our first efforts were focused on the optimization of the polycylic 

substituent to replace the adamantyl nucleus broadly used in 11β-HSD1 inhibitors.17 After 

working on the polycylic group and finding potent enzyme inhibitors (1-6) (Chart 1), we 

moved forward to explore the right-hand side (RHS) substituent of the molecule in order 

to improve selectivity and DMPK properties maintaining the potency. This work led us 

to establish some clear structure-activity relationships (SAR) of our molecules and the 

discovery of new nanomolar inhibitors containing the 4-

azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene polycycle (7 and 8).18 

The replacement of the cyclohexyl moiety of compound 6 by a phenyl group was 

detrimental for the potency (6, IC50 = 29 nM vs 9, 546 nM); however, the introduction of 

a previously reported substitution pattern on the aryl unit delivered again a low nanomolar 

inhibitor (7, IC50 = 45 nM). Despite the potent inhibitory activity of 7, its low metabolic 

stability (13% remaining compound after 30-min incubation with human liver 

microsomes, HLM), the sub-optimal selectivity over 11β-HSD2 (71% inhibition at 1 μM) 

and the aromatic amine as a structural alert of mutagenicity ‒even though the ortho-di-

substitution is expected to hinder its metabolic activation‒ made this compound not an 

ideal lead for our medicinal chemistry program. 

 

 



4 of 23 
 

 
 

Figure 1. Previous 11β-HSD1 inhibitors reported by the group with their IC50 

values.17,18 

 

3. Design of the new inhibitors 

In light of these findings, we focused our efforts on a rational design of new substitution 

patterns of this RHS aryl group in order to establish additional interactions in the binding 

site that would deliver more potent and selective inhibitors using docking coupled to 

molecular dynamics simulations. 

Our endeavor started with the search of different crystalized 11β-HSD1 potent 

inhibitors and its superposition with the docking generated complex of our (best) hit, 

compound 7. For each case, visual inspection of the superposed ligands led to a ligand 

inspired new compound that was proposed also taking into account its synthetic 

accessibility. A docking experiment was carried out with each proposed ligand in order 

to build a ligand–receptor complex for each of them. In every case, the best prediction 

was selected as the highest scored pose where the ligand preserved the orientation of 

compound 7 and the hydrogen bond interaction with the crucial residues Ser170 and/or 

Tyr183. Afterwards, at least three independent 50 ns molecular dynamics (MD) 

simulations were run to obtain a relaxed structure of the selected docking pose in the 

binding site. The MD run for compound 7 was used as a reference system to compare 

with the different proposals. The root-mean square deviation (RMSD) profiles were 

similar in all cases. Thus, the RMSD of the protein backbone varied from 1.35–2.0 Å, 

whereas the residues in the binding site showed a larger RMSD (2.05 to 2.60 Å) due to 
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the enhanced flexibility of the loops that surround it. The proximity of the binding site to 

the C-terminal endpoint of the protein has also an influence in its instability in both 

chains19.  

In the first case, compound 7 was superposed to the 3D5Q crystal ligand featuring a 

trifluoromethoxy group on its RHS phenyl moiety (Table 1).20 The scores obtained for 

both molecules in the docking experiment were similar (-8.72 and -8.67, respectively). 

The proposed substitution pattern inspired in this crystal ligand was a methoxy group in 

para position to replace the amino group and maintaining one chloro substituent in order 

to fill a small hydrophobic cavity present in the binding site (residues Leu152, Gly197, 

Leu198, Val212, Met214). The score for this new compound 10 was the same as for the 

crystal ligand (-8.67), so we expected a similar potency. The binding mode was also the 

usual with the central amide carbonyl group making a hydrogen bond interaction with the 

hydroxyl groups of Ser170 and Tyr183. The binding pose obtained with the docking 

experiment was taken as the starting point to run three independent 50 ns unrestrained 

MD simulations of the enzyme complex with compound 10. The ligand was placed in 

both chains of the crystal structure and the obtained trajectories confirmed the stability of 

the binding mode in the standard V-shaped conformation. However, due to the enhanced 

flexibility of the loops and the C-terminal part, the ligand was kept in both binding sites 

throughout the whole simulation only in one trajectory. For the cases where the ligand 

was kept in the binding site, the mean hydrogen bond distances with the critical residue 

Ser170 were 2.89 Å, 3.69 Å and 2.76 Å respectively. 

In the second case, we did not observe a significant difference between the scores of 

the 3CH6 crystal ligand and our compound 7 (-10.90 vs -10.20).21 Our proposal was 

compound 11, mimicking the biaryl structure of the crystal ligand but substituting the 

methyl group in para position by a hydroxyl group to interact through a hydrogen bond 

with Pro178. Docking calculations corroborated our expectations predicting a higher 

score for 11 (-12.08). Again, three independent 50 ns unrestrained MD simulations were 

run with the ligand placed in both chains of the crystal structure. In this case, the ligand 

was kept in the binding site of the chain B in all the cases, however it was only stable in 

one of the trajectories for the chain A. In the cases where the ligand was kept in the 

binding site, the mean hydrogen bond distances of the central amide carbonyl group with 

the side chain of Ser170 were 2.81 Å, 3.51 Å, 3.54 Å and 2.69 Å. 

The next case was using the 4C7J crystal ligand to superpose our compound 7 on it.22 

After docking calculations, the score obtained for the crystal ligand was similar to the 
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calculated for 7 (-10.71 and -10.17, respectively), despite of the additional interaction of 

the hydroxyl group of the ethylene chain with the side chain of Asp259. The proposed 

new compound, 12, replicating the lateral chain of the crystal ligand, presented an even 

higher score (-11.13) in the docking and a good consistency of the binding mode in the 

three independent 50 ns unrestrained MD simulation runs. In this case, the mean hydrogen 

bond distances of the central amide carbonyl group with the hydroxyl group of Ser170 

for those simulations in which the ligand was kept in the binding site were 2.66 Å, 2.73 

Å and 3.54 Å. 

In the last case, the superposition of 7 with the crystal ligand of 4HFR was suitable.23 

Again, the crystal ligand showed a higher docking score than 7 (-10.65 vs -10.39) and 

established an additional interaction between the carboxylic acid moiety and the amide 

group of Leu217. Our proposal was to reproduce the two-ring structure of the crystal 

ligand with a different final hydrogen bond donor to seek the interaction with Asp259. 

The proposed compound 13 presented a high score (-11.49) in the docking calculations 

although this predicted additional interaction between the amino group of the distal amide 

and the Asp259 was not observed in the docking calculations without losing the principal 

interactions of the central amide carbonyl group. Furthermore, the ligand was kept in the 

binding site only in two simulations with mean hydrogen bond distances between the 

central amide carbonyl group and the side chain hydroxyl group of Ser170 of 2.91 Å and 

2.95 Å. 

 

 

Crystal Compound Score 

3D5Q 7 -8.72 

Crystal ligand20 

 

-8.67 

Proposed compound 10 

  

-8.67 



7 of 23 
 

3CH6 7 -10.20 

Crystal ligand21 

 

-10.90 

Proposed compound 11 

 

-12.08 

4C7J 7 -10.17 

Crystal ligand22 

 

-10.71 

Proposed compound 12 

 

-11.13 

4HFR 7 -10.39 

Crystal ligand23 

 

-10.65 

Proposed compound 13 

 

-11.49 

Table 1. Reference crystal ligands, new designed compounds and their docking 

scores. 
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4. Synthesis 

The novel compounds were synthesized according to the Scheme 1. Compound 10 was 

obtained in quantitative yield from the coupling reaction between 4-

azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene hydrochloride,24 14, and 3-chloro-4-

methoxybenzoic acid using 1-hydroxybenzotriazole (HOBt) and N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide (EDC). For the preparation of compound 

11, was first necessary the synthesis of the 6-bromopyridin-2-yl-cointaining intermediate 

15 using the previous methodology for the amide formation, followed by a Suzuki-

Miyaura cross-coupling with 4-hydroxyphenylboronic acid which proceeded with 

moderate yield. Finally, compounds 12 and 13 were obtained by a nucleophilic aromatic 

substitution using the chloropyridine derivative 16 previously described by our group as 

the starting material.18 Amide 16 was dissolved in ethanolamine and heated at 120 ºC for 

24 hours to give compound 12 in moderate yield. Besides, compound 13 was obtained in 

high yield heating a solution of the starting material 16, piperidine-4-carboxamide and 

potassium carbonate in DMF at 90 ºC for 2 days. 

 

 

 

Scheme 1. Syntheses of compound 10-14 and 16-17. a) HOBt, EDC, Et3N, EtOAc, rt, 24 h, 

3-chloro-4-methoxybenzoic acid for 10 (quant. yield), 6-bromopyridine-2-carboxylic acid for 15 

(73% yield). b) Pd(Ph3)4, K2CO3, dioxane, water, 4-hydroxyphenylboronic acid for 11 (59% 
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yield), thiophene-3-boronic acid for 17 (79% yield), 1H-pirazole-4-boronic acid for 18 (28% 

yield). c) Ethanolamine, 120 ºC, 24 h, 61% yield. d) 4-piperidinecarboxamide, DMF, 90 ºC, 2 d, 

85% yield. 

 

5. Pharmacological evaluation 

Target compounds 10-13 together with the intermediate amide 15 were tested to 

determine their human 11β-HSD1 inhibitory activity using a microsomal assay as the 

preliminary screen. Compounds 12 and 13 presented 20% and 21% inhibition at 10 μM 

concentration, respectively, so they were not further examined to get their IC50 values. 

However, 10, 11 and 15 presented high inhibition of the enzyme, exhibiting diverse 

potencies. The 3-chloro-4-methoxybenzoyl derivative, 10, showed a discrete IC50 value 

(1003 nM), while the bromopyridine analog, 15, presented a submicromolar value (200 

nM).  The IC50 value of the biaryl 11 (14 nM) was lower than that of our early hit 

dichloroaniline 7 (45 nM) (Table 2). 

As compounds 12 and 13 showed poor inhibition, one may hypothesize that we could 

not obtain the designed compounds interacting with the Asp259 that was expected to 

deliver more potent compounds. However, we cannot feel confident with this statement 

since the performed assay uses a cellular fraction (HLM) instead of the purified enzyme, 

which introduces more factors to consider besides the mere interaction between the ligand 

and the target protein. 

The most potent compounds 10, 11 and 15 were further evaluated in terms of cellular 

potency and selectivity over 11β-HSD2. 

Cellular potency was assessed using Human Embryonic Kidney 293 (HEK293) cells 

stably transfected with the 11β-HSD1 gene. Results for compounds 11 and 15 were in 

line with those derived from the microsomal assay (cellular IC50 = 2 and 208 nM, 

respectively). Surprisingly, compound 10 showed to be more potent in cells than in 

microsomes presenting an IC50 value one order of magnitude below of the previously 

obtained (82 vs 1003 nM). This fact could be explained by high metabolism in 

microsomes that would clear the compound not permitting to perform its activity in the 

microsomal assay. 

Selectivity over 11β-HSD2 was also assessed in a cell-based assay using HEK293 

stably transfected with the 11β-HSD2 gene. Regretfully, none of the tested compounds 

improved the selectivity of 7, since they presented moderate to high inhibition of the 

isoenzyme at 10 and 1 μM concentration. 
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Since compound 11 was the most promising inhibitor in terms of potency against the 

target enzyme, we envisage the preparation of few biaryl analogs in order to explore the 

SAR of these compounds. To this end, the pyridinyl-containing polycyclic N-

acylpyrrolidine structure was kept unchanged, and the aromatic group was varied. Doing 

so we synthesized the 3-thienyl and 1H-4-pirazolyl analogs, 17 and 18, using the Suzuki-

Miyaura cross-coupling as previously applied for the preparation of compound 11 

(Scheme 1). These new compounds were tested for 11β-HSD1 inhibitory activity both in 

HLM and HEK cells, being the 3-thiophenyl derivative one order of magnitude more 

potent than the 1H-4-pirazolyl analog (cellular IC50 = 28 vs 344 nM, respectively). 

Diminished activity vs the murine enzyme was not desirable since the mouse was our 

most accessible in vivo animal model to further study these inhibitors. Thus, these biaryl 

inhibitors were assayed for their mouse 11β-HSD1 inhibitory activity in murine liver 

microsomes (MLM). Surprisingly, substituent effects on the inhibitory activity of the 

murine 11β-HSD1 were more pronounced than on the human enzyme. The promising 

phenol-containing derivative, 11, displayed almost no 11β-HSD1 inhibition with an IC50 

in the high micromolar range (77.75 μM). By contrast, compound 18 that had displayed 

a modest submicromolar IC50 in the human enzyme was the most potent inhibitor against 

the murine 11β-HSD1 (IC50 = 84 nM), while the 3-thienyl derivative, 17, presented a 

potency in between the other two biaryl analogs (IC50 = 774 nM). 

Finally, their metabolic stability was also measured using both human and mouse liver 

microsomes. Not surprisingly, the three compounds were more stable in HLM than in 

MLM. Compared with the microsomal stability of our earlier hit compound 7 (13% 

remaining compound after 30-min incubation in HLM), the new biaryl derivatives were 

far more stable, presenting good to excellent stabilities (77, 93 and 100% for 11, 18 and 

17, respectively). 
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Cp hHSD1 

IC50 (nM) 

HEK hHSD1 

IC50 (nM)c 

HEK hHSD2 

% inh at 10 

and 1 μM c 

mHSD1 

IC50 (nM) 

HLM  

% parent d 

MLM  

% parent d 

7 45 ND 86% 

71% 

ND 13% ND 

10 1003 82 94% 

88% 

ND ND ND 

11  

14 

 

2 

 

96% 

92% 

 

77750 

 

77% 

 

47% 

 

15  

200 

 

208 

 

81% 

64% 

 

ND 

 

ND 

 

ND 

17  

39 

 

28 

 

96% 

92% 

 

774 

 

100% 

 

37% 

18  

333 

 

344 

 

91% 

83% 

 

84 

 

93% 

 

23% 

Table 2. In vitro biological profiling of the new 11β-HSD1 inhibitors. a,b 
aSee Experimental section for further details. bPercentage inhibition was determined 

relative to a no inhibitor control. cHEK293 cells stably transfected with the full-length 

gene coding for human either 11β-HSD1 or 11β-HSD2 were used. dThe microsomal 

stability of each compound was determined using either human or mouse liver 

microsomes. ND, not determined. 

 

6. Conclusions 

We have reported the rational design, synthesis and pharmacological evaluation of 

novel 11β-HSD1 inhibitors featuring a polycyclic N-acylpyrrolidine previously described 

by our group. The designed compounds inspired in reported inhibitors crystalized in 

complex with the enzyme delivered potent compounds against the human 11β-HSD1. 

Particularly interesting were the biaryl derivatives, that were further characterized, with 

the phenol-containing analog, 11, being the most active compound in the human enzyme 

with a low nanomolar IC50, despite not corresponding with a potent murine activity. The 

polarity of the compounds conferred them a higher microsomal stability in HLM, one 



12 of 23 
 

parameter aimed to be improved in our early hit compound 7. Unfortunately, the 

additional substituents introduced to establish potential interactions and to provide 

selectivity over 11β-HSD2 were not successful, presenting all the compounds undesirable 

high inhibition at micromolar concentrations. This selectivity issue should be further 

addressed before moving forward to in vivo efficacy studies. 

 

7. Experimental section 
7.1. Chemistry  

7.1.1. General Methods.  

Melting points were determined in open capillary tubes with a MFB 595010M 

Gallenkamp. 400 MHz 1H/100.6 MHz 13C NMR spectra were recorded on a Varian 

Mercury 400 spectrometer. The chemical shifts are reported in ppm (  scale) relative to 

internal tetramethylsilane, and coupling constants are reported in Hertz (Hz). 

Assignments given for the NMR spectra of the new compounds have been carried out on 

the basis of COSY 1H/13C (gHSQC sequences) experiments. IR spectra were run on 

Perkin-Elmer Spectrum RX I spectrophotometer. Absorption values are expressed as 

wave-numbers (cm 1); only significant absorption bands are given. High-resolution mass 

spectrometry (HRMS) analyses were performed with an LC/MSD TOF Agilent 

Technologies spectrometer. Column chromatography was performed either on silica gel 

60 Å (35 70 mesh) or on aluminium oxide, neutral, 60 Å (50-200 μm, Brockmann I). 

Thin-layer chromatography was performed with aluminum-backed sheets with silica gel 

60 F254 (Merck, ref 1.05554), and spots were visualized with UV light and 1% aqueous 

solution of KMnO4. The elemental analysis of compound 15 was carried out in a Flash 

1112 series Thermofinnigan elemental microanalyzator (A5) to determine C, H and N. 

HPLC/MS were determined with a HPLC Thermo Ultimate 3000SD (Thermo Scientific 

Dionex) coupled to a photodiode array detector DAD-3000 (Thermo Scientific Dionex) 

and mass spectrometer LTQ XL ESI-ion trap (Thermo Scientific) with Xcalibur v2.2 

acquisition software (Thermo Scientific) (HPLC-PDA-MS). 5 μL of sample 0.5 mg/mL 

in methanol were injected, using a ZORBAX Extend-C18 3.5 um 2.1x50 mm column at 

30 °C. The mobile phase was a mixture of A = formic acid 0.05% in water and B = formic 

acid 0.05% in acetonitrile with the method described as follows: flow 0.6 mL/min, 5%B-

95%A 3 min, 100%B 4 min, 95%B-5%A 8 min. Purity is given as % of absorvance at 

254 nm; UV-Vis spectra were collected every 0.2 s between 650 and 275 nm; data from 



13 of 23 
 

mass spectra were analysed by electrospray ionization in positive mode every 0.3 s 

between 50 and 1000 Da. 

7.1.2. (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)(3-chloro-4-methoxyphenyl) 

methanone, (10). 

To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene hydrochloride (200 mg, 

1.03 mmol) in EtOAc (10 mL) were added 3-chloro-4-methoxybenzoic acid (176 mg, 

0.94 mmol), HOBt (190 mg, 1.41 mmol), EDC (218 g, 1.41 mmol) and triethylamine (0.6 

mL, 4.14 mmol). The reaction mixture was stirred at room temperature overnight. To the 

resulting suspension was then added water (10 mL) and the phases were separated. The 

organic phase was washed with saturated aqueous NaHCO3 solution (10 mL) and brine 

(10 mL), dried over anh. Na2SO4 and filtered. Evaporation in vacuo of the organics gave 

10 as an orange semisolid (329 mg, quantitative yield). IR (ATR) ν: 615, 651, 692, 708, 

754, 814, 835, 850, 891, 915, 946, 1018, 1059, 1095, 1142, 1183, 1232, 1256, 1294, 1349, 

1387, 1418, 1501, 1560, 1599, 1617, 2868, 2925, 3002 cm-1. 1H-NMR (400 MHz, CDCl3) 

δ: 0.10-0.18 (complex signal, 2 H, 9’-H2), 0.82-0.98 (complex signal, 2 H, 8’-H and 10’-

H), 2.54-2.64 (complex signal, 2 H, 2’-H and 6’-H), 2.74 (m, 1 H, 1’-H or 7’-H), 2.90 (m, 

1 H, 7’-H or 1’-H), 3.12 (broad d, J = 11.2 Hz, 1 H, 5’-Ha or 3’-Ha), 3.45 (broad d, J = 

11.2 Hz, 1 H, 3’-Ha or 5’-Ha), 3.54 (m, 1 H, 5’-Hb or 3’-Hb), 3.71 (m, 1 H, 3’-Hb or 5’-

Hb), 3.91 (s, 3 H, OCH3), 5.69 (m, 1 H, 11’-H or 12’-H), 5.85 (m, 1 H, 12’-H or 11’-H), 

6.90 (d, J = 8.8 Hz, 1 H, 5-H), 7.31 (dd, J = 8.8 Hz, J’ = 2.4 Hz, 1 H, 6-H), 7.45 (d, J = 

2.4 Hz, 1 H, 2-H). 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, C9’), 9.9 (CH, C8’ or 

C10’), 10.1 (CH, C10’ or C8’), 35.5 (CH, C1’ and C7’), 42.7 (CH, C2’ or C6’), 44.9 (CH, 

C6’ or C2’), 49.5 (CH2, C3’ or C5’), 53.5 (CH2, C5’ or C3’), 56.2 (CH3, OCH3), 111.3 

(CH, C5), 122.1 (C, C3), 127.1 (CH, C6), 128.2 (CH, C11’ or C12’), 129.25 (CH, C12’ 

or C11’), 129.31 (CH, C2), 130.3 (C, C1), 155.9 (C, C4), 167.2 (C, CO). HPLC-PDA-

MS: RT = 3.63 min; λmax = 209 nm; purity 98.5% (254 nm). HRMS-ESI+ m/z [M+H]+: 

Calcd for [C19H20ClNO2+H]+: 330.1255, found: 330.1251. 

7.1.3. (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(4-hydroxyphenyl)pyridin-

2-yl] methanone, (11).  

A mixture of 15 (300 mg, 0.87 mmol), 4-hydroxyphenylboronic acid (132 mg, 0.96 

mmol), tetrakis(triphenylphosphine)palladium(0) (10 mg, 0.009 mmol) and K2CO3 (240 

mg, 1.74 mmol) in 1,4-dioxane (3 mL) and H2O (1.5 mL) was heated at 100 ºC for 2 h. 

EtOAc (10 mL) was added and then washed with H2O (10 mL). The aqueous phase was 

extracted with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered 
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and evaporated in vacuo to give a brownish solid (461 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 11 as a white solid (184 mg, 59% yield), mp 221-

222 ºC. IR (ATR) ν: 630, 654, 711, 754, 822, 840, 915, 946, 992, 1039, 1085, 1103, 1173, 

1230, 1276, 1297, 1346, 1380, 1400, 1429, 1460, 1516, 1558, 1586, 1604, 2930, 3002, 

3126 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.10-0.20 (complex signal, 2 H, 9’-H2), 0.84-

0.98 (complex signal, 2 H, 8’-H and 10’-H), 2.58-2.74 (complex signal, 2 H, 2’-H and 6’-

H), 2.77 (m, 1 H, 1’-H or 7’-H), 2.93 (m, 1 H, 7’-H or 1’-H), 3.47 (dd, J = 12.4 Hz, J’ = 

4.0 Hz, 1 H, 5’-Ha or 3’-Ha), 3.54 (dd, J = 13.2 Hz, J’ = 4.0 Hz, 1 H, 3’-Ha or 5’-Ha), 3.83 

(dd, J = 13.2 Hz, J’ = 8.6 Hz, 1 H, 3’-Hb or 5’-Hb), 3.97 (dd, J = 12.4 Hz, J’ = 8.6 Hz, 1 

H, 5’-Hb or 3’-Hb), 5.73 (m, 1 H, 11’-H or 12’-H), 5.85 (m, 1 H, 12’-H or 11’-H), 6.94 

[dm, J = 8.6 Hz, 2 H, 3’’(5’’)-H], 7.56 (dd, J = 8.0, J’ = 0.8 Hz, 1 H, 5-H), 7.63 (dd, J = 

8.4 Hz, J’ = 0.8 Hz, 1 H, 3-H), 7.74 (dd, J = 8.4 Hz, J’ = 8.0 Hz, 1 H, 4-H), 7.83 [dm, J 

= 8.6 Hz, 2 H, 2’’(6’’)-H], 7.91 (broad singlet, 1 H, OH). 13C-NMR (100.5 MHz, CDCl3) 

δ: 4.0 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.2 (CH, C10’ or C8’), 35.6 (CH, C1’ and 

C7’), 42.4 (CH, C2’ or C6’), 45.1 (CH, C6’ or C2’), 50.6 (CH2, C3’ or C5’), 53.2 (CH2, 

C5’ or C3’), 115.9 [CH, C3’’(5’’)], 120.2 (CH, C3), 120.9 (CH, C5), 128.2 [CH, 

C2’’(6’’)], 128.6 (CH, C11’ or C12’), 129.1 (CH, C12’ or C11’), 130.5 (C, C1’’), 137.5 

(CH, C4), 153.7 (C, C6), 155.7 (C, C2), 158.0 (C, C4’’), 166.4 (C, CO). HPLC-PDA-

MS: RT = 3.28 min; λmax = 215, 269, 287 nm; purity > 99.5% (254 nm). HRMS-ESI+ 

m/z [M+H]+: Calcd for [C23H22N2O2+H]+: 359.1754, found: 359.1750. 

7.1.4 (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-((2-hydroxyethyl)amino) 

pyridine-3-yl]methanone, (12). 

A mixture of 16 (100 mg, 0.33 mmol) and ethanolamine (0.36 mL, 6 mmol) was heated 

at 120 ºC for 24 h. Water (10 mL) and EtOAc (10 mL) were added and the phases were 

separated. The organic phase was dried over anh. Na2SO4, filtered and evaporated in 

vacuo to give an orange oil (65 mg). Crystalization from hot EtOAc gave 12 as a 

yellowish solid (59 mg, 55% yield), mp 87-88 ºC. IR (ATR) ν: 636, 716, 731, 767, 811, 

832, 909, 943, 984, 1010, 1044, 1070, 1150, 1232, 1274, 1302, 1343, 1423, 1460, 1488, 

1527, 1591, 1612, 2868, 2914, 3002, 3064, 3136, 3271 cm-1. 1H-NMR (400 MHz, CDCl3) 

δ: 0.10-0.22 (complex signal, 2 H, 9’-H2), 0.84-1.00 (complex signal, 2 H, 8’-H and 10’-

H), 2.51-2.65 (complex signal, 2 H, 2’-H and 6’-H), 2.76 (m, 1 H, 1’-H or 7’-H), 2.88 (m, 

1 H, 7’-H or 1’-H), 3.22 (m, 1 H, 5’-Ha or 3’-Ha), 3.34-3.53 (complex signal, 2 H, 3’-Ha 

or 5’-Ha), 3.48 (m, 1 H, 1’’-H2), 3.61 (m, 1 H, 5’-Hb or 3’-Hb), 3.69 (m, 1 H, 3’-Hb or 5’-

Hb), 3.77 (t, J = 4.6 Hz, 2 H, 2’’-H2), 5.36 (m, 1 H, NH), 5.68 (m, 1 H, 11’-H or 12’-H), 
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5.82 (m, 1 H, 12’-H or 11’-H), 6.35 (d, J = 8.6 Hz, 1 H, 5-H), 7.51 (d, J = 8.6 Hz, 1 H, 4-

H), 8.14 (s, 1 H, 2-H). 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, C9’), 9.99 (CH, C8’ 

or C10’), 10.01 (CH, C10’ or C8’), 35.5 (CH, C1’ and C7’), 42.6 (CH, C2’ or C6’), 44.9 

(CH, C6’ or C2’ and C1’’), 49.5 (CH2, C3’ or C5’), 53.6 (CH2, C5’ or C3’), 62.8 (CH2, 

C2’’), 107.6 (CH, C5), 121.6 (C, C3), 128.2 (CH, C11’ or C12’), 129.2 (CH, C12’ or 

C11’), 137.2 (CH, C4), 147.1 (CH, C2), 159.3 (C, C6), 167.1 (C, CO). HPLC-PDA-MS: 

RT = 2.27 min; λmax = 196, 258, 312 nm; purity 96.1% (254 nm). HRMS-ESI+ m/z 

[M+H]+: Calcd for [C19H23N3O2+H]+: 326.1863, found: 326.1867. 

7.1.5. 1-[[5-(4-azatetracyclo[5.3.2.02,6.08,10] dodec-11-en-4-yl)carbonyl]pyridin-2-yl] 

piperidine-4-carboxamide, (13).  

To a solution of 16 (100 mg, 0.33 mmol) and 4-piperidinecarboxamide (85 mg, 0.66 

mmol) in DMF (0.5 mL) was added solid K2CO3 (82 mg, 0.59 mmol). The resulting 

suspension was stirred at 120 ºC for 48 hours. Water (5 mL) and DCM (5 mL) were added 

and the phases were separated. The aqueous phase was then extracted with further DCM 

(2 x 5 mL). The organics were dried over anh. Na2SO4, filtered and evaporated in vacuo 

to give 13 as a yellowish solid (110 mg, 85% yield), mp 162-163 ºC. IR (ATR) ν: 630, 

692, 723, 773, 811, 845, 943, 982, 1010, 1028, 1041, 1095, 1129, 1178, 1219, 1238, 1312, 

1351, 1367, 1408, 1431, 1501, 1540, 1584, 1599, 1687, 1736, 2919, 3152, 3307 cm-1. 1H-

NMR (400 MHz, CDCl3) δ: 0.10-0.20 (complex signal, 2 H, 9’’-H2), 0.84-1.00 (complex 

signal, 2 H, 8’’-H and 10’’-H), 1.72 [m, 2 H, 3(5)-Hax], 1.92 [m, 2 H, 3(5)-Heq], 2.39 (m, 

1 H, 2’’-H or 6’’-H), 2.59 (m, 1 H, 6’’-H or 2’’-H), 2.75 (m, 1 H, 1’’-H or 7’’-H), 2.82-

2.98 [complex signal, 3 H, 7’’-H or 1’’-H and 2(6)-Hax], 3.24 (m, 1 H, 5’’-Ha or 3’’-Ha), 

3.46 (m, 1 H, 5’’-Hb or 3’’-Hb), 3.56-3.80 (complex signal, 2 H, 3’’-Ha or 5’’-Ha and 3’’-

Hb or 5’’-Hb), 4.35 [dm, J = 12.8 Hz, 2 H, 2(6)-Heq], 5.55-6.00 (complex signal, 4 H, 11’-

H, 12’-H and NH2), 6.60 (d, J = 9.0 Hz, 1 H, 3’-H), 7.59 (d, J = 9.0 Hz, 1 H, 4’-H), 8.26 

(s, 1 H, 6’-H). 13C-NMR (100.5 MHz, CDCl3) δ: 3.9 (CH2, C9’’), 10.1 (broad singlet, 

CH, C8’’ and C10’’), 28.2 [CH2, C3(5)], 35.5 (CH, C1’’ and C7’’), 42.6 (CH, C2’’ and 

C6’’), 44.6 [CH2, C2(6)], 45.0 (CH, C4), 49.6 (CH2, C3’’ or C5’’), 53.6 (CH2, C5’’ or 

C3’’), 105.8 (CH, C3’), 121.3 (C, C5’), 128.2 (CH, C11’’ or C12’’), 129.2 (CH, C12’’ or 

C11’’), 137.3 (CH, C4’), 147.5 (CH, C6’), 159.1 (C, C2’), 167.2 (C, CO), 176.9 (C, 

CONH2). HPLC-PDA-MS: RT = 2.49 min; λmax = 195, 268, 318 nm; purity 95.3% (254 

nm). HRMS-ESI+ m/z [M+H]+: Calcd for [C23H28N4O2+H]+: 393.2285, found: 393.2285. 

7.1.6. (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)(6-bromopyridin-2-yl) 

methanone, (15). 
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To a solution of 4-azapentacyclo[5.3.2.02,6.08,10]dodec-11-ene hydrochloride (200 mg, 

1.03 mmol) in EtOAc (10 mL) were added 6-bromopyridine-2-carboxylic acid (190 mg, 

0.94 mmol), HOBt (190 mg, 1.41 mmol), EDC (218 g, 1.41 mmol) and triethylamine (0.6 

mL, 4.14 mmol). The reaction mixture was stirred at room temperature overnight. To the 

resulting suspension was then added water (10 mL) and the phases were separated. The 

organic phase was washed with saturated aqueous NaHCO3 solution (10 mL) and brine 

(10 mL), dried over anh. Na2SO4 and filtered. Evaporation in vacuo of the organics gave 

15 as a white solid (235 mg, 73% yield), mp 185-186 ºC. IR (ATR) ν: 643, 659, 705, 734, 

762, 814, 827, 850, 912, 935, 984, 1044, 1080, 1119, 1165, 1199, 1225, 1245, 1274, 1305, 

1341, 1392, 1405, 1454, 1545, 1576, 1617, 2857, 2925, 3002, 3043, 3059 cm-1. 1H-NMR 

(400 MHz, CDCl3) δ: 0.11-0.19 (complex signal, 2 H, 9’-H2), 0.86-0.98 (complex signal, 

2 H, 8’-H and 10’-H), 2.61 (m, 1 H, 2’-H or 6’-H), 2.68 (m, 1 H, 6’-H or 2’-H), 2.81 (m, 

1 H, 1’-H or 7’-H), 2.91 (m, 1 H, 7’-H or 1’-H), 3.34 (dd, J = 12.2 Hz, J’ = 5.2 Hz, 1 H, 

5’-Ha or 3’-Ha), 3.42 (dd, J = 13.2 Hz, J’ = 5.2 Hz, 1 H, 3’-Ha or 5’-Ha), 3.77 (dd, J = 

13.2 Hz, J’ = 9.2 Hz, 1 H, 3’-Hb or 5’-Hb), 3.92 (dd, J = 12.2 Hz, J’ = 9.2 Hz, 1 H, 5’-Hb 

or 3’-Hb), 5.72 (m, 1 H, 11’-H or 12’-H), 5.82 (m, 1 H, 12’-H or 11’-H), 7.50 (dd, J = 8.0 

Hz, J’ = 1.0 Hz, 1 H, 5-H), 7.62 (dd, J = J’ = 8.0 Hz, 1 H, 4-H), 7.72 (dd, J = 8.0 Hz, J’ 

= 1.0 Hz, 1 H, 3-H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.1 (CH2, C9’), 10.0 (CH, C8’ or 

C10’), 10.2 (CH, C10’ or C8’), 35.52 (CH, C1’ or C7’), 35.54 (CH, C7’ or C1’), 42.3 

(CH, C2’ or C6’), 45.2 (CH, C6’ or C2’), 50.6 (CH2, C3’ or C5’), 52.8 (CH2, C5’ or C3’), 

122.7 (CH, C3), 128.7 (CH, C11’ or C12’), 129.0 (CH, C5), 129.1 (CH, C12’ or C11’),  

139.1 (CH, C4), 140.1 (C, C6), 155.2 (C, C2), 163.8 (C, CO). Anal. Calcd for 

C17H17BrN2O: C, 59.14; H, 4.96; N, 8.11. Found: C, 59.31; H, 4.92; N, 7.87. 

7.1.7. (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(thien-3-yl)pyridin-2-yl] 

methanone, (17).  

A mixture of 15 (230 mg, 0.67 mmol), 3-thiopheneboronic acid (93 mg, 0.73 mmol), 

tetrakis(triphenylphosphine)palladium(0) (8 mg, 0.007 mmol) and K2CO3 (185 mg, 1.34 

mmol) in 1,4-dioxane (2.3 mL) and H2O (1.2 mL) was heated at 100 ºC for 2 h. EtOAc 

(10 mL) was added and then washed with  H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give a brownish semisolid (238 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 17 as a brownish semisolid (184 mg, 79% yield), 

mp 48-49 ºC. IR (ATR) ν: 615, 646, 703, 716, 752, 791, 829, 845, 863, 915, 948, 987, 

1036, 1095, 1178, 1235, 1274, 1343, 1418, 1431, 1460, 1566, 1581, 1617, 2000, 2051, 
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2175, 2325, 2868, 2919, 2997 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.11-0.20 (complex 

signal, 2 H, 9’-H2), 0.86-1.00 (complex signal, 2 H, 8’-H and 10’-H), 2.59-2.74 (complex 

signal, 2 H, 2’-H and 6’-H), 2.79 (m, 1 H, 7’-H or 1’-H), 2.93 (m, 1 H, 1’-H or 7’-H), 

3.43-3.57 (complex signal, 2 H, 3’-Ha and 5’-Ha), 3.81 (dd, J = 13.0 Hz, J’ = 8.6 Hz, 1 H, 

3’-Hb or 5’-Hb), 4.01 (dd, J = 11.8 Hz, J’ = 8.2 Hz, 1 H, 5’-Hb or 3’-Hb), 5.74 (m, 1 H, 

11’-H or 12’-H), 5.86 (m, 1 H, 12’-H or 11’-H), 7.40 (dd, J = 5.2 Hz, J’ = 3.2 Hz, 1 H, 

4’’-H), 7.61-7.68 (complex signal, 3 H, 5-H, 3-H and 5’’-H), 7.77 (dd, J = 8.0 Hz, J’ = 

7.6 Hz, 1 H, 4-H), 7.89 (dd, J = 3.2 Hz, J’ = 1.4 Hz, 1 H, 2’’-H). 13C-NMR (100.5 MHz, 

CDCl3) δ: 4.0 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.2 (CH, C10’ or C8’), 35.6 (CH, 

C1’ or C7’), 35.7 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 45.3 (CH, C6’ or C2’), 50.5 

(CH2, C3’ or C5’), 53.0 (CH2, C5’ or C3’), 120.7 (CH, C3), 121.9 (CH, C5), 123.8 (CH, 

C2’’), 126.2 (CH, C4’’), 126.4 (CH, C5’’), 128.6 (CH, C11’ or C12’), 129.1 (CH, C12’ 

or C11’), 137.5 (CH, C4), 141.8 (C, C3’’), 151.5 (C, C6), 154.3 (C, C2), 165.5 (C, CO). 

HPLC-PDA-MS: RT = 3.78 min; λmax = 218, 259 nm; purity 99.3%. HRMS-ESI+ m/z 

[M+H]+: Calcd for [C21H20N2OS+H]+: 349.1369, found: 349.1374. 

7.1.8. (4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(1H-pyrazol-4-yl)pyridin-

2-yl]methanone, (18). 

A mixture of 15 (285 mg, 0.83 mmol), 1H-pirazole-4-boronic acid (102 mg, 0.91 mmol), 

tetrakis(triphenylphosphine)palladium(0) (9 mg, 0.008 mmol) and K2CO3 (229 mg, 1.66 

mmol) in 1,4-dioxane (2.8 mL) and H2O (1.4 mL) was heated at 100 ºC for 2 h. EtOAc 

(10 mL) was added and then washed with  H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give a brown solid (300 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 18 as a brownish solid (78 mg, 28% yield), mp 164-

165 ºC. IR (ATR) ν: 623, 646, 708, 729, 762, 809, 845, 868, 928, 974, 1026, 1041, 1085, 

1145, 1176, 1219, 1238, 1276, 1307, 1336, 1367, 1377, 1413, 1431, 1460, 1558, 1581, 

1917, 1940, 1987, 2935, 3162 cm-1.1H-NMR (400 MHz, CDCl3) δ: 0.10-0.21 (complex 

signal, 2 H, 9’-H2), 0.84-1.00 (complex signal, 2 H, 8’-H and 10’-H), 2.58-2.72 (complex 

signal, 2 H, 2’-H and 6’-H), 2.77 (m, 1 H, 1’-H or 7’-H), 2.92 (m, 1 H, 7’-H or 1’-H), 

3.40-3.54 (complex signal, 2 H, 3’-Ha and 5’-Ha), 3.82 (dd, J = 13.0 Hz, J’ = 8.6 Hz, 1 H, 

3’-Hb or 5’-Hb), 3.94 (dd, J = 12.2 Hz, J’ = 8.6 Hz, 1 H, 5’-Hb or 3’-Hb), 5.73 (m, 1 H, 

11’-H or 12’-H), 5.84 (m, 1 H, 12’-H or 11’-H), 7.47 (d, J = 8.0 Hz, 1 H, 3-H), 7.54 (d, J 

= 7.4 Hz, 5-H), 7.72 (dd, J = 8.0 Hz, J’ = 7.4 Hz, 1 H, 4-H), 8.09 (s, 2 H, 3’’-H and 5’’-

H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.0 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.2 (CH, 
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C10’ or C8’), 35.58 (CH, C1’ or C7’), 35.62 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 

45.2 (CH, C6’ or C2’), 50.5 (CH2, C3’ or C5’), 53.0 (CH2, C5’ or C3’), 120.2 (CH, C3), 

121.0 (CH, C5), 122.7 (C, C4’’), 128.6 (CH, C11’ or C12’), 129.1 (CH, C12’ or C11’), 

132.5 (broad singlet, CH, C3’’ and C5’’), 137.4 (CH, C4), 150.4 (C, C6), 154.3 (C, C2), 

165.9 (C, CO). HPLC-PDA-MS: RT = 2.90 min; λmax = 196, 253, 292 nm; purity 99.4% 

(254 nm). HRMS-ESI+ m/z [M+H]+: Calcd for [C20H20N4O+H]+: 333.1710, found: 

333.1716. 

7.2. 11 -HSD1 in vitro Enzyme Inhibition Assay 

11 -HSD1 activity was determined in mixed sex, human or murine liver microsomes 

(Celsis In-vitro Technologies) by measuring the conversion of cortisone to cortisol by 

LC/MS.  Percentage inhibition was determined relative to a no inhibitor control. 5 μg of 

human liver microsomes were pre-incubated at 37°C for 15 min with inhibitor and 1 mM 

NADPH in a final volume of 90 μL Krebs buffer. 10 μL of 2 μM cortisone was then added 

followed by incubation at 37°C for a further 30 min.  The assay was terminated by rapid 

freezing on dry ice and subsequent extraction with acetonitrile on thawing. Samples dried 

down under nitrogen at 65ºC and solubilised in 100 μl 70:30 H2O:ACN and removed to 

a 96-well V-bottomed plate for LC/MS analysis. Separation was carried out on a sunfire 

150 x 2.1 mm, 3.5 μM column using a H2O:ACN gradient profile. Typical retention times 

were 2.71 min for cortisol and 2.80 min for cortisone. The peak area was calculated and 

the concentration of each compound determined from the calibration curve. 

7.3. Cellular 11β-HSD1 Enzyme Inhibition Assay 

The cellular 11β-HSD1 enzyme inhibition assay was performed using HEK293 cells 

stably transfected with the human 11β-HSD1 gene. Cells were incubated with substrate 

(cortisone) and product (cortisol) was determined by LC/MS. Cells were plated at 2 x 104 

cells/well  in a 96-well poly-D-lysine coated tissue culture microplate (Greiner Bio-one) 

and incubated overnight at 37ºC in 5% CO2 95% O2. Compounds to be tested were 

solubilized in 100% DMSO at 10 mM and serially diluted in water and 10% DMSO to 

final concentration of 10 μM in 10% DMSO. 10 μL of each test dilution and 10 μL of 

10% DMSO (for low and high control) were dispensed into the well of a new 96-well 

microplate (Greiner Bio-one). Medium was removed from the cell assay plate and 100 

μL of DMEM solution (containing 1% penicillin, 1% streptomycin and 300 nM cortisone) 

added to each well. Cells were incubated for 2 h at 37 ºC in 5% CO2 95% O2. Following 

incubation, medium was removed from each well into an eppendorf containing 500 μL 
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of ethyl acetate, mixed by vortex and incubated at rt for 5 min. A calibration curve of 

known concentrations of cortisol in assay medium was also set up and added to 500 μL 

of ethyl acetate, vortexed and incubated as above. The supernatant of each eppendorf was 

removed to a 96-deep-well plate and dried down under liquid nitrogen at 65ºC. Each well 

was solubilised in 100 μL 70:30 H2O:ACN and removed to a 96-well V-bottomed plate 

for LC/MS analysis. Separation was carried out on a sunfire 150 x 2.1 mm, 3.5 μM 

column using a H2O:ACN gradient profile. Typical retention times were 2.71 min for 

cortisol and 2.80 min for cortisone. The peak area was calculated and the concentration 

of each compound determined from the calibration curve. 

7.4. Cellular 11β-HSD2 Enzyme Inhibition Assay 

For measurement of inhibition of 11β-HSD2, HEK293 cells stably transfected with the 

full-length gene coding for human 11β-HSD2 were used.  The protocol was the same as 

for the cellular 11β-HSD1 enzyme inhibition assay, only changing the substrate, this time 

cortisol, and the concentrations of the tested compounds, 10 and 1 μM. 

7.5. Microsomal Stability Assay 

The microsomal stability of each compound was determined using either human or 

mouse liver microsomes (Celsis In-vitro Technologies).  Microsomes were thawed and 

diluted to a concentration of 2 mg/mL in 50 mM NaPO4 buffer pH 7.4.  Each compound 

was diluted in 4 mM NADPH (made in the phosphate buffer above) to a concentration of 

10 μM.  Two identical incubation plates were prepared to act as a 0 minute and a 30 

minute time point assay.  30 μL of each compound dilution was added in duplicate to the 

wells of a U-bottom 96-well plate and warmed at 37ºC for approximately 5 min.  

Verapamil, lidocaine and propranolol at 10 μM concentration were utilised as reference 

compounds in this experiment.  Microsomes were also pre-warmed at 37ºC before the 

addition of 30 μL to each well of the plate resulting in a final concentration of 1 mg/mL.  

The reaction was terminated at the appropriate time point (0 or 30 min) by addition of 60 

μL of ice-cold 0.3 M trichloroacetic acid (TCA) per well.  The plates were centrifuged 

for 10 min at 112 x g and the supernatant fraction transferred to a fresh U-bottom 96-well 

plate.  Plates were sealed and frozen at -20ºC prior to MS analysis.  LC-MS/MS was used 

to quantify the peak area response of each compound before and after incubation with 

human liver microsomes using MS tune settings established and validated for each 

compound. These peak intensity measurements were used to calculate the % remaining 

after incubation with human microsomes for each hit compound. 
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7.6. Computational Methods 

Docking calculations were performed using Glide,25 with the X-ray structures of the 

human enzymes with PDB ID: 3D5Q, 3CH6, 4C7J and 4HFR.26 The geometry of each 

ligand was energy minimized and the centroids of the inhibitors cocrystalized in each of 

them were used to generate the docking cavity by selecting all the residues located within 

20 Å from the ligand. 100 poses were generated for each ligand, and the best-scored 

poses fitting the expected arrangement within the binding pocket were chosen as starting 

structures for MD simulations. 

For each ligand-protein complex three independent 50 ns MD simulations were run to 

check the consistency of the binding mode. To this end, the ligand-protein complex was 

located inside an octahedral box of TIP3P27 water molecules and sodium ions were added 

to neutralize the system. The force field ff99SBildn28,29 was used for the protein 

parameters, and RESP charges at the HF/6-31G (d) together with the gaff30 force field 

were used to generate the ligand and the NADP parameters. All systems were refined 

through a three-step energy minimization procedure (entailing first hydrogen atoms, 

water molecules, and finally the entire system) and a six-step equilibration (heating the 

system from 0 K to 300 K in 6 steps of 20 ps, the first, 50 ps the next four, and 5 ns the 

last one). The resulting structures were used as initial structures for MD production runs. 
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7.4 Additional results: Dealing with selectivity. Synthesis and evaluation of additional 

biaryl amides 

During the writing of the present Thesis, a PCT application by the company DSM 

Nutritional Products was published describing biaryl amides with potent and selective 

inhibitory activity against 11β-HSD1 over 11β-HSD2.240 Shortly thereafter, the same 

company published a collaborative paper with the University of Basel with further 

details.241 The general structure of these novel compounds, XVIII, and some examples, 

88-91, are depicted in the following chart. 

 

Chart 11. General structure of the novel compounds, XVIII, (X = N, CH), some examples together 

with their cellular IC50 and our compound 92. n.a., no activity.240-242 

                                                           
240 Boudon, S. M.; Geotti-Bianchini, P.; Heidl, M.; Jackson, E.; Schlifke-Poschalko, A. WO Patent 
Application, WO2017012890, 2017. 
241 Boudon, S. M.; Vuorinen, A.; Geotti-Bianchini, P.; Wandeler, E.; Kratschmar, D. V.; Heidl, M.; 
Campiche, R.; Jackson, E.; Odermatt, A. PLoS ONE 2017, 12, e0171079. 
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The compounds from DSM Nutritional Products and the University of Basel containing a 

biaryl amide core and a cyclic secondary amine reminded us the structure of the 3CH6 

crystal ligand242 that inspired us to design the last compounds prepared in this Thesis 

(Chapter 7), our potent but non-selective N-(biaryl)acylpyrrolidines (e.g. see 92 in Chart 

11). All together let us think about the preparation of some additional compounds 

bearing the same –or similar- aryl groups of the second ring of DSM compounds in order 

to confirm the lack of selectivity of our similar inhibitors attributable to our lipophilic 

polycycle. Thus, compounds 93-96 were envisaged to this end as additional biaryl 

amides worthy to synthesize to test our hypothesis (Chart 12). 

 

 

Chart 12. Envisaged compounds 93-96. 

 

Docking calculations of these compounds were carried out by Constantí Seira in order 

to check their accommodation in the binding site of the 11β-HSD1. The obtained results 

were positive since the docking scores were in the same range than the previous from 

                                                           
242 Wang, H.;  Ruan, Z.; Li, J. J.; Simpkins, L. M.; Smirk, R. A.; Wu, S. C.; Hutchins, R. D.; Nirschl, D. 
S.; Kirk, K. V.; Cooper, C. B.; Sutton, J. C.; Ma, Z.; Golla, R.; Seethala, R.; Salyan, M. E. K.; Nayeem, 
A.; Krystek, S. R.; Sheriff, S.; Camac, D. M.; Morin, P. E.; Carpenter, B.; Robl, J. A.; Zahler, R.; 
Gordona, D. A.; Hamann, L. G. Bioorg. Med. Chem. Lett. 2008, 18, 3168-3172. 
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the potent biaryl derivatives (-11.25, -11.49, -11.28 and -9.53 for 93-96, respectively, vs 

-12.08 for 92). 

The new compounds were planned to be prepared with the same methodology used for 

the previous synthesized biaryl amides, the Suzuki-Miyaura cross-coupling between the 

bromopyridin-containing amide derivative, 97, and the corresponding arylboronic acids 

(Scheme 16). 

 

Scheme 16. General procedure of the preparation of the novel biaryl amides 93-96. 

 

The synthesis of the compounds was straightforward and the desired products were 

obtained and fully characterized (see below). At the presentation of this Thesis, the 

compounds are being tested by the group of Dr Scott P. Webster, so the pharmacological 

results are not yet available for further discussion. 

 

7.4 Experimental data of the unpublished work 

(4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(pyridin-3-yl)pyridin-2-

yl]methanone, 93. 
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A mixture of 97 (200 mg, 0.58 mmol), 3-pyridinylboronic acid (79 mg, 0.64 mmol), 

tetrakis(triphenylphosphine)palladium(0) (69 mg, 0.06 mmol) and K2CO3 (160 mg, 1.16 

mmol) in 1,4-dioxane (2 mL) and H2O (1.1 mL) was heated at 100 °C for 2 h. EtOAc (10 

mL) was added and then washed with H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give an orange oil (223 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 93 as a yellowish solid (108 mg, 54% yield), mp 146-

148 °C. IR (NaCl) ν: 2924, 2854, 1739, 1628, 1589, 1572, 1462, 1422, 1388, 1348, 1235, 

1193, 1088, 1021, 991, 807, 755, 708, 665 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.20 

(complex signal, 2 H, 9’-H2), 0.86-1.00 (complex signal, 2 H, 8’-H and 10’-H), 2.60-2.74 

(complex signal, 2 H, 2’-H and 6’-H), 2.80 (m, 1 H, 1’-H or 7’-H), 2.94 (m, 1 H, 7’-H or 1’-

H), 3.46-3.56 (complex signal, 2 H, 3’-Ha and 5’-Ha), 3.82 (dd, J = 13.0 Hz, J’ = 8.4 Hz, 1 H, 

3’-Hb or 5’-Hb), 4.03 (dd, J = 12.2 Hz, J’ = 8.4 Hz, 1 H, 5’-Hb or 3’-Hb), 5.74 (m, 1 H, 11’-H 

or 12’-H), 5.87 (m, 1 H, 12’-H or 11’-H), 7.42 (ddd, J = 8.0 Hz, J’ = 4.8 Hz, J’’ = 0.8 Hz, 5’’-

H), 7.78 (dd, J = 7.6 Hz, J’ = 1.2 Hz, 1 H, 3-H or 5-H), 7.79 (dd, J = 8.0 Hz, J’ = 1.2 Hz, 1 H, 

3-H and 5-H), 7.88 (dd, J = 8.0 Hz, J’ = 7.6 Hz, 1 H, 4-H), 8.29 (ddd, J = 8.0, J’ = 2.4 Hz, J’’ = 

1.6 Hz, 1 H, 4’’-H), 8.67 (dd, J = 4.8 Hz, J’ = 1.6 Hz, 1 H, 6’’-H), 9.25 (dd, J = 2.4 Hz, J’ = 0.8 

Hz, 1 H, 2’’-H). 13C-NMR (100.5 MHz, CDCl3) δ: 4.1 (CH2, C9’), 10.1 (CH, C8’ or C10’), 10.2 

(CH, C10’ or C8’), 35.64 (CH, C1’ or C7’), 35.67 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 45.3 

(CH, C6’ or C2’), 50.6 (CH2, C3’ or C5’), 53.1 (CH2, C5’ or C3’), 121.0 (CH, C3 or C5), 123.0 

(CH, C5 or C3), 123.6 (CH, C5’’), 128.6 (CH, C11’ or C12’), 129.2 (CH, C12’ or C11’), 134.2 

(CH, C4’’), 134.3 (C, C3’’), 137.9 (CH, C4), 148.4 (CH, C2’’), 150.1 (CH, C6’’), 152.9 (C, C6), 

154.8 (C, C2), 165.2 (C, CO). HPLC-PDA-MS: RT = 2.86 min; λmax = 197, 235, 267 nm; 

purity > 98.5% (254 nm). HRMS-ESI+ m/z [M+H]+: Calcd for [C22H21N3O+H]+: 344.1757, 

found: 344.1751. 
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(4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(4-methylphenyl)pyridin-2-

yl]methanone, 94. 

 

A mixture of 97 (200 mg, 0.58 mmol), 4-methylphenylboronic acid (87 mg, 0.64 mmol), 

tetrakis(triphenylphosphine)palladium(0) (69 mg, 0.06 mmol) and K2CO3 (160 mg, 1.16 

mmol) in 1,4-dioxane (2 mL) and H2O (1.1 mL) was heated at 100 °C for 2 h. EtOAc (10 

mL) was added and then washed with H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give a yellowish oil (266 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 94 as a white solid (132 mg, 64% yield), 126-128 

°C. IR (NaCl) ν: 430, 587, 623, 636, 655, 709, 758, 813, 832, 850, 893, 916, 948, 991, 1019, 

1038, 1065, 1087, 1099, 1186, 1211, 1233, 1276, 1302, 1347, 1417, 1514, 1633, 1799, 

1910, 1977, 2327, 2731, 2872, 2929, 3003, 3240, 3466 cm-1. 1H-NMR (400 MHz, CDCl3) 

δ: 0.12-0.20 (complex signal, 2 H, 9’-H2), 0.84-1.00 (complex signal, 2 H, 8’-H and 10’-H), 

2.42 (s, 3 H, Ar-CH3), 2.60-2.72 (complex signal, 2 H, 2’-H and 6’-H), 2.79 (m, 1 H, 1’-H or 

7’-H), 2.94 (m, 1 H, 7’-H or 1’-H), 3.48-3.56 (complex signal, 2 H, 3’-Ha and 5’-Ha), 3.82 

(dd, J = 13.2 Hz, J’ = 8.8 Hz, 1 H, 3’-Hb or 5’-Hb), 4.03 (dd, J = 12.5 Hz, J’ = 8.8 Hz, 1 H, 5’-

Hb or 3’-Hb), 5.74 (m, 1 H, 11’-H or 12’-H), 5.86 (m, 1 H, 12’-H or 11’-H), 7.29 [dm, J = 8.0 

Hz, 2 H, 3’’(5’’)-H], 7.67 (dd, J = 7.8, J’ = 1.2 Hz, 1 H, 5-H), 7.73 (dd, J = 8.0 Hz, J’ = 1.2 Hz, 

1 H, 3-H), 7.80 (dd, J = 8.0 Hz, J’ = 7.8 Hz, 1 H, 4-H), 7.91 [dm, J = 8.0 Hz, 2 H, 2’’(6’’)-H]. 
13C-NMR (100.5 MHz, CDCl3) δ: 4.0 (CH2, C9’), 10.1 (CH, C8’ or C10’), 10.2 (CH, C10’ or 

C8’), 21.3 (CH3, Ph-CH3), 35.6 (CH, C1’ or C7’), 35.7 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 

45.3 (CH, C6’ or C2’), 50.5 (CH2, C3’ or C5’), 53.0 (CH2, C5’ or C3’), 120.6 (CH, C3), 121.9 

(CH, C5), 126.7 [CH, C2’’(6’’)], 128.6 (CH, C11’ or C12’), 129.1 (CH, C12’ or C11’), 129.5 

[CH, C3’’(5’’)], 136.1 (C, C4’’), 137.4 (CH, C4), 139.2 (C, C1’’), 154.3 (C, C6), 155.4 (C, C2), 
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165.7 (C, CO). HPLC-PDA-MS: RT = 4.05 min; λmax = 195, 213, 258 nm; purity > 98.5% 

(254 nm). HRMS-ESI+ m/z [M+H]+: Calcd for [C24H24N2O+H]+: 357.1961, found: 357.1957. 

 

(4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(phenyl)pyridin-2-yl]methanone, 

95. 

 

A mixture of 97 (200 mg, 0.58 mmol), phenylboronic acid (78 mg, 0.64 mmol), 

tetrakis(triphenylphosphine)palladium(0) (69 mg, 0.06 mmol) and K2CO3 (160 mg, 1.16 

mmol) in 1,4-dioxane (2 mL) and H2O (1.1 mL) was heated at 100 °C for 2 h. EtOAc (10 

mL) was added and then washed with H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give a yellowish oil (259 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 95 as a yellowish solid (131 mg, 66% yield), mp 94-

96 °C. IR (NaCl) ν: 623, 666, 694, 725, 751, 829, 990, 1027, 1088, 1184, 1233, 1300, 1347, 

1398, 1424, 1463, 1573, 1587, 1628, 2873, 2927, 3003, 3043 cm-1. 1H-NMR (400 MHz, 

CDCl3) δ: 0.10-0.22 (complex signal, 2 H, 9’-H2), 0.86-1.02 (complex signal, 2 H, 8’-H and 

10’-H), 2.60-2.72 (complex signal, 2 H, 2’-H and 6’-H), 2.79 (m, 1 H, 1’-H or 7’-H), 2.94 

(m, 1 H, 7’-H or 1’-H), 3.46-3.58 (complex signal, 2 H, 3’-Ha and 5’-Ha), 3.82 (dd, J = 13.4 

Hz, J’ = 8.6 Hz, 1 H, 3’-Hb or 5’-Hb), 4.03 (dd, J = 12.2 Hz, J’ = 8.6 Hz, 1 H, 5’-Hb or 3’-Hb), 

5.74 (m, 1 H, 11’-H or 12’-H), 5.87 (m, 1 H, 12’-H or 11’-H), 7.40-7.55 [complex signal, 3 

H, 3’’(5’’)-H and 4’’-H], 7.70 (d, J = 7.8, 1 H, 5-H), 7.76 (d, J = 7.8 Hz, 1 H, 3-H), 7.83 (dd, J 

= 7.8 Hz, J’ = 7.8 Hz, 1 H, 4-H), 8.00 [dm, J = 8.0 Hz, 2 H, 2’’(6’’)-H]. 13C-NMR (100.5 MHz, 

CDCl3) δ: 4.0 (CH2, C9’), 10.1 (CH, C8’ or C10’), 10.2 (CH, C10’ or C8’), 35.65 (CH, C1’ or 

C7’), 35.68 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 45.3 (CH, C6’ or C2’), 50.5 (CH2, C3’ or 

C5’), 53.0 (CH2, C5’ or C3’), 120.9 (CH, C3), 122.2 (CH, C5), 126.9 [CH, C2’’(6’’)], 128.6 
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(CH, C11’ or C12’), 128.8 [CH, C3’’(5’’)], 129.09 (CH, C12’ or C11’), 129.14 (C, C4’’), 137.5 

(CH, C4), 138.8 (C, C1’’), 154.4 (C, C6), 155.4 (C, C2), 165.7 (C, CO). Anal. Calcd for 

C23H22N2O: C, 80.67; H, 6.48; N, 8.18. Found: C, 80.36; H, 6.53; N, 7.81. 

 

(4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-en-4-yl)[6-(4-nitrophenyl)pyridin-2-

yl]methanone, 96. 

 

A mixture of 97 (200 mg, 0.58 mmol), 4-nitrophenylboronic acid (107 mg, 0.64 mmol), 

tetrakis(triphenylphosphine)palladium(0) (69 mg, 0.06 mmol) and K2CO3 (160 mg, 1.16 

mmol) in 1,4-dioxane (2 mL) and H2O (1.1 mL) was heated at 100 °C for 2 h. EtOAc (10 

mL) was added and then washed with H2O (10 mL). The aqueous phase was extracted 

with further EtOAc (10 mL). The organics were dried over anh. Na2SO4, filtered and 

evaporated in vacuo to give a yellowish oil (329 mg). Column chromatography 

(Hexane/Ethyl acetate mixture) gave 96 as a yellowish solid (132 mg, 59% yield), mp 174-

175 °C. IR (NaCl) ν: 644, 665, 727, 749, 825, 857, 948, 992, 1012, 1039, 1108, 1185, 1235, 

1276, 1347, 1390, 1422, 1463, 1519, 1570, 1582, 1627, 1729, 2873, 2927, 3003, 3045 

cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.12-0.22 (complex signal, 2 H, 9’-H2), 0.84-1.02 

(complex signal, 2 H, 8’-H and 10’-H), 2.60-2.74 (complex signal, 2 H, 2’-H and 6’-H), 2.78 

(m, 1 H, 1’-H or 7’-H), 2.95 (m, 1 H, 7’-H or 1’-H), 3.47 (dd, J = 12.0 Hz, J’ = 4.2 Hz, 1 H, 5’-

Ha or 3’-Ha), 3.53 (dd, J = 13.4 Hz, J’ = 4.2 Hz, 1 H, 3’-Ha or 5’-Ha), 3.82 (dd, J = 13.4 Hz, J’ 

= 8.4 Hz, 1 H, 3’-Hb or 5’-Hb), 3.98 (dd, J = 12.0 Hz, J’ = 8.4 Hz, 1 H, 5’-Hb or 3’-Hb), 5.73 

(m, 1 H, 11’-H or 12’-H), 5.88 (m, 1 H, 12’-H or 11’-H), 7.79 (dd, J = 7.8 Hz, J’ = 1.2 Hz, 1 

H, 5-H), 7.84 (dd, J = 8.0 Hz, J’ = 1.2 Hz, 1 H, 3-H), 7.91 (dd, J = 8.0 Hz, J’ = 7.8 Hz, 1 H, 4-

H), 8.18 [dm, J = 8.8 Hz, 2 H, 3’’(5’’)-H], 8.34 [dm, J = 8.8 Hz, 2 H, 2’’(6’’)-H]. 13C-NMR 

(100.5 MHz, CDCl3) δ: 4.0 (CH2, C9’), 10.0 (CH, C8’ or C10’), 10.2 (CH, C10’ or C8’), 35.66 
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(CH, C1’ or C7’), 35.71 (CH, C7’ or C1’), 42.4 (CH, C2’ or C6’), 45.3 (CH, C6’ or C2’), 50.5 

(CH2, C3’ or C5’), 53.0 (CH2, C5’ or C3’), 121.6 (CH, C3), 123.6 (CH, C5), 124.0 [CH, 

C2’’(6’’)], 127.6 [CH, C3’’(5’’)], 128.5 (CH, C11’ or C12’), 129.2 (CH, C12’ or C11’), 138.0 

(CH, C4), 144.6 (C, C1’’), 148.2 (C, C4’’), 152.9 (C, C6), 155.0 (C, C2), 165.1 (C, CO). Anal. 

Calcd for C23H21N3O3 · 0.2 C6H14: C, 71.83; H, 5.93; N, 10.38. Found: C, 71.88; H, 5.91; N, 

10.29.
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Fulfilling the objectives of the present Thesis, numerous 11β-HSD1 inhibitors with 

different polycyclic substituents so far unexplored in the context of this topic have been 

designed, synthesized and pharmacologically evaluated. In addition, work on the rest of 

the molecule gave us valuable SAR information to secure potent inhibitors. 

Besides, the in vitro biological characterization permitted us to select a suitable 

compound to study the neuroprotection of 11β-HSD1 inhibition in rodent models of 

cognitive dysfunction, stress and cognitive impairment aggravated with a given high-fat 

diet. 

In detail the main findings and conclusions that have arisen from each chapter are the 

following: 

 

Chapter 3. Synthesis and evaluation of the novel 2-oxaadaman-5-amine 

- The target cage amine was successfully prepared applying consecutive Criegee 

rearrangements on 2-methyl-2-adamantanol to deliver the 2-oxaadamantane, 

which was then functionalized by C-H activation using phase-transfer catalysis. 

Finally, a Ritter reaction followed by deprotection with thiourea delivered the 

desired 2-oxaadamantan-5-amine. 

- The novel heteroanalog of amantadine was tested against two of its well-known 

targets, the M2 channel of the Influenza A virus and the NMDA receptor, in order 

to assess its behavior as an isostere of amantadine. 

- Unfortunately, the 2-oxaadaman-5-amine showed low inhibition of the M2 

channel activity, in the wild type as well as in the amantadine-resistant mutants 

(9-21% inhibition), resulting in a lack of antiviral activity. 

- The new oxaamantadine presented discreet antagonistic activity of the NMDA 

receptor, being 2.5 fold less potent than amantadine. 
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Chapter 4. Study of C-1 vs C-2 substitution in adamantyl derivatives and introduction 

of oxaadamantyl groups in 11β-HSD1 inhibitors 

- Three pairs of 1- and 2-adamantyl derivatives featuring fragments of proven 11β-

HSD1 inhibitors were prepared and characterized as well as three oxaanalogs. 

- All the compounds were pharmacologically evaluated to test their inhibition of 

the human 11β-HSD1 enzyme. Among them, three new 2-adamantyl derivatives 

displayed submicromolar potency. 

- Some robust SAR information was disclosed, since all the C-1 substituted 

adamantyl derivatives lack of 11β-HSD1 inhibition, while their C-2 substituted 

counterpartners presented nanomolar to submicromolar IC50s. 

- Docking studies together with molecular dynamics simulations help us to 

rationalize the experimental results. 1-Adamantyl derivatives showed higher 

fluctuation in the binding site compared to C-2 substituted inhibitors, suggesting 

a poorer fit due to the larger steric hindrance of the adamantyl cage oriented to 

the cofactor comparing with the C2-H unit in their C-2 derived counterpartners. 

- Unpleasantly, oxaadamantyl derivatives were inactive as 11β-HSD1 inhibitors. 

From these results, the introduction of an oxygen seems detrimental for the 

activity, although one could also blame the C-1 substitution of these compounds 

for the lack of inhibition. 

 

Chapter 5. Polycycle optimization in 11β-HSD1 inhibitors. Evaluation of unexplored 

pyrrolidine-based polycyclic hydrocarbons 

- To begin with, four N-pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl-containing 

amides were successfully prepared and evaluated to be compared with their 

pyrrolidine-based hexacyclic analogs. 11β-HSD1 inhibitory potencies revealed 

the preferred N-acylpyrrolidine motif versus the opened structure in a few pairs 

of comparable compounds. 

- Docking studies were combined with molecular dynamics simulations to shed 

light into this SAR. The fused pyrrolidine ring seems to reduce the contribution 
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of the conformational penalty to the binding affinity of pyrrolidine-containing 

compounds compared to the more flexible compounds. 

- To further explore and optimize the pyrrolidine-based polycycle, thirteen new 

compounds with different polycylic substituents featuring a common cyclohexyl 

moiety as RHS of the molecule were prepared and evaluated as 11β-HSD1 

inhibitors. The vast majority were potent inhibitors, with some of them 

presenting low nanomolar potencies. The SAR trends revealed that smaller 

polycycles led to an increase in the inhibitory activity due to the better fit in the 

binding site, which was supported by computational studies. 

- The more potent inhibitors were characterized in terms of cellular potency, 

selectivity over 11β-HSD2, human metabolic stability and predicted brain 

permeability. 

- This in vitro profiling permitted us to select a potent, metabolically stable and 

predicted BBB-permeable inhibitor to perform the first in vivo study of an 11 -

HSD1 inhibitor in the rodent model of cognitive dysfunction SAMP8. The selected 

compound was orally administered to old SAMP8 mice that presented cognitive 

impairment, being able to reverse the cognition status to that of the control 

young SAMP8 mice. 

- These results provide further support for the neuroprotective effect of 11β-HSD1 

inhibition in cognitive decline, through reduction of neuroinflammation and 

oxidative stress, and increased proteases removing proamiloidogenic species. 

- Besides, a second analysis studied the implication of the autophagy process in 

the observed neuroprotective effect. An increase in the removal of abnormal 

proteins was detected, which could be important on the basis of the 

pharmacological effects of 11β-HSD1 inhibition. 

 

Chapter 6. Exploring novel 11β-HSD1 inhibitors containing the optimized 4-

azatetracyclo[5.3.2.02,6.08,10]dodec-11-ene polycycle 

- Thirteen new compounds containing the polycycle 4-

azatetracyclo[5.3.2.02,6.08,10]dodec-11-ene were successfully prepared and 

evaluated as 11β-HSD1 inhibitors. 
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- SAR information on the RHS of the molecule was disclosed, being that: (i) the 

introduction of a double bond in the cyclohexyl substituent maintained the 

nanomolar activity in the same range of magnitude; (ii) a phenyl group was 

deleterious for the activity as well as either electron-rich or electron-deficient 

heteroaromatic rings; (iii) a previously reported dichloroaniline group restored 

the inhibitory activity to deliver a low nanomolar inhibitor; (iv) N-substituted 

piperidinyl groups were deleterious for the activity; (v) a branched alkyl 

substituent, such as the tert-butyl group, was also deleterious for the activity, 

but conferring a modest potency; (vi) compounds containing the 6-(4-

phenylpiperazin-1-yl)pyridin-3-yl system presented varying potencies depending 

on the para substitution of the phenyl ring, being the cyano group preferred over 

the hydrogen and the trifluoromethyl. 

- Those compounds with submicromolar IC50 values were further evaluated in 

terms of cellular potency, selectivity over 11β-HSD2 and metabolic stability. 

- 11β-HSD2 inhibition as well as metabolic stability presented discouraging values 

to further characterize these compounds in vivo. 

 

Chapter 7. Rationally designed 4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-ene-

containing derivatives as 11β-HSD1 inhibitors 

- A few compounds containing the 4-azatetracyclo[5.3.2.02,6.08,10]dodec-11-ene 

polycycle were rationally designed using different crystal ligands as reference 

compounds. 

- These new compounds were successfully prepared and evaluated as 11β-HSD1 

inhibitors, presenting varying activities. The biaryl-containing derivative was the 

most promising compound, displaying a low nanomolar cellular potency. 

- To further explore the biaryl motif and its SAR, a series of biaryl analogs were 

sinthesized and pharmacologically evaluated. The introduction of different 

substituents in the phenyl ring and its substitution by heteroaromatic rings 

revealed some SAR trends. 
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To sum up, in this PhD Thesis, we have discovered potent, brain-penetrant 11β-HSD1 

inhibitors. We have obtained compounds with low nanomolar activities, reasonable 

metabolic stabilities and we have succesfully performed in vivo studies with a selected 

compound. However, selectivity over the isoenzyme 11β-HSD2 remains a challenge to 

be accomplished. This will be the goal of further work by the multidisciplinary team 

involved in this project.  
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ABBREVIATIONS 

11β-HSD – 11β-hydroxysteroid 
dehydrogenase 

Ac – acetyl 

Ac2O – acetic anhydride 

ACTH – pituitary corticotropin 

AD – Alzheimer’s disease 

ADAS-Cog – Alzheimer's disease 
assessment scale-cognitive subscale 

AME – apparent mineralocorticoid 
excess 

AMPK – AMP-activated protein kinase 

Anh. – anhydrous 

Aq. – aqueous 

Asn – asparagine 

AVP – arginine vasopressin 

BTEAC – benzyltriethylammonium 
chloride 

C/EBP – CCAAT/enhancer binding 
protein 

CBr4 – carbon tetrabromide 

CNS – central nervious system 

Concd – concentrated 

CRH – corticotropin-releasing hormone 

CSF – cerebral spinal fluid 

DCI – diabetes cognitive impairment 

DCM – dichloromethane 

DMPK – drug metabolism and 
pharmacokinetics 

EDC·HCl – N-(3-Dimethylaminopropyl)-
Nʹ-ethylcarbodiimide hydrochloride 

Et2O – diethyl ether 

Et3N – triethylamine 

EtOAc – ethyl acetate 

EtOH – ethanol 

GC/MS – gas chromatography-mass 
spectrometry 

GCs – glucocorticoids 

GH – growth hormone 

GM-CSF – granulocyte macrophage 
colony-stimulating factor 

GnRH – hypothalamic gonadotropin-
releasing hormone 

GR – glucocorticoid receptor 

H2 – hydrogen 

H2O2  – hydrogen peroxide 

H2SO4 – sulfuric acid 

H6PDH – hexose-6-phosphate 
dehydrogenase 

hBA1c – body weight and haemoglobin 
A1C 

HCl – hydrochloric acid  

HgO – mercury(II) oxide 

HLM – human liver Microsomes 

HOBt – 1-hydroxybenzotriazole 

HPA – hypothalamic-pituitary-adrenal 

I2 – iodine 

IFN-ɣ – interferon gamma 

IL – interleukin 

KOH – potassium hydroxide 

LAP – liver activator protein 

LC3B – light chain 3 B 
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LDL – low-density lipoprotein 

LH – luteinizing hormone 

LIP – liver inhibitory protein 

Me3SiN3 – azidotritrimethylsilane 

MeMgBr – methylmagnesium bromide 

MeOH – methanol 

MeONa – sodium methoxide 

MR – mineralocorticoid receptor 

mTOR – mammalian target of 
rapamycin 

NaBH4 – sodium borohydride 

NADP – nicotinamide adenine 
dinucleotide phosphate 

NAFLD – non-alcoholic fatty liver 
disease 

NaN3 – sodium azide 

NaOH – sodium hydroxide 

n-Bu3P – tributylphosphine 

NMDA – N-methyl-D-aspartate 

pAMPK – phosphorylated AMP-
activated protein kinase 

Pd/C – palladium on carbon 

PDPN – painful diabetic peripheral 
neuropathy 

PRL – prolactin 

PTSD – post-traumatic stress disorder 

RHS – right-hand side 

RT – room temperature 

SAMP8 – Senescence Accelerated 
Mouse-Prone 8 

sAPPα – secreted amyloid precursor 
protein-α 

SAR – structure-activity relationship 

SET – single-electron-transfer 

SnCl4 – tin(IV) chloride 

SNS – sympathetic nervous system 

SOBr2 – thionyl bromide 

SOCl2 – thionyl chloride 

T2DM – type 2 diabetes mellitus 

t-BuSH – tert-butylthiol 

TFAA – trifluoroacetic acid 

TFAAn – trifluoroacetic anhydride 

TFPAA – trifluoroperacetic acid 

THF – tetrahydrofuran 

TNF-α – tumor necrosis factor alfa 
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