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Abstract 
 
Non-steroidal anti-inflammatory drugs (NSAIDs) are a common treatment for 
chronic inflammatory disorders but suffer from several unwanted side effects, 
particularly in the gastrointestinal (GI) tract. The GI-related side-effects can be 
reduced by masking of the carboxylate moiety of the NSAID, e.g., by chemical 

conversion into esters. Recently, it has been shown that activation of 7 nicotinic 
acetylcholine receptors (nAChRs) on macrophages and other immune cells, 
inhibits the release of proinflammatory mediators, thereby suppressing 
inflammatory processes. In the current work,  we have used crystal structure data 
of acetylcholine-binding protein (AChBP), a ligand-binding domain (LBD) homolog 
to the α-7 nAChR, to design NSAID ester prodrugs that are also capable of 

activating 7 nicotinic acetylcholine receptors (nAChRs). Here, we describe the 
structure-based design, chemical synthesis and the pharmacological evaluation of 
these novel dual action anti-inflammatory NSAID prodrugs.   
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Introduction 
Inflammation is the complex biological response of tissues to harmful stimuli, such 
as pathogens, damaged cells or irritants and is part of the body‟s natural defense 
system against injury and disease. However, in some cases the defensive 
response may be inappropriately deployed against tissues of the body itself. In this 
case, the inflammatory response can produce damage and may be part of the 
disease process itself, like for example in asthma, rheumatoid arthritis and 
atherosclerosis.

160
 The most common treatment for these disorders are non-

steroidal anti-inflammatory drugs (NSAIDs). In general, NSAIDs exert their effects 
through inhibition of arachidonate cyclooxygenase type 2 (COX-2) enzymes, 
attenuating the production of proinflammatory mediators such as prostaglandins 
and thromboxanes.

161
 However, the chronic use of NSAIDs may lead to side 

effects, particularly in the gastrointestinal (GI) tract but also in the liver, kidney, 
spleen, blood and bone marrow.

162
 It has become clear that the GI-related side 

effects of NSAIDs are associated with inhibition of COX-1 and not COX-2.
163

 As a 
consequence, several selective COX-2 inhibitors such as valdecoxib, celecoxib, 
etoricoxib and rofecoxib were approved and introduced to the market in the first 
few years of the new millennium. Unfortunately, shortly after their introduction, 
reports of cardiovascular side effects of the “coxibs” began to emerge and 
ultimately rofecoxib (Vioxx®) and valdecoxib (Bextra®) were withdrawn from the 
market in 2004 and 2005, respectively.

164,165
 In an alternative approach to reduce 

or abolish GI toxicity, considerable efforts have been focused on prodrugs in which 
the carboxylic group of non-selective NSAIDs is temporarily masked by converting 
their carboxylate functionalities into esters. This strategy aims at chemical and/or 
enzymatic transformation of the prodrug, resulting in release of the active NSAID 
after passage of the GI tract. A large amount of studies exemplify the success of 
this approach as reduced toxicity and similar or improved anti-inflammatory activity 
have been reported. These studies have recently been reviewed by Halen and co-
workers.

166
 So far, these efforts have not translated into clinical utility and the ideal 

NSAID prodrug with a superior therapeutic advantage remains to be identified.
166

  
 
The current practice in drug discovery focuses mainly on a “one target, one 
disease” approach. However, the redundancy that exists in biological networks 
may mean that targeting single proteins will not be sufficient to tackle complex 
diseases.

167
 As such, approaches in which compounds are being developed that 

modulate multiple targets are gaining interest.
167-171

 These approaches are known 
as “polypharmacology”, “designed multiple ligands (DMLs)”, “multi-target drugs 
(MTDs)” or “hybrid drugs” and have been applied in inflammation-related disorders 
as well. Examples include, dual COX-2 and 5-lipoxygenase  (5-LOX) 
inhibitors

172,173
, dual inhibitors of 5-LOX and TxA2 synthase

174
 and nitric oxide (NO) 

donating NSAIDS
175

.  
 
Recently, studies have emerged that show that the nervous system controls 
peripheral inflammatory responses via efferent vagal nerves.

176-178
 Vagal nerve 

stimulation has been shown to result in the release of peripheral acetylcholine. The 

released acetylcholine subsequently activates 7 nAChRs that are expressed on 
macrophages and other immune cells.

37,179
 Activation of this “cholinergic anti-

inflammatory pathway” inhibits the production of TNF- and other pro-inflammatory  
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cytokines and as a consequence inflammatory processes are being 

suppressed.
37,145

 The important role of the 7 nAChR in inflammatory processes is 
underlined by studies that show that the anti-inflammatory effects of nicotine on 

macrophages can be abolished by selective 7 antagonists such as -
bungarotoxin.

145,179
 In contrast to wildtype mice, vagus nerve stimulation does not 

result in attenuation of TNF- release in 7-knockout mice.
37

 Notably, treatment 

with 7 (partial) agonists such as nicotine and GTS-21 (DMXBA), has been shown 
to be effective in several animal models of inflammation.

180-182
 These findings 

prompted us to examine if we could combine the advantages of NSAID ester pro-
drugs with α7 nAChR active compounds. Our strategy aims on derivatization of 
commercially available NSAIDs with moieties that would render the resulting 

prodrug capable of activating the 7 nAChR. In this manner, we expect to obtain 
dual action anti-inflammatory compounds with a reduced GI toxicity profile, see 
figure 1.  
 

 
 
Figure 1: Dual action approach to treat inflammatory disorders. I. Activation of α7 
nAChRs on macrophages (or other immune cells) by the NSAID ester prodrug will 
suppress the release of proinflammatory cytokines. II. Subsequent hydrolysis 
releases the parent NSAID that will exert an additional anti-inflammatory effect by 
acting on COX-2, lowering the formation of proinflammatory prostaglandins. 
 

Nizri and coworkers have recently shown that dual targeting of 7 nAChRs and 
COX-2 may indeed increase therapy effectiveness as a dual action compound 

consisting of the 7 nicotinic agonist cytisine and the traditional NSAID ibuprofen 
was significantly more effective in a central nervous system (CNS) inflammatory 
model than when both compounds were dosed separately, or both 
unconjugated.

183
 Their approach, however, differed significantly from the approach 

that is described in this work, as an octyl spacer was used to connect the NSAID 
and the nicotinic agonist.   
 
Very recently, we have disclosed

184
 a fragment (VUF10663, Chapter 4) that 

exhibits good ligand efficiency
118

 (LE = 0.43) for AChBP, as well as for the 7  
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nicotinic receptor (LE = 0.44, Chapter 5). This fragment is an ester of benzoic acid 

and nortropinyl. Since the fragment VUF10663 displays affinity for the 7 receptor 
and the benzoic acid part exhibits high structural resemblance to certain NSAIDs or 
structural fragments of NSAIDs, we investigated if esterification of NSAIDs with 

tropine-like moieties would afford NSAID prodrugs with intrinsic  7 nAChR activity, 
see Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Fragment VUF10663 and the 5 NSAID derivatives  that were selected in 

order to obtain NSAID prodrugs with an additional 7 nAChR mediated anti-
inflammatory effect. 
 
Upon analyzing the available literature on NSAID prodrugs, two publications by 
Yadav and co-workers were considered very interesting as they report on the anti-
inflammatory action of tropine esters of several NSAIDs including ibuprofen and 

ketoprofen. Their aim, however, was not to target 7 nAChRs but to construct ester 
prodrugs that display reduced GI toxicity by targeting muscarinic acetylcholine 
receptors in the gut

185
 or to achieve selective localization of the ester prodrug in 

inflamed joints caused by rheumatoid arthritis.
186

 As anticipated, the NSAID tropine 
esters exhibited reduced GI toxicity,  as well as selective localization in inflamed 
joints when derivatized with a quaternary nitrogen atom and comparable anti-
inflammatory activity to their parent NSAIDs in a chronic arthritis model. To select 
which NSAIDs are most suitable for modification towards α7 nAChR activation we 
have used molecular docking in X-ray structures of acetylcholine-binding protein 
(AChBP) in complex with (partial) agonists for the α7 nAChRs.

63
 AChBP is widely 

recognized as a water soluble structural homolog of the ligand binding domain 
(LBD) of nAChRs, and in particular of the α7 nAChR subtype.

116,117,187
 The 

obtained structural information on AChBP, therefore enables structure-based 
design of the potential dual action anti-inflammatory agents. Based on the in silico 
results, a selection of NSAIDs was chemically modified with tropine moieties to 
obtain ester prodrugs with potential α7 nAChR activity. Here we describe the 
structure-based design, chemical synthesis and the pharmacological evaluation of 
these potential dual action anti-inflammatory NSAID prodrugs.   
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Results 
Structure-based Design 
Over 20 currently marketed NSAIDs that contain a carboxylate functionality (Table 
1) were derivatized in silico with tropine moieties containing an unsubstituted (NH), 
methyl substituted (NMe) and dimethyl substituted nitrogen atom (N

+
(Me)2). 

Subsequently, the NSAID tropine esters were docked using Gold 4.0
125

 in the X-ray 
structures of Lymnaea stagnalis AChBP (Ls-AChBP) in complex with nicotine 
(PDB: 1UW6) and in the structure of  fragment VUF10663 in complex with AChBP 
from Aplysia californica (Ac-AChBP).

53,63
  

 
The obtained binding modes were visually inspected, and evaluated on 
complementarity towards the AChBP binding site and a conserved water molecule 
(that is involved in hydrogen bonds between the AChBP binding site and the 

pyridine nitrogen atom of nicotine)
63

 in terms of polar, cation-  and hydrophobic 
interactions while maintaining low energy conformations. In addition, our previously 
obtained co-crystal complex of VUF10663 with Ac-AChBP was particularly useful 
to evaluate the NSAIDs of the salicylate (e.g., salicylic acid) and fenamate class 
(e.g., flufenamic acid), since their respective tropine esters contain VUF10663 as a 
structural fragment (Figure 2). Assuming that these NSAID tropine esters would 
take similar binding modes as VUF10663, the VUF10663-Ac-AChBP co-crystal 
structure revealed that a hydroxyl moiety at the 2-position of VUF10663‟s phenyl 
moiety, as would be the case for the salicylates, is in close proximity to Ac-
AChBP‟s Met114. Sequence alignments between AchBPs and human nAChR 
subunits (Chapter 1, Table 2) suggest that in the human α7 nAChR, a glutamine 
(Gln117) is located at this specific position. In silico mutation of Met114 for a 
glutamine, followed by an exploration of putative rotamers revealed that a 
glutamine is capable of forming hydrogen bonds with the 2-hydroxyl functionality of 
salicylate tropine esters (Figure 4). This finding was considered interesting as the 
formation of additional hydrogen-bonds with the α7 nAChR binding site is likely to 
be beneficial in terms of affinity and selectivity. Furthermore, inspection of the 
VUF10663-AChBP complex showed that between the tip of loop C (Cys188-
Cys189) and Gln55 on the complementary side, space is available that can 
accommodate larger NSAIDs such as flufenamic acid, ketoprofen and diflunisal. 
Moreover, the positioning of the ketone functionality of the ketoprofen tropinyl ester 
also indicated putative hydrogen bond formation with Gln117 in the α7 nAChR 
binding site.  Based on these molecular modeling and docking  results, and their 
commercial availability, 5 NSAIDs were selected for chemical derivatization, see 
Figure 2,3 and 4. 
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Table 1: Chemical structures of the NSAIDs that were evaluated for chemical 
derivatization to obtain α7 nAChR active NSAID ester prodrugs 
 

NSAID Chemical structure NSAID Chemical structure 

Salicylic acid 

 

Aspirin 

 

Diflunisal 

 

Flurbiprofen 

 

Naproxen 

 

Fenoprofen 
 

Ketoprofen 

 

Ibuprofen 

 

Carprofen 

 

Ketorolac  

Flunoxaprofen 

 

Fenbufen 
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Table 1 continued. Chemical structures of the NSAIDs that were evaluated for 
chemical derivatization to obtain α7 nAChR active NSAID ester prodrugs 
 
 

NSAID Chemical structure NSAID Chemical structure 

Indomethacin: 

 

Sulindac: 

 

Alclofenac: 

 

Tolmetin: 

 

Diclofenac: 

 

Bromfenac: 

 

Meclofenamic 

acid: 

 

Flufenamic 

acid: 

 

Tolfenamic 

acid: 

 

Mefenamic 

acid: 

 

Etodolac 
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Figure 3: Predicted binding modes in Ls-AChBP (PDB: 1UW6) of quaternary 
methylammonium tropine derivatives of three NSAIDs; ibuprofen, flufenamic acid 
and ketoprofen, respectively. 
 

 

Figure 4: Analysis of the VUF10663-AC-AChBP crystal structure reveals that the 
2-hydroxyl moiety of salicylate tropinyl esters may be positioned in the vicinity of 
Met114 (shown in sticks). The equivalent residue in the α7 nAChR is Gln117 and 
exploration of putative rotamers indicates that the glutamine side chain is likely to 
be involved in hydrogen bond formation with the 2-hydroxyl group of salicylate 
tropinyl esters.  
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Chemical Synthesis 
The designed NSAID dual action anti-inflammatory agents were synthesized 
according to the synthetic routes that are depicted in Scheme 1,2 and 3. 
 

 

Scheme 1: Synthesis of tropinyl esters of ibuprofen (a), ketoprofen (b) and 
flufenamic acid (c). 
 
The synthesis of the tropine esters of ibuprofen, ketoprofen and flufenamic acid 
from their parent NSAIDs was initiated by their conversion into the corresponding 
acyl chlorides with thionyl chloride (Scheme 1). Subsequent reaction with an 
excess of tropine (2-5 equivalents) afforded the NSAID tropine esters 1a-c in 
moderate yields. The corresponding secondary amine derivatives of 2a-c were 
obtained by demethylation of the tropine nitrogen atom using α-
chloroethylchloroformate.

188
 Since the purification of ibuprofen derivative 2a by 

solid phase extraction with propylsulfonic acid derivatized silica resulted in a very 
low yield of 18%, the ketoprofen and flufenamic acid derivatives 2b  and 2c were 
isolated by basic extraction followed by column chromatography, resulting in 
significant better yields. The quaternary ammonium derivatives 3a-c were obtained 
from 2a-c by the use of iodomethane in reasonable to excellent yields.   
 
The salicylic acid tropine esters were synthesized from commercially available 2-
methyoxybenzoyl chloride and tropine (Scheme 2). The acylation (82% yield of 4), 
was followed by a demethylation of the methoxy substituent  using BBr3, affording  
target molecule 1d in 64% yield. Using similar procedures as described above, the 
tertairy amine 1d was converted into its corresponding secondary amine (2d) and 
quaternary ammonium (3d) derivatives in reasonable to excellent yields. 
 
A similar approach as in the synthesis of the salicylic acid tropine esters was used 
to synthesize the target diflunisal derivatives (1e, 2e and 3e, Scheme 3). Methyl 
protected diflunisal (6) was obtained from diflunisal by a double methylation step  
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using iodomethane and subsequent hydrolysis of the methyl ester using NaOH in 
water/methanol. As described above, the acid moiety was converted into the 
corresponding acid chloride using thionyl chloride. The next step in the synthesis of 
the target diflunisal derivatives was reacting the acid chloride with an excess of 
tropine. However, in this case the reaction suffered from incomplete conversion 
and 0.1 eq. of DMAP was added followed by refluxing the mixture for an additional 
3 hours. Nevertheless, conversion did not seem to improve. Despite the presence 
of triethylamine in the eluent (5 %) and similar to the purification of other tropine 
esters, the flash chromatography purification of 8 resulted in a low recovery of 
wanted product (31% isolated yield). The yield (21%) in the subsequent O-
demethylation using BBr3 was compromised by hydrolysis of the tropine ester bond 
and again low recovery in the flash chromatography purification. From the diflunisal 
tropine ester 1e, the secondary amine and quaternary ammonium derivative were 
synthesized using similar procedures as described for 2a and 3b. Purification of the 
secondary amine derivative 2e was cumbersome and two columns and one solid 
phase extraction were required in order to obtain pure material. NMR experiments 
have shown that diflunisal tropine esters are not stable in deuterated methanol and 
the use of methanol in the flash chromatography purification may therefore provide 
an explanation for the low yields that were observed. In D2O and deuterated dmso, 
the diflunisal esters were more stable and no signs of breakdown products were 
observed after 2 days 
 
 

Scheme 2:  Synthesis of tropinyl esters of salicylic acid. 
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Scheme 3:  Synthesis of tropinyl esters of diflunisal. 

.  
Biological evaluation 
A [

3
H]-methyllycaconitine (MLA) displacement assay with human α7 nAChRs 

expressed in human neuroblastoma cells was performed, to determine if the 
NSAID tropine ester prodrugs display the anticipated affinity for the α7 nAChR. As 
shown in Table 3 and in line with our molecular docking results, all NSAID tropinyl 

esters have affinity for the 7 nAChR (pKi > 4.8). Table 3 shows that 
quaternization of the tropine nitrogen atom with an additional methyl substituent 

(compounds 3a-e) is beneficial for 7 nAChR affinity, and all the quaternary 
ammonium ligands exhibit nicotine-like affinity (pKi =  6.0 ± 0.1, data not shown). 
Tertairy (1a-e) and secondary amine derivatives (2a-e) bind in general with 10-fold 
lower affinities. An exception is the secondary amine salicylic acid derivative 2d, 

which displays similar affinity (pKi = 6.1) towards the 7 nicotinic receptor 
compared to its quaternary ammonium analog 3d.  
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Table 3. A selection of NSAIDs (top row) and 3 tropine alcohols (left column) have 
been combined and the resulting  esters were screened for affinity for the human 

7 nAChR, pKi ± SEM
a
.  

6.1 ± 0.1 5.2 ± 0.1 5.1 ± 0.1 4.8 ± 0.1 5.0 ± 0.1 

5.2 ± 0.1 5.0 ± 0.1 5.1 ± 0.1 5.0 ± 0.1 5.3 ± 0.1 

6.2 ± 0.1 5.9 ± 0.1 6.0 ± 0.1 5.8 ± 0.1 5.8 ± 0.1 

a
 [

3
H]MLA displacement studies, pH 7.4; n = 3. 

Table 3 shows that several NSAID tropine esters were identified that bind with 

nicotine-like affinity to the 7 nAChR. Nevertheless, in order to inhibit the release 
of proinflammatory mediators such as TNF-α from macrophages and other immune 
cells, the compounds should not only bind to the α7 nAChR but also activate the 
receptor, i.e., induce opening of the α7 ion channel. To determine if the highest 
affinity compounds (2d, 3a-e) posses the required (partial) agonistic activity, 

electrophysiological recordings from Xenopus leavis oocytes expressing human 7 
nAChRs were determined. The results in Table 4 show that most NSAID tropine 
esters do not activate the human α7 nicotinic receptors. However, the salicylic acid 
derivatives 2d and 3d activate the α7 nAChR with low µM EC50‟s , albeit with 
limited efficacy, i.e., they induce maximal currents of 7-10% compared to the 
maximal current that is induced by the endogenous ligand acetylcholine.  
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Table 4: Human  α7 nAChR concentration-response parameters for acetylcholine, 
tropisetron and NSAID tropine esters. 

 

Compound 
EC50 ± s.e.m. 

(µM) 

Maximal 

Response (%) 
n 

Acetylcholine 

(control) 
31 ± 8 100 5 

Tropisetron 

(control) 
3.3 ± 1.1 80 6 

2d 4.0 ± 2.1 7 3 

3a n.a. 0 4 

3b n.a. 0 3 

3c >100 4@500µM 3 

3d 5.7 ± 1.4 10 3 

3e n.a. 0 3 

Concentration-response parameters were determined by fitting to a one site saturation 
equation.  Data are shown as mean ± s.e.m. for EC50 and maximal response releative to 
acetylcholine (500 µM). n.a. means not applicable. The values for n are the number of 
determinations. 

 
The pharmacological results show that two salicylate tropine esters (2d, 3d) have 
been obtained that bind with nicotine-like affinity and act as partial agonists at the 

7 nAChRS. As such, these derivatives may produce a dual anti-inflammatory 

action by activating 7 nAChRs on immune cells and subsequently lower COX-2 
mediated production of proinflammatory prostaglandins. However, in order to exert 
a dual action anti-inflammatory effect, the NSAID ester prodrug should be 
hydrolyzed in vivo, preferably at its site of action. In order to determine if the 
required hydrolysis is likely to occur, we have measured hydrolysis rates of 
salicylate ester 3d in 49% human serum and pure PBS pH 7.4 buffer. The NSAID 
ester prodrug 3d is hydrolyzed slightly faster in the presence of serum compared to 
pure buffer, with half times of 36 ± 3 and 43 ± 1 hours, respectively.  
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Discussion 
Using AChBP co-crystal structures, 15 potential dual action NSAID prodrugs were 
designed and subsequently synthesized. Radioligand displacement studies on the 
human α7 nAChR showed that all 15 tropine esters displayed affinity for this 
nicotinic  receptor subtype, validating our molecular modeling efforts. Interestingly, 
the 0.6 log unit increase in affinity of  salicylate ester 2d, compared to fragment 
VUF10663 is in line with its predicted binding pose. Compound 2d has an 
additional hydroxyl functionality that is anticipated to form a hydrogen bond with 
Gln117 in the α7 nAChR binding site. As such, the observed increase in α7 nAChR 
affinity indicates that 2d is indeed interacting with Gln117. Nevertheless, it cannot 
be excluded that other factors, e.g., a switch in  binding mode or stabilization of the 
bioactive conformation through intramolecular hydrogen bond formation, are 
involved in the observed increase in binding affinity.    
 
From the compounds that displayed nicotine-like affinity (2d, 3a-e), 
electrophysiological recordings from Xenopus leavis oocytes expressing the human 
α7 nAChR  were determined. These experiments showed that most compounds 
blocked the α7 nAChR instead of activating the receptor. However, it was found 
that the salicylate tropine esters 2d and 3d act as partial agonists and induce 
maximal currents of 7-10% compared to the maximal current that is induced by the 
endogenous ligand acetylcholine. It is not known how much receptor activation is 
required for an α7 nicotinic partial agonist to reduce the release of proinflammatory 
mediators from macrophages in vivo. GTS-21 (DMXBA), an α7 nAChR partial 
agonist with reported efficicacies between 9 and 32% (depending on which species 
is studied)

95,189
 inhibits the release of proinflammatory cytokines in vitro and in vivo 

and improved survival in a mouse inflammatory model.
38

 The minimal efficacy of α7 
nAChR partial agonists that is required to inhibit the release of proinflammatory 
mediators is likely to be dependent on the frequency of acetylcholine release near 
macrophages by the “cholinergic anti-inflammatory pathway”. When this frequency 
is relatively high, a low efficacious agonist that is bound to the receptor, prevents 
acetylcholine from activating the α7 receptor and may not lower but instead 
increase the release of proinflammatory mediators from immune cells. On the other 
hand, if the frequency of  “cholinergic anti-inflammatory pathway” stimulation is low, 
which is likely to be the case in chronic inflammatory diseases, a low efficacious 
agonist will still be able to lower the release of proinflammatory cytokines from 
macrophages and other immune cells. 
 
As mentioned in the introduction, Yadav and co-workers have prepared quaternary 
ammonium tropinyl esters of NSAIDs, aiming on selective localization of the ester 
prodrug in inflamed tissue for the treatment of rheumatoid arthritis (RA)

186
. Our 

current study shows that the quaternary ammonium tropine ester of ibuprofen (3a) 
and ketoprofen (3b) antagonize human α7 nAChRs, and as a result may display a 
proinflammatory component by preventing endogenous acetylcholine from 
activating α7 receptors on macrophages and other immune cells. As such, next to 
slow hydrolysis of the ester linkage, antagonism on α7 nAChRs may play a role in 
the observed limited anti-inflammatory activity in the initial phase of the in vivo 
study that has been performed by Yadav et al.  
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Having identified esters of salicylic acid that are capable of activating the α7 
nAChR, we subsequently investigated if the ester linkage is likely to be hydrolyzed 
in vivo. We found that 50% of compound 3d is hydrolyzed in ~36 hours when 
human serum is present (49%) and in ~43 hours in pure PBS buffer pH 7.4. These 
results  indicate that the salicylate ester prodrug is likely to be present long enough 
to exert its effect on the α7 nicotinic receptor but eventually will be hydrolyzed to 
release salicylic acid producing an additional anti-inflammatory effect by affecting 
COX-2. The difference in observed hydrolysis rates between 49% serum and pure 
buffer indicates that the ester hydrolysis is catalyzed by certain serum constituents, 
e.g., esterases. It is noted that unlike most NSAIDs, salicylic acid does not exert its 
anti-inflammatory effects through direct COX-2 inhibition but instead inhibits the 
transcription of the COX-2 gene in a dose-dependent manner.

190
 

191,192
 However, 

the kinetic aspects in an in vivo model of these potential dual action compounds 
remain to be studied. 
 
Conclusion and outlook 
Using structure-based design, two NSAID tropinyl esters have been obtained that 

are capable of activating 7 nicotinic receptors. As such, these salicylate ester 
prodrugs may exert an anti-inflammatory effect by modulation of macrophages and 
other immune cells that are expressing α7 nicotinic receptors. In addition, we have 
shown that the salicylate ester prodrugs are hydrolyzed in human serum, resulting 
in the release of salicylic acid. The liberated salicylic acid will exert an additional 
anti-inflammatory effect by inhibition of the transcription of the COX-2, attenuating 
the production of proinflammatory mediators such as prostaglandins and 
thromboxanes. Therefore, the NSAID ester prodrugs 2d and 3d are likely to exhibit 
a dual anti-inflammatory action combined with an improved GI toxicity profile 
compared to the parent NSAID. Furthermore, one of the NSAID ester prodrugs 
(3d) contains a quaternary ammonium nitrogen atom which is likely to result in 
selective localization of the compound in inflamed joints which is of interest for 
treating rheumatoid arthritis. At this moment, we are performing in vitro 

experiments to determine if the dual targeting of 7 nAChRS and COX-2 translates 
into an improved anti-inflammatory action compared to the parent NSAID. 
Ultimately, the kinetic properties of the compounds including hydrolysis of the ester 
bond, key for the COX-2 activity, needs to be evaluated in vivo.  
 
It is noted that the salicylic acid derivatives 2d and 3d may serve as ideal starting 
points for further optimization. Considering their small size, these ligands exhibit 

very good binding affinities for the 7 nAChR. This provides room to further 

improve the activity against COX-2 and the 7 receptor without ending up with too 
large molecules that are likely to exhibit unfavorable ADMET properties.
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To conclude, using structure-based design, a novel class of NSAID ester prodrugs 
was obtained in which the prodrug can exert an additional anti-inflammatory effect 
by activating α7 nicotinic receptors on macrophages and other immune cells.  
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Materials and methods 
 
Molecular docking 
 
Ligand preparation 
Three-dimensional structures of the ligands were generated using MOE 
(v2008.10). Subsequently, the ligands were protonated according to physiological 
pH and stereoisomers were generated when necessary. Partial atomic charges 
were calculated and the molecules were energy minimized in vacuo using the 
MMFF94x force field in MOE. Ligands were stored as mol2-files. 
 
Protein preparation 
Co-crystal structure of Ls-AChBP in complex with nicotine (PDB: 1UW6, chain A 
and B) was used for our docking studies. The ligands and all water molecules were 
removed, except for the water molecule that is involved in hydrogen bonds 
between the pyridine nitrogen atom of nicotine and the backbone carbonyl oxygen 
atom of Leu102 and backbone nitrogen atom of Met114.  Hydrogen atoms were 
added and a steepest-descent energy minimization was performed using the 
AMBER99 force field in MOE.  
 
Docking procedure 
Docking studies were performed using the GOLD docking program (version 4.0)
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and the ChemScore scoring function and default settings. The binding pocket was 
defined within a radius of 15Å from W147 (atom NE1). Docking was performed in 
the presence as well as absence of the water molecule mentioned above. 
 
Chemistry  
General 
Chemicals and reagents were obtained from commercial suppliers. α-Tropine was 
dried by azeotropic removal of water with toluene. DCM, THF and toluene were 
freshly distilled under nitrogen from CaH2. Acetonitrile was dried over 4 Å 
molecular sieves.  All other reagents were used without further purification. Yields 
given are isolated yields. Flash column chromatography was typically carried out 
on a Biotage flash chromatography system, using prepacked columns with the UV 
detector operating at 254 nm. All melting points are uncorrected and were 
measured on an Optimelt automated melting point system from Stanford research 
systems. All 

1
H NMR and 

13
C NMR spectra were measured on a Bruker 250, 400 

at T = 300 K or Bruker 500 at T = 296 K. Analytical HPLC-MS analyses were 
conducted using Shimadzu LC-20AD liquid chromatography pump system with a 
Shimadzu SPD-M20A Diode Array detector with the MS detection performed with a 
Shimadzu LCMS-2010 liquid chromatography mass spectrometer. The analyses 
were performed using an Xbridge (C18) 5 μm column (100 mm × 4.6 mm), flow 
rate of 1.0 mL/min and two different methods with solvent A (acetonitrile containing 
0.1% (v/v) formic acid) and solvent B (water containing 0.1% (v/v) formic acid). 
Method I) start 5% A, linear gradient to 90% A in 4.5 min, then 1.5 min at 90% A, 
followed by linear gradient to 5% A in 0.5 min, then 1.5 min at 5% A, total run time 
of 8 min. Method II) start 5% A, linear gradient to 90% A in 4.5 min, then 4.5 min at 
90% A, followed by linear gradient to 5% A in 0.5 min, then 2.5 min at 5% A, total  
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run time of 12 min. Compound purities under both conditions were calculated as 
the percentage peak area of the analyzed compound by UV detection at 230 nm.  
 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(4-isobutylphenyl)propanoate (1a) 
Under an atmosphere of nitrogen and stirring, 2-(4-isobutylphenyl)propanoic acid 
(ibuprofen, 1.03 g, 5 mmol) was added to SOCl2 (3 mL) and heated at reflux for 5 
min. After cooling down to room temperature, the mixture was concentrated under 
reduced pressure. To the residue, DCM (~ 25 mL) was added and removed in 
vacuo. This procedure was repeated two more times in order to completely remove 
SOCl2, yielding 1.10 g 2-(4-isobutylphenyl)propanoyl chloride as an opaque oil 
which was used without further purification. Under an atmosphere of nitrogen and 
stirring, dry α-tropine (1.41 g, 10 mmol) was added to a solution of the racemic 2-
(4-isobutylphenyl)propanoyl chloride in dry toluene (20 ml). The mixture was stirred 
for 2 h at rt. After cooling down to rt, toluene (20 ml) was added. The mixture was 
washed with 0.5M Na2CO3 (3 x 20 ml) and NaHCO3(sat), dried with Na2SO4. 
Concentration of the filtrate under reduced pressure afforded an opaque oil. 
Purification of the crude using flash chromatography (gradient 1%  10% MeOH in 
DCM, both solvents contain 1% TEA) afforded 681 mg (37%) of an opaque oil. A 
small amount was converted into a hydrochloride salt by dissolving the oil in 
dioxane and the dropwise addition of 4M HCl in dioxane. Concentration under 
reduced pressure afforded a white crystalline solid. Mp: 160.5-162.0 

o
C; 

1
H NMR 

(250 MHz, DMSO) δ (ppm) 10.72 (bs, 1H), 7.20 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.1 
Hz, 2H), 4.87 (t, J = 4.4 Hz, 1H), 3.88 – 3.59 (m, 3H), 2.74 – 2.32 (m, 5H), 2.12 – 
1.00 (m, 12H), 0.86 (d, J = 6.60 Hz, 6H);

 13
C NMR (63 MHz, DMSO) δ 173.15, 

140.37, 138.09, 129.64, 127.61, 64.89, 61.33, 44.81, 44.64, 38.50, 34.29, 30.10, 
23.84, 23.53, 22.57, 18.12; [M+H]

+
 calcd. for, C21H32NO2, 330.2428; found 

330.2411. 
 
8-azabicyclo[3.2.1]octan-3α-yl 2-(4-isobutylphenyl)propanoate (2a) 8-methyl-8-
azabicyclo[3.2.1]octan-3α-yl 2-(4-isobutylphenyl)propanoate (1a, 247 mg, 0.75 
mmol) was dissolved in DCE (2 ml). Under an atmosphere of nitrogen and stirring, 
DIPEA (260 μL, 1.5 mmol) followed by 1-chloroethyl chloroformate (160 μL, 1.5 
mmol) were added in a dropwise manner. The mixture was heated at 150 °C for 30 
min in the microwave. The mixture was concentrated under reduced pressure and 
the residue dissolved in MeOH (2 ml). This solution was heated at 150 °C for 30 
min in the microwave. Before opening, the septum that closes the microwave vial is 
punctured with a needle, resulting in the release of CO2(g). Propylsulfonic 
derivatized silica (3.0 g, 0.67 mmol/g) was added and stirred for 30 min. The 
suspension was filtered over an empty flash chromatography cartridge and washed 
with MeOH (100 ml), followed by elution with a 10x diluted saturated NH3(g) solution 
in methanol (100 ml). The eluate was concentrated under reduced pressure 
affording 42 mg (18%) of a colorless oil. 

1
H NMR (500 MHz, CDCl3) δ (ppm) 7.18 

(d, J = 8.1 Hz, 2H), 7.08 (d, J = 8.1 Hz, 2H), 4.99 (t, J = 5.1 Hz, 1H), 3.64 (q, J = 
7.2 Hz, 1H), 3.46 – 3.36 (m, 1H), 3.36 – 3.28 (m, 1H), 2.44 (d, J = 7.2 Hz, 2H), 2.06 
– 1.34 (m, 14H), 0.87 (d, J = 6.6 Hz, 6H). 

13
C NMR (126 MHz, CDCl3) δ 173.84, 

140.62, 137.80, 129.45, 127.29, 68.32, 53.27, 53.22, 45.67, 45.10, 37.47, 37.23, 
30.33, 29.09, 28.87, 22.42, 22.41, 17.95; HRMS (m/z): [M+H]

+
 calcd. for 

C20H30NO2, 316.2271; found 316.2270.  
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8,8-dimethyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(4-isobutylphenyl)propanoate 
iodide (3a) 8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(4-isobutylphenyl)-
propanoate (1a, 82 mg, 0.25 mmol) was dissolved in chloroform (2 ml). Under an 
atmosphere of nitrogen and stirring, iodomethane (310 μL, 5.0 mmol) was added 
slowly. The reaction vial was wrapped in aluminum foil and set aside overnight at 
rt. MTBE (10 ml) was added in a dropwise manner, which resulted in the formation 
of a white precipitate. After 1 h, the precipitate was isolated by filtration over glass, 
followed by 3 consecutive washings with MTBE. Finally, remaining MTBE was co-
evaporated by dissolving the residue in MeOH, followed by concentration under 
reduced pressure, affording 67 mg (57%) of a white solid. Mp: 257.3-259.2 

o
C. 

1
H 

NMR (250 MHz, CDCl3) δ (ppm) 7.21 – 6.98 (m, 4H), 5.12 (t, J = 5.5 Hz, 1H), 4.26 
(m, 1H), 4.10 (m, 1H), 3.65 (q, J = 7.1 Hz, 1H), 3.49 (s, 3H), 3.31 (s, 3H), 2.83 – 
2.49 (m, 2H), 2.43 (d, J = 7.2 Hz, 2H), 2.31 – 1.60 (m, 6H), 1.43 (m, 4H), 0.87 (d, J 
= 6.6 Hz, 6H). 

13
C NMR (63 MHz, CDCl3) δ 172.99, 141.22, 137.13, 129.79, 

127.10, 67.41, 67.37, 62.38, 51.29, 45.72, 45.34, 45.03, 32.47, 32.40, 30.27, 
24.94, 24.50, 22.47, 22.43, 17.67. [M]

+
 calcd. for C22H34NO2, 344.2584; found 

344.2573. 
 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-benzoylphenyl)propanoate 
hydrochloride (1b) Under an atmosphere of nitrogen and stirring, 2-(3-
benzoylphenyl)propanoic acid (ketoprofen, 1.27 g, 5 mmol) was added to SOCl2 (3 
mL) and heated at reflux for 15 min. After cooling down to room temperature, the 
mixture was concentrated under reduced pressure. To the residue, DCM (~ 25 mL) 
was added and removed in vacuo. This procedure was repeated two more times in 
order to completely remove SOCl2, yielding 1.31 g of 2-(3-benzoylphenyl)propanoyl 
chloride as an opaque oil which was used without further purification. Under an 
atmosphere of nitrogen and stirring, dry α-tropine (1.41 g, 10 mmol) was added to 
a solution of the 2-(3-benzoylphenyl)propanoyl chloride  in dry toluene (20 ml). The 
mixture was stirred for 2 h at rt. After cooling down to rt, toluene (30 ml) was 
added. The mixture was washed with 0.5M Na2CO3 (3 x 20 ml) and NaHCO3(sat), 
dried with Na2SO4 and filtered over paper. Concentration of the filtrate under 
reduced pressure afforded opaque oil. Purification of the crude using flash 
chromatography (gradient 1%  10% MeOH in DCM, both solvents contain 1% 
TEA) afforded 1.18 g (63%) of a colorless oil. A small amount was converted into a 
hydrochloride salt by dissolving the oil in dioxane and the dropwise addition of 4M 
HCl in dioxane. Concentration under reduced pressure afforded a colorless oil that 
upon stirring in Et2O became a white solid. Mp: 161.1 - 161.8 

o
C; 

1
H NMR (250 

MHz, DMSO) δ (ppm) 10.41(bs, 1H), 7.79-7.48 (m, 9H), 4.92 (t, J = 4.9 Hz 1H), 
4.00 (q, J = 7.2 Hz, 1H), 3.84-3.56 (m, 2H), 2.69-2.31 (m, 5H), 2.14 – 1.29 (m, 9H). 
13

C NMR (63 MHz, DMSO) δ (ppm) 195.58, 172,24, 140.86, 137.34, 136.92, 
132.78, 131.73, 129.49, 128.92, 128.65, 128.61, 128.48, 64.72, 60.87, 44.43, 
23.54, 17.51; [M+H]

+
 calcd. for C24H28NO3; found 378.2052. 

 
8-azabicyclo[3.2.1]octan-3α-yl 2-(3-benzoylphenyl)propanoate (2b) 8-methyl-8-
azabicyclo[3.2.1]octan-3α-yl 2-(3-benzoylphenyl)propanoate (1b, 380 mg, 1.0 
mmol) was dissolved in DCE (2 ml). Under an atmosphere of nitrogen and stirring, 
1-chloroethyl chloroformate (250 μL, 2.3 mmol) was added in a dropwise manner. 
The mixture was heated at 150 °C for 30 min in the microwave. DIPEA (175 μL, 1  
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mmol) and 1-chloroethyl chloroformate (200 μL, 1.9 mmol) were added in a 
dropwise manner. The mixture was heated at 150 °C for 30 min in the microwave. 
To the reaction mixture, 1 M Na2CO3 (2 ml) was added. After vigorous mixing, the 
phases were separated and aqueous phase was extracted with DCM (2 x 2 ml). 
Combined organic extracts were concentrated under reduced pressure and the 
residue dissolved in MeOH (10 ml). The mixture was heated to reflux for 3 h. 
Concentration of the filtrate under reduced pressure afforded 506 mg of a brown 
oil. Purification of the crude using flash chromatography (gradient 10%  40% 
MeOH in DCM, both solvents contain 1% TEA) afforded 160 mg (60%) of a 
colorless oil. 

1
H NMR (250 MHz, CDCl3) δ (ppm) 7.82 – 7.70 (m, 3H), 7.70 – 7.37 

(m, 6H), 5.02 (t, J = 5.1 Hz, 1H), 3.75 (q, J = 7.2 Hz, 1H), 3.49 – 3.29 (m, 2H), 2.09 
– 1.35 (m, 11H); 

13
C NMR (126 MHz, CDCl3) δ (ppm) 196.26, 172.65, 140.56, 

138.11, 137.32, 132.64, 131.32, 129.94, 129.23, 129.03, 128.69, 128.38, 66.77, 
53.24, 53.17, 45.69, 34.64, 34.49, 26.83, 26.59, 17.78. [M+H]

+
 calcd. for 

C23H26NO3; 364.1907 found 364.1889. 
 
8,8-dimethyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-benzoylphenyl)propanoate 
iodide (3b) 8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-benzoylphenyl)-
propanoate (1b, 94 mg, 0.25 mmol) was dissolved in dry acetonitrile (2 ml). Under 
an atmosphere of nitrogen and stirring, iodomethane (310 μL, 5.0 mmol) was 
added slowly. The reaction vial was wrapped in aluminum foil and set aside for 
40h. MTBE (15 ml) was added in a dropwise manner, which resulted in the 
formation of a white precipitate. After 1 h, the precipitate was isolated by filtration 
over glass, followed by 3 consecutive washings with MTBE. The residue was dried 
in the vacuum stove, overnight affording 91 mg (70%) of a white solid. Mp: 210.4-
212.2 

o
C; 

1
H NMR (250 MHz, CDCl3) δ (ppm) 7.81 – 7.69 (m, 3H), 7.67 – 7.56 (m, 

2H), 7.56 – 7.40 (m, 4H), 5.18 (t, J = 5.5 Hz, 1H), 4.34 - 4.07 (m, 2H), 3.81 (q, J = 
7.1 Hz, 1H), 3.49 (s, 3H), 3.34 (s, 3H), 2.84 – 2.57 (m, 2H), 2.39 – 1.42 (m, 9H); 
13

C NMR (126 MHz, CDCl3)  δ (ppm) 196.35, 172.39, 140.42, 138.43, 137.23, 
133.00, 131.34, 130.13, 129.62, 129.08, 128.96, 128.65, 67.46, 67.42, 62.70, 
51.33, 45.65, 45.32, 32.60, 27.11, 25.11, 24.78, 17.71; [M]

+
 calcd. for C25H30NO3; 

392.2220 found 392.2220. 
 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-(trifluoromethyl)phenylamino)-
benzoate hydrochloride (1c) Under an atmosphere of nitrogen and stirring, 2-(3-
(trifluoromethyl)phenylamino)benzoic acid (flufenamic acid, 1.13 g, 4 mmol) was 

added to SOCl2 (5 mL) and heated to 60C for 3 h. After cooling down to room 
temperature, the mixture was concentrated under reduced pressure. To the 
residue, CHCl3 (~ 10 mL) was added and removed in vacuo. This procedure was 
repeated two more times in order to completely remove SOCl2. This yielded 1.10 g 
of 2-(3-(trifluoromethyl)phenylamino)benzoyl chloride as a light brown solid which 
was used without further purification. Under an atmosphere of nitrogen and stirring, 
a solution of the 2-(3-(trifluoromethyl)phenylamino)benzoyl chloride  in dry toluene 
(4 ml) was added in a dropwise manner to a solution of dry α-tropine (1.24 g, 8.8 
mmol) in dry toluene (20 mL). The mixture was stirred for 16 h at rt. Propylsulfonic 
derivatized silica (15 g, 0.67 mmol/g) was added to the organic phase and stirred 
for 30 min. The suspension was filtered over an empty flash chromatography 
cartridge and washed with MeOH (100 ml), followed by elution with a 10x diluted  
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saturated NH3(g) solution in methanol (100 ml). The eluate was concentrated under 
reduced pressure. Purification of the crude using flash chromatography (gradient 
1%  34% MeOH in EtOAC, both solvents contain 5% TEA) afforded 687 mg  
(42%) of a slight yellow colored oil. A hydrochloride salt was obtained by dissolving 
the freebase in Et2O (25 ml), followed by the addition of 1M HCl in Et2O (2.5 ml). 
The resulting white suspension was heated to reflux and absolute ethanol was 
added until a clear solution was obtained. Cooling down to room temperature 
resulted in the formation of a white crystalline solid that was isolated by filtration 
over glass. After washing with Et2O and drying in a vacuum stove, 515 mg (29%) of 
white needle-shaped crystals were obtained. Mp: 198.3-199.3 

o
C;  

1
H NMR (400 

MHz, MeOD) δ (ppm) 7.97 (dd, J = 8.0, 1.5 Hz, 1H), 7.55 – 7.27 (m, 6H), 6.97-6.87 
(m, 1H), 5.33 (t, J = 4.8 Hz, 1H), 4.01-3.98 (m, 2H), 2.85 (s, 3H), 2.60 – 2.24 (m, 
8H);

 13
C NMR (126 MHz, CDCl3) δ 168.50, 148.09, 143.21, 135.80, 132.94 (q, J = 

32.2 Hz) 132.36, 131.47, 125.53, 120.50, 120.01, 118.40, 116.03, 114.33, 66.07, 
63.89, 39.58, 36.12, 32.42, 25.00; [M+H]

+
 calcd. for C22H24F3N2O3, 405.1784; found 

405.1766. 
 
8-azabicyclo[3.2.1]octan-3-yl 2-(3-(trifluoromethyl)phenylamino)benzoate (2c) 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-(trifluoromethyl)phenylamino)-
benzoate (1c, 239 mg, 0.6 mmol) was suspended in 2 mL DCE. Under an 
atmosphere of nitrogen and stirring, DIPEA (210 μL, 1.2 mmol) was added, 
followed by the dropwise addition of 1-chloroethyl chloroformate (130 μL, 1.2 
mmol). The mixture was heated at 150 °C for 30 min in the microwave. The mixture 
was concentrated under reduced pressure and the residue dissolved in MeOH (2 
ml). This solution was heated at 150 °C for 30 min in the microwave. Before 
opening, the septum that closes the microwave vial is punctured with a needle, 
resulting in the release of CO2(g). The mixture was concentrated under reduced 
pressure. EtOAc (10 ml) and 1M Na2CO3 (10 ml) were added to the residue. When 
the residue was completely dissolved upon swirling, the phases were separated 
and the aqueous phase was extracted with EtOAc (2 x 10 ml). The combined 
organics were dried with Na2SO4, filtered over paper, and concentrated under 
reduced pressure.  Purification of the crude using flash chromatography (gradient 
1%  36% MeOH in EtOAC, both solvents contain 5% TEA) afforded 155 mg 
(66%) of a colorless oil.

 1
H NMR (500 MHz, CDCl3) δ (ppm) 9.72 (s, 1H), 7.95 (dd, 

J = 8.0, 1.5 Hz, 1H), 7.48 (s, 1H), 7.46 – 7.34 (m, 3H), 7.32-7.27 (m, 2H), 6.87-6.80 
(m, 1H), 5.30 (t, J = 5.0 Hz, 1H), 3.63 (s, 2H), 2.99 (s, 1H), 2.26 – 2.12 (m, 4H), 
2.00 – 1.84 (m, 4H).

 13
C NMR (126 MHz, CDCl3) δ 167.92, 147.10, 141.66, 134.33, 

131.92 (q, J = 32.2 Hz), 131.42, 130.01, 124.66, 124.06 (q, J = 272.5 Hz), 119.68 ( 
J = 3.8 Hz), 118.46, 118.12 (J = 3.8 Hz), 114.41, 113.32, 68.59, 53.46, 37.30, 
29.34; [M+H]

+
 calcd. for C21H22F2N2O2, 391.1628; found 391.1626. 

 
8,8-dimethyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-(trifluoromethyl)phenyl-
amino)benzoate iodide (3c) 8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-(3-
(trifluoromethyl)phenylamino)benzoate (1c, 101 mg, 0.25 mmol) was dissolved in 
acetonitrile (2 ml). Under an atmosphere of nitrogen and stirring, iodomethane (310 
μL, 5.0 mmol) was added slowly. The mixture was stirred for 20 h at rt. MTBE (10 
ml) was added in a dropwise manner which resulted in the formation of a white 
precipitate. After 1 h, the precipitate was isolated by filtration over glass, followed  
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by 3 consecutive washings with MTBE. Finally, remaining MTBE was co-
evaporated by dissolving the residue in MeOH, followed by concentration under 
reduced pressure, affording 127 mg (93%) of a white solid. Mp: 253.3-254.1 

o
C; 

1
H 

NMR (250 MHz, CDCl3) δ (ppm) 9.49 (s, 1H), 7.79 (dd, J = 8.0, 1.3 Hz, 1H), 7.55 – 
7.19 (m, 6H), 6.88-6.74 (m, 1H), 5.49 (t, J = 5.5 Hz, 1H), 4-51-4.40 (m, 2H), 3.68 
(s, 3H), 3.54 (s, 3H), 2.98-2.79 (m, 2H), 2.76 – 2.31 (m, 4H), 2.26-2.12 (m, 2H); 

13
C 

NMR (63 MHz, CDCl3) δ 167.08, 147.67, 141.25, 135.11, 132,32 (q, J = 32.3 Hz) 
130.93, 130.17, 125.29, 120.29 (q, J = 3.8 Hz), 118.71 (q, J = 3.7 Hz), 118.61, 
114.62, 111.88, 67.73, 62.69, 51.75, 45.95, 32.93, 25.61; [M]

+
 calcd. for 

C23H26F3N2O2, 419.1941; found 419.1934. 
 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-methoxybenzoate (4) Under an 
atmosphere of nitrogen and stirring, 2-methoxybenzoyl chloride (1.35 mL, 10 
mmol) was added in a dropwise manner to a solution of dry α-tropine (3.11 g, 22 
mmol) in dry toluene (40 mL). The mixture was heated to reflux temperature. After 
2 h, the mixture was cooled down to rt and mixed with EtOAc (40 ml). The mixture 
was washed with 1M Na2CO3 (30 ml) and dried with Na2SO4. After filtration over 
paper, the filtrate was concentrated under reduced pressure. Purification of the 
crude using flash chromatography (gradient 4%  36% MeOH in EtOAC, both 
solvents contain 5% TEA) afforded 2.25 g (82%) of a white solid. Mp: 45.9 – 47.0 
°C; 

1
H NMR (400 MHz, CDCl3) δ (ppm) 7.80 (dd, J = 7.6, 1.4 Hz, 1H), 7.50 – 7.40 

(m, 1H), 7.04-6.95 (m, 2H), 5.23 (t, J = 5.4 Hz, 1H), 3.89 (s, 3H), 3.12 (bs, 2H), 
2.30 (s, 3H), 2.26 – 2.15 (m, 2H), 2.15 – 1.98 (m, 4H), 1.92-1.81 (m, 2H); 

13
C NMR 

(63 MHz, CDCl3) δ 165.72, 159.31, 133.43, 131.68, 120.61, 120.16, 111.99, 67.81, 
59.86, 55.69, 40.45, 36.68, 25.64; HRMS (m/z): [M+H]

+
 calcd. for C16H22NO3 

276.1594; found, 276.1593. 
 
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 2-hydroxybenzoate (1d) 8-methyl-8-
azabicyclo[3.2.1]octan-3α-yl 2-methoxybenzoate (4, 1,38 mg, 5.0 mmol) was 
dissolved in DCM (50 ml). Under an atmosphere of nitrogen, the mixture was 
cooled in an acetonitrile/liquid nitrogen bath (~ -40°C). Under stirring, 1M BBr3 (15 
ml, 15 mmol) was added in a dropwise manner. The mixture was slowly warmed to 
rt and stirred for an additional hour. Subsequently, the mixture was quenched in 
ice-cold 1M Na2CO3 (100 ml). After warming up to rt, the phases were separated 
and the aqueous phase was extracted twice with DCM (2 x 50 ml). The combined 
organics were dried with Na2SO4 and filtered over paper. Concentration under 
reduced pressure afforded a brown colored oil which was purified by flash 
chromatography (gradient 4%  36% MeOH in EtOAC, both solvents contain 5% 
TEA) affording 880 mg (64%) of a white crystalline solid. Mp: decomposes >215 
°C;

 1
H NMR (400 MHz, CDCl3) δ (ppm) 10.92 (s, 1H), 7.80 (dd, J = 8.0, 1.7 Hz, 

1H), 7.53 – 7.39 (m, 1H), 7.04 – 6.83 (m, 2H), 5.30 (t, J = 5.3 Hz, 1H), 3.17 (s, 2H), 
2.32 (s, 3H), 2.29 – 1.97 (m, 6H), 1.89-1.81 (m, 2H); 

13
C NMR (63 MHz, CDCl3) δ 

169.59, 161.88, 135.53, 129.46, 119.20, 117.67, 112.93, 68.92, 59.72, 40.49, 
36.66, 25.82. HRMS (m/z): [M+H]

+
 calcd. for C15H21NO3, 262.1438; found 

262.1432. 
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8-azabicyclo[3.2.1]octan-3α-yl 2-hydroxybenzoate (2d) 8-methyl-8-azabicyclo- 
[3.2.1]octan-3α-yl 2-hydroxybenzoate (1d, 261 mg, 1.0 mmol) and DIPEA (350 μL, 
1.0 mmol) were dissolved in DCE (2 ml) in a microwave vial. Under an atmosphere 
of nitrogen and stirring, 1-chloroethylchloroformate (220 μL, 2.0 mmol) was added 
in dropwise manner. The reaction mixture was heated for 30 min at 150 °C in the 
microwave and subsequently concentrated under reduced pressure. The residue 
was dissolved in MeOH (10 ml) and heated for 15 min at 150 °C in the microwave. 
The microwave vial‟s septum was punctured with a needle to liberate formed CO2. 
The mixture was concentrated under reduced pressure and the residue was 
suspended in EtOAc (10 ml), 1M Na2CO3 (10 ml) was added and phases were 
separated. Aqueous phase was extracted with EtOAc (2 x 10 ml) and the combined 
organics are dried with Na2SO4. Filtration over paper followed by concentration of 
the filtrate under reduced pressure affords an off-white solid that was purified by 
flash chromatography (gradient 4%  36% MeOH in EtOAc, both solvents contain 
5% TEA) yielding 140 mg (57%) of an off-white solid.

 
Mp: 92.9 -93.4 °C;

 1
H NMR 

(250 MHz, CDCl3) δ (ppm) 7.72 (dd, J = 8.0, 1.5 Hz, 1H), 7.45-7.32 (m, 1H), 6.98 – 
6.75 (m, 2H), 5.29 (t, J = 5.0 Hz, 1H), 3.60-3.42 (m, 2H), 2.29 – 1.97 (m, 4H), 1.92 
– 1.73 (m, 4H); 

13
C NMR (63 MHz, CDCl3) δ 169.54, 161.82, 135.50, 129.42, 

119.16, 117.62, 112.86, 69.52, 53.23, 37.33, 29.41; HRMS (m/z): [M+H]
+
 calcd. for 

C14H18NO3, 248.1281; found, 248.1286. 

 

8,8-dimethyl-8-azabicyclo[3.2.1]octan-3α-yl 2-hydroxybenzoate iodide (3d) 
Under an atmosphere of nitrogen and stirring at rt, iodomethane (310 μL, 5.0 
mmol) was added slowly to a solution of  8-methyl-8-azabicyclo[3.2.1]octan-3α-yl 
2-hydroxybenzoate (1d, 131 mg, 0.5 mmol) in DCM (2 ml). After stirring for 3 h at 
rt, MTBE (2 ml) was added in dropwise manner which resulted in the formation of a 
white precipitate. Filtration over glass was followed by 3 consecutive washings with 
MTBE. Drying in the vacuum stove afforded 187 mg (93%) of a white solid. Mp: 
decomposes > 251 °C;

 1
H NMR (400 MHz, DMSO) δ (ppm) 10.52 (s, 1H), 7.77 (dd, 

J = 7.8, 1.7 Hz, 1H), 7.59 – 7.49 (m, 1H), 6.99 (m, 2H), 5.30 (t, J = 5.6 Hz, 1H), 
3.98-3.86 (m, 2H), 3.17 (s, 3H), 3.07 (s, 3H), 2.71-2.61 (m, 2H), 2.46 – 2.31 (m, 
4H), 2.10 (t, J = 17.0 Hz, 2H);

13
C NMR (63 MHz, DMSO) δ 167.75, 160.09, 135.61, 

130.03, 119.50, 117.40, 113.53, 66.55, 63.87, 50.29, 43.74, 31.52, 24.51. HRMS 
(m/z): [M]

+
 calcd. for C16H22NO3, 276.1594; found 276.1595. 

 

methyl 2',4'-difluoro-4-methoxybiphenyl-3-carboxylate (5) Under an 
atmosphere of nitrogen and stirring, iodomethane (5.0 ml, 80 mmol) was added 
portion wise to a solution of diflunisal (5.00 g, 20 mmol) and K2CO3 (6.91 g, 50 
mmol) in dry acetone (50 ml). The mixture was heated at reflux overnight. Filtration 
over celite and concentration under reduced pressure afforded 4.39 g of a white 
solid. Recrystallization of the crude from MeOH/H2O afforded 4.44 g (80%) of a 
white crystalline solid. 

1
H NMR (250 MHz, CDCl3) δ (ppm) 7.96 - 7.90 (m, 1H), 7.68 

– 7.56 (m, 1H), 7.47 – 7.30 (m, 1H), 7.05 (d, J = 8.7 Hz, 1H), 7.00 – 6.81 (m, 2H), 
3.95 (s, 3H), 3.91 (s, 3H). 
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2',4'-difluoro-4-methoxybiphenyl-3-carboxylic acid (6) Under stirring, 6M NaOH 
(13 ml) was added slowly to a solution of methyl 2',4'-difluoro-4-methoxybiphenyl-3-
carboxylate (5, 4.17 g, 15 mmol) in MeOH (20 ml). The mixture was heated at 
reflux for 2h. Concentration under reduced pressure afforded a white solid that was 
mixed with EtOAc (50 ml) and water (50 ml). Under vigorous stirring, the pH was 
adjusted to 2-3 by slowly adding conc. HCl (~ 10 ml). Phases were separated and 
aqueous phase was extracted with EtOAc (2 x 20 ml). Combined organics were 
dried with Na2SO4, filtered over paper, and concentrated under reduced pressure. 
The residue was recrystallized form n-heptane affording 3.69 g (93%) of a white 
crystalline solid. 

1
H NMR (250 MHz, CDCl3) δ (ppm) 8.40 – 8.21 (m, 1H), 7.74 (dt, J 

= 8.7, 2.2 Hz, 1H), 7.47 - 7.34 (m, 1H), 7.14 (d, J = 8.7 Hz, 1H), 7.01 – 6.83 (m, 
2H), 4.13 (s, 3H). 
 
8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-methoxybiphenyl-3-
carboxylate (7) 2',4'-difluoro-4-methoxybiphenyl-3-carboxylic acid (6, 1.03 g, 4 

mmol) was added to SOCl2 (5 mL) and heated to 60C for 3 h, under a N2 
atmosphere. After cooling down to room temperature, the mixture was 
concentrated under reduced pressure. To the residue, CHCl3 (~ 10 mL) was added 
and removed in vacuo. This procedure was repeated two more times in order to 
completely remove SOCl2, yielding 1.06 g of 2',4'-difluoro-4-methoxybiphenyl-3-
carbonyl chloride as a light brown solid which was used without further purification. 
Under an atmosphere of nitrogen and stirring,  a solution of the 2',4'-difluoro-4-
methoxybiphenyl-3-carbonyl chloride in a 5 : 1 mixture of dry toluene and dry 
acetonitrile (6 ml) was added in a dropwise manner to a solution of dry α-tropine 
(1.24 g, 8.8 mmol) in dry toluene (20 mL). The mixture was heated at reflux 
temperature for 15 h. DMAP (73 mg, 0.6 mmol) was added and the mixture was 
heated at reflux for an additional 3 h. After cooling down to rt, EtOAc (20 ml) was 
added. The mixture was washed with 1M Na2CO3 (10 ml), dried with Na2SO4 and 
filtered over paper. Concentration of the filtrate under reduced pressure afforded a 
yellow oil. Purification of the crude using flash chromatography (gradient 1%  
34% MeOH in EtOAC, both solvents contain 5% TEA) afforded 481 mg (32%) of a 
slight yellow colored oil. 

1
H NMR (250 MHz, CDCl3) δ (ppm) 7.96 (dd, J = 2.3, 1.4 

Hz, 1H), 7.83 – 7.52 (m, 1H), 7.52 – 7.16 (m, 1H), 7.04 (d, J = 8.7 Hz, 1H), 7.00 – 
6.82 (m, 2H), 5.27 (t, J = 5.3 Hz, 1H), 3.93 (s, 3H), 3.35-3.18 (m, 2H), 2.43 – 1.80 
(m, 11H). 

13
C NMR (63 MHz, CDCl3) δ 165.47, 162.52 (dd, J = 249.0, 11.8 Hz), 

159.80 (dd, J = 250.2, 11.9 Hz), 158.88, 133.87 (d, J = 3.2 Hz), 132.26 (d, J = 2.9 
Hz), 131.09 (dd, J = 9.4, 4.8 Hz), 127.03 (d, J =1.2 Hz), 124.05 (dd, J = 13.4, 3.8 
Hz), 120.60, 112.27, 111.79 (dd, J = 21.1, 3.8 Hz), 104.56 (dd, J = 26.6, 23.7 Hz),  
67.65, 60.23, 55.93, 40.18, 36.21, 25.45; HRMS (m/z): [M+H]

+
 calcd. for 

C22H24F2NO3, 388.1719; found, 388.1719. 
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Scheme 4: Assigned 

13
C NMR shifts of compound 1e 

 
8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-hydroxybiphenyl-3-
carboxylate (1e) 8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-
methoxybiphenyl-3-carboxylate (8, 852 mg, 2.2 mmol) was dissolved in DCM (20 
ml). Under an atmosphere of nitrogen, the mixture was cooled in an acetone/liquid 
nitrogen bath (~ -78°C). Under stirring, 1M BBr3 (6.6 ml, 6.6 mmol) was added in a 
dropwise manner. The mixture was slowly warmed to rt and stirred for an additional 
hour. Subsequently, the mixture was quenched in ice-cold 1M Na2CO3 (20 ml). 
After warming up to rt, the phases were separated and the aqueous phase was 
extracted with DCM (2 x 50 ml). The combined organics were dried with Na2SO4 
and filtered over paper. Concentration under reduced pressure afforded a brown 
colored oil which was purified by flash chromatography (1

st
 column: gradient 1%  

34% MeOH in EtOAC, both solvents contain 5% TEA; 2nd column: step 1, 10 
column volumes EtOAc : MeOH 9 :1, step 2, gradient 10%  34% MeOH in 
EtOAc, both solvents contain 5% TEA). The product containing fractions were 
concentrated under reduced pressure affording 250 mg of a colorless oil. The 
residue was dissolved in MeOH (10 ml) and propylsulfonic derivatized silica (1.5 g, 
0.67 mmol/g) was added and stirred for 30 min. The suspension was filtered over 
an empty flash chromatography cartridge and washed with MeOH (50 ml), followed 
by elution with a 10x diluted saturated NH3(g) solution in methanol (50 ml). The 
eluate was concentrated under reduced pressure affording 172 mg (21%) of a 
colorless oil. 

1
H NMR (500 MHz, CDCl3) δ (ppm) 10.93 (s, 1H), 7.96 (s, 1H), 7.56 

(d, J = 8.7 Hz, 1H), 7.37-7.29 (m, 1H), 7.01 (d, J = 8.7 Hz, 1H), 6.96 – 6.83 (m, 
2H), 5.28 (t, J = 5.0 Hz, 1H), 3.16-3.07 (m, 2H), 2.29 (s, J, 3H), 2.25 – 1.93 (m,  
6H), 1.83 (d, J = 15.1 Hz, 2H). 

13
C NMR (126 MHz, CDCl3) δ 169.33, 162.10 (dd, J 

= 249.0, 11.8 Hz), 161.35, 159.64 (dd, J = 250.2, 11.8 Hz), 135.76, 130.69 (dd,  J = 
9.4, 4.8 Hz),  129.79 (d, J = 4.0 Hz), 125.86, 123.99 (dd, J = 13.3, 3.9 Hz), 117.96, 
112.90, 111.69 (dd, J = 21.1, 3.8 Hz), 104.48 (dd, J = 26.46, 25.54 Hz), 66.19,  
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59.64, 40.45, 36.59, 25.66; HRMS (m/z): [M+H]

+
 calcd. for C21H22F2NO3, 374.1562; 

found, 374.1565.  
 
8-azabicyclo[3.2.1]octan-3α-yl 2',4'-difluoro-4-hydroxybiphenyl-3-carboxylate 
(2e) 8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-hydroxybiphenyl-3-
carboxylate (1e, 90 mg, 0.25 mmol) was dissolved in DCE (0.5 ml). Under an 
atmosphere of nitrogen and stirring, DIPEA (100 μL, 0.57 mmol) followed by 1-
chloroethyl chloroformate (60 μL, 0.56 mmol) were added in a dropwise manner. 
The mixture was heated at 150 °C for 30 min in the microwave. The mixture was 
concentrated under reduced pressure and the residue dissolved in MeOH (2 ml). 
This solution was heated at 150 °C for 30 min in the microwave. Before opening, 
the septum that closes the microwave vial is punctured with a needle. 
Propylsulfonic derivatized silica (1.0 g, 0.67 mmol/g) was added and stirred for 30 
min. The suspension was filtered over an empty flash chromatography cartridge 
and washed with MeOH (50 ml), followed by elution with a 10x diluted saturated 
NH3(g) solution in methanol (50 ml). The eluate was concentrated under reduced 
pressure. Purification of the crude using flash chromatography (gradient 1%  
36% MeOH in EtOAC, both solvents contain 5% TEA) afforded 21 mg (23%) of a 
colorless oil.

 1
H NMR (500 MHz, CDCl3) δ (ppm) 7.97-7.92 (m, 1H), 7.66 – 7.58 (m, 

1H), 7.44-7.31 (m, 1H), 7.08 (d, J = 8.67 Hz, 1H), 7.00 – 6.88 (m, 2H), 5.41 (t, J = 
4.68 Hz, 1H), 3.89-3.81 (m, 2H), 2.52-2.42 (m, 2H), 2.29-2.08 (m, 4H), 2.03 (d, J = 
15.42 Hz, 2H). 

13
C NMR (126 MHz, CDCl3) δ 167.31, 162.47 (dd, J = 249.4, 11.9 

Hz), 161.61 159.83 (dd, J = 250.0, 11.8 Hz), 136.27 (d, J = 1.8 Hz), 130.85 (dd,  J 
= 9.4, 4.8 Hz),  129.79 (d, J = 4.4 Hz), 126.20 (d, J = 1.1 Hz), 124.01 (dd, J = 13.3, 
3.9 Hz), 118.39, 112.65, 111.99 (dd, J = 21.1, 3.9 Hz), 104.76 (d, J = 1.2 Hz), 
104.76 (dd, 26.7, 25.4 Hz), 68.57, 53.44, 36.63, 28.02; [M+H]

+
 calcd. for 

C20H20F2NO3, 360.1406; found 360.1396. 
 
8,8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-hydroxybiphenyl-3-
carboxylate iodide (3e) 8-methyl-8-azabicyclo[3.2.1]octan-(3α-yl)-2',4'-difluoro-4-
hydroxybiphenyl-3-carboxylate (1c, 74 mg, 0.20 mmol) was dissolved in dry DCM 
(2 ml). Under an atmosphere of nitrogen and stirring, iodomethane (200 μL, 3.2 
mmol) was added slowly. The reaction vial was wrapped in aluminum foil and set 
aside overnight at rt. A white precipitate had formed, Et2O (2 ml) was added in a 
dropwise manner. After 1 h, the precipitate was isolated by filtration over glass, 
followed by 3 consecutive washings with Et2O. Drying in the vacuum stove afforded 
88 mg (85%) of a white solid. Mp: 253.3 -253.9 

o
C; 

1
H NMR (500 MHz, DMSO) δ 

(ppm) 10.65 (s, 1H), 7.92 (s, 1H), 7.70 (d, J = 9.4 Hz, 1H), 7.63-7.55 (m, 1H), 7.41-
7.34 (m, 1H), 7.24-7.17 (m, 1H), 7.12 (d, J = 8.6 Hz, 1H), 5.30 (t, J = 5.5 Hz, 1H), 
3.94-3.85 (m, 2H), 3.17 (s, 3H), 3.06 (s, 3H), 2.70-2.60 (d, 2H), 2.37 (s, 4H), 2.18-
2.07 (m, 2H). 

13
C NMR (126 MHz, CDCl3) δ 165.09, 161.55 (dd, J = 246.9, 12.2 

Hz), 159.48, 159.05 (dd, J = 247.6, 12.2 Hz), 135.56, 131.43 (dd,  J = 9.7, 4.5 Hz),  
130.34 (d, J = 4.2 Hz), 125.17, 123.61 (dd, J = 12.9, 3.9 Hz), 118.04, 114.18,  
112.20 (dd, J = 21.1, 3.5 Hz), 104.63 (app. t, 26.5 Hz), 66.59, 63.99, 50.27, 43.70, 
31.48, 24.42; [M]

+
 calcd. for C22H24F2NO3, 388.1719; found 388.1700. 
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Table 4: Compound purities and molecular weights as determined by 
HPLC-MS 

Compound Method retention time Purity  [M+H]
+
/[M]

+
 

1a II 3.50 94% 331.10 

1b II 3.89 >99% 378.05 

1c II 4.57 97% 405.05 

2a II 4.63 97% 317.10 

2b II 3.8 99% 364.00 

2c II 4.04 >99% 391.05 

3a II 4.08 98% 344.15 

3b II 3.86 >99% 392.05 

3c II 4.76 95% 419.15 

5 I 2.95 >99% 262.10 

6 I 2.85 97% 248.05 

7 I 2.96 >99% 276.10 

11 I 4.66 98% 374.05 

12 II 4.07 98% 360.00 

13 II 4.05 >99% 388.00 

 
 
Radioligand binding assay on α7 nicotinic receptors 
Human neuroblastoma cells (SH-SY5Y) expressing human α7 receptor were 
obtained from Christian Fuhrer (Department of Neurochemistry, Brain Research 
Institute, University of Zurich).

45
 The cells were homogenized immediately before 

use. Competition binding assays were performed in buffer (PBS, 20 mM Tris, 1 

mg/mL BSA, pH 7.4) in a final assay volume of 120 L and [
3
H]MLA (American 

Radiolabeled Chemicals, Inc, specific activity ~100 Ci/mmol) was used at a final 
concentration of 2 nM. Bound radioligand was collected on 0.3% 
polyethyleneimine-pretreated Unifilter-96 GF/C filters (Perkin Elmer) using ice-cold 
50 mM Tris buffer at pH 7.4. After drying the filters, scintillation fluid (MicroScint, 
Perkin Elmer) was added and the radioactivity was measured in a Wallac 1450 
MicroBeta liquid scintillation counter.  Radioligand saturation experiments were 
performed with nicotine (1 mM) to determine non-specific binding. All radioligand 
binding data were evaluated by a non-linear, least squares curve fitting procedure 
using G
All data are represented as mean ± SEM from at least three independent 
experiments. 
 

Electrophysiological assay on α7 nicotinic receptors 
Human α7 nACh receptor cloned in the pMXT expression vector was kindly 
provided by Dr Jon Lindstrom of the University of Pennsylvania. The pMXT 
expression vector was linearized by XbaI to create template cDNA. Capped cRNA 
was synthesized in vitro from the cDNA using the SP6 RNA polymerase kit (SP6  
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mMESSAGE mMACHINE KIT™, Ambion, Austin, TX) following the manufacturer‟s 
recommended protocol. Oocytes were obtained from Ecocyte Biosciences 
(Germany), and injected with 20 ng cRNA using a Nanoject-II injector (Drummond 
Scientific, Broomall, PA). Injected oocytes were incubated at 16-18°C in ND96 
solution (96 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES-TRIS, 
pH 7.4) supplemented with 2.5 mM Na-pyruvate and 50 μg/ml gentamycin for 2–4 
days, until the start of the electrophysiological experiments. Electrophysiological 
recordings were made using the two-electrode voltage-clamp technique using the 
Axoclamp 2A (Axon Instruments). Oocytes were impaled with 0.5-2 MΩ electrodes 
filled with 3 M KCl and voltage-clamped at -70 mV. Extracellular ND96 solution was 
continuously perfused at 3-5 ml/min. Various concentration of the compounds were 
dissolved in DMSO and diluted in ND96 till the desired concentration, containing a 
minimum of 0.1% DMSO. All compounds were perfused for a few seconds, and 
applications were separated by intervals of at least one minute to eliminate 
receptor desensitization. All electrophysiological experiments were performed at 
room temperature. Peak amplitudes of the elicited current were measured and 
related to the 500 μM acetylcholine-induced current on the same oocyte. Data 
were then fitted with an one site saturation ligand binding curve. 
 
Rate of hydrolysis of 3α-(2-hydroxybenzoyloxy)-8,8-dimethyl-8-azonia-
bicyclo[3.2.1]octane iodide (3d) 
1.0 mg 3α-(2-hydroxybenzoyloxy)-8,8-dimethyl-8-azoniabicyclo[3.2.1]octane iodide 
(3d) was dissolved in a mixture of 490 µL human serum, 490 microL PBS buffer pH 
7.4 ([NaCl] = 137 mM, [KCl] =2.7 mM, [NaHPO4] = 8.1 mM, [KH2PO4] = 1.8 mM, pH 
7.4)  and 20 µL of a solution of (S)-naproxen in dmso (2.5 mg/ml) (internal 
standard). Mixture was incubated at 35 ˚C. Hydrolysis of the ester to salicylic acid 
was determined using HPLC-MS method I with UV detection at 239 nM by injection 
of 1µl of the incubation mixture, every hour. The resulting chromatogram was 
background corrected with a chromatogram resulting from 1 µl injections of a 
similar incubation mixture lacking compound 3d and naproxen. The conversion of 
compound  3d into salicylic acid was calculated by dividing the peak area of 3d by 
the area of 3d at t = 0 whereas both peak areas were corrected by the peak area of 
the internal standard naproxern. The rate of hydrolysis in pure PBS pH 7.4 buffer 
was determined using an identical method in which the serum was replaced by 490 

L PBS buffer pH 7.4. 
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