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A limited number of carbamates have been found useful for treatment of cholinergic symptoms with 
pyridostigmine and physostigmine being the main focus. In recent years 5- ( 1,3,3-trimethylindolinyl ) N , N -  
dimethylcarbamate ( I )  has received considerable attention in the Chinese literature for a similar role. We 
report on the first synthesis of stereoisomers of an analog of ( I ) .  The isomers prepared were ( R ) (  + )-5- 
(1,3,3-trimethylindolinyl)-N-( I-phenylethy1)carbamate (11) and ( S ) (  - )-5-( 1,3,3-trimethylindolinyI)-N- 
(1-phenylethy1)carbamate (111). The pK, value for each isomer was 6.8. Eel acetylcholinesterase inhibition 
studies were carried out at 25.0"C over the pH range of 6.0 to 9.0. They reflect the first pH profiles using 
enantiomorphs of a cholinesterase inhibitor. The inhibition potencies for (11) and (111) over the range 
examined were similar. At pH 7.60 the k i  for I1 = 7.38 x lo3 M - '  m' in - '  (SD = 398) and for (111) the 
k, = 6.67 x lo3 M - '  min-l (SD = 355). In accord with the findings of Wilson and Bergmann" 
on physostigmine our results indicate that the protonated form of (11) and (111) is the more potent inhibitor. 

KEY WORDS : Carbamates, stereoisomers, acetylcholinesterase, inhibition. 

INTRODUCTION 

Regulation of acetylcholine turnover and concentration in synaptic junctions and 
neurons may perform an important role in a number of neurologic disorders including 
myasthenia gravis, Alzheimer's disease, Huntington's disease, tardive dyskinesia 
and organophosphorus poisoning from pesticides and nerve agents. Two of the 
carbarnates most frequently used to treat these disorders are pyridostigmine and 
physostigmine.' In recent years 5- ( 1,3,3-trimethylindolinyl )N,N-dimethylcarbamate 
( I )  has received considerable attention in the Chinese literature for an analogous 

Each of these compounds is an inhibitor of acetylcholinesterase through 
carbamylation of the esteratic site of the enzyme.' This inhibition is subsequently 
reversed upon decarbamylation.* We recently reported on the eel acetylcholinesterase 
inhibition constants of five analogs of 5- ( 1,3,3-trimethylindolinyl)N,N-dirnethylcarb- 
amate ( I ) .9  This parent carbamate, which has structural similarities to physostigmine, 
was first prepared by Ahmed and Robinson in 1965.'' Since that time the only 
references to it, with the exception of reference 9, are found in the Chinese literature 
where it is frequently referred to as Cui Xing Ning. In this paper we report on the 

*The opinions or assertions contained herein are the private views of the authors and are not to be 

tCorrespondence. 
construed as official or as reflecting the views of the Department of Defense. 
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284 C.N. LIESKE et al. 
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FIGURE 1 
carbamate (11) and ( S ) (  - ) -5 - (  1,3,3-trimethylindolinyl)-N-( 1-pheny1ethyl)carbamate (111). 

Flowsheet for the preparation of ( R ) (  + )-5-( 1,3,3-trimethylindolinyl)-N-( 1-phenylethy1)- 

first synthesis of stereoisomers of an analog of (I) .  These are ( R ) (  + )-5-( 1,3,3- 
trimethylindoliny1)-N- ( 1-phenylethy1)carbamate (11) and ( S ) (  - )-5-( 1,3,3-trimethyl- 
indoliny1)-N-( 1-phenylethy1)carbamate (111). Figure 1 shows the synthetic steps. In 
addition to physio-chemical characterization of (11) and (111 ), we determined their 
eel acetylcholinesterase (AChE) inhibition constants over the pH range of 6.0 to 
pH 9.0. Inhibition constants are among the initial parameters frequently evaluated 
when searching for therapeutically functional cholinesterase antagonists. 
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INHIBITION OF AChE BY ( R ) -  A N D  (S)-CARBAMATES 285 

MATERIALS AND METHODS 

Prepution of (R) (  + )-5-( I,3,3-Trimethylindolinyl)-N-( I-phenylethy1)curhumate (11) 

1,3,3-Trimethyl-5-hydroxyindole hydr~bromide~, '  ' , 12  (23 g, 89.1 mmol ) was dissolved 
in water (200 ml) and covered with ether (300 ml). With ice-cooling, sodium 
carbonate (4.72 g, 44.55 mmol) was added to the solution. After shaking, the aqueous 
layer was separated, and additional sodium carbonate (4.72 g, 44.55 mmol) was 
added. The resultant aqueous solution was extracted with ether (2 x 300ml). The 
combined ether layer was washed with water (2 x 300 ml) and dried (MgSO,). The 
solvent was removed at reduced pressure (aspirator) and the residue, 1,3,3-trimethyl- 
5-hydroxyindole free base, was dissolved in anhydrous benzene (200 ml ) containing 
( R ) (  + )-1-phenylethyl isocyanate (15.7 g, 106.9 mmol) and a small piece of sodium 
metal (ca. 160 mg). The mixture was stirred at room temperature for 64 h, cooled 
in an ice bath and diluted with ether (100 ml) previously saturated with water. The 
solution was filtered and the filtrate was evaporated under reduced pressure 
(aspirator) to give a light pink solid (30.5 g). The solid was chromatographed over 
silica gel (300 g )  with chloroform/ethyl acetate (9  : 1 ) as eluent. The product- 
containing fractions were concentrated and the white residual solid (24.4 g )  was 
recrystallized three times from a mixture of ether/petroleum ether (100 ml:300 ml) 
to yield 15.7 g (54%) of pure title compound as white crystals, mp 84-86°C. 
[ a ] , ,  + 89.1" (c = 1.01, CHCI,). Anal. Calc. for C,,H,,N,O, (324.42): C, 74.05; 
H, 7.46: N, 8.63%. Found: C, 74.03; H, 7.54; N, 8.64%. The NMR spectrum was in 
agreement with the assigned structure. 

Preparation of' ( S ) (  - )-5-( I,3,3-trimethylindolin.vl)-N-( 1-phenyleth~l)~urharnate (111) 

To an ice-cold, stirred mixture of 1,3,3-trimethyl-5-hydroxyindole hydrobromide 
(16 g, 61.97 mmol), water (140 ml), and ether (200 ml) was added sodium carbonate 
(3.28 g, 3 1 mmol) and the layers were separated. Additional sodium carbonate 
(3.28g) was added to the aqueous layer which was extracted again with ether 
(2 x 200ml). The combined ether layer was washed with water (2 x 200ml) and 
dried (MgSO,). After filtration the solvent was removed under reduced pressure 
(aspirator ). The residue was dissolved in anhydrous benzene (250 ml) containing 
(S) (  ~ )-1-phenylethyl isocyanate (9.58 g, 65.07 mmol) and sodium metal (about 
50mg).  The mixture was stirred at room temperature under nitrogen for 14 days, 
filtered, and the filtrate was poured into ice water (150 ml). The layers were separated 
and the aqueous layer was extracted with ether ( 1  x 150 ml). The ether solution was 
washed with water ( 3  x 150ml) and dried (MgSO,). It was concentrated under 
reduced pressure (aspirator ) to near dryness and the residue was chromatographed 
over silica gel ( 1  kg)  using chloroform/ethyl acetate (9 :  1 ) as eluent. Fractions 
containing product were combined and evaporated under reduced pressure to give 
a light yellow solid. One recrystallization from a mixture of ether (50ml)  and 
petroleum ether (200ml) gave 13.2g of product as white crystals. Thin layer 
chromatography of this material showed a minor impurity. Accordingly, the solid 
was dissolved in ether (400ml) and the solution was extracted with 1 N HCL 
(2 x 40 ml) and 3 N HCI ( 1  x 40 ml). The combined hydrochloric acid extract was 
washed with ether (2 x 250ml) and made alkaline with 50% sodium hydroxide 
solution (16 g). The precipitated product was extracted with ether (2 x 250 ml). The 
combined ether extract was washed with water (3  x 250ml) and dried (MgSO,). 
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286 C.N. LIESKE et al. 

The solvent was removed under reduced pressure (aspirator) to give a white solid. 
One recrystallization from a mixture of ether (60 ml) and petroleum ether (240 ml) 
gave 9.0 g (45%) of pure product as white crystals, mp 85-86°C. [ m l D  - 88.4" 
(c = 1.01, CHC.,). Anal. Calc. for C,oH,4N,02 (324.42): C, 74.05; H, 7.46: N, 
8.63%. Found: C, 73.98; H, 7.37; N, 8.80%. The NMR spectrum was in agreement 
with the assigned structure. 

Ultraviolet Spectra of (11) and (111) 

Stock solutions of (11) and (111) (1 x M )  in acetonitrile were prepared. 
Following addition of 10.0 p1 of stock solution to 0.990 ml of acetonitrile in a UV 
cell (25.0"C) the spectrum was recorded from 400 nm to 200 nm using a Beckman 
DU-70 spectrophotometer. Three independent scans were made for each compound. 
Both (11) and (111) exhibited peaks at 256 and 308 nm. For (II), &2S6 = 1.40 x lo4 
and &308 = 3.63 x lo3. For (III), & 2 s 6  = 1.37 x lo4 and &308 = 3.50 x lo3. 

Alkaline Hydrolysis of (11) and (111) 

The alkaline hydrolysis of (11) and (111) was monitored spectrophotometrically at 
290nm. Reaction was initiated by introducing, with rapid mixing, 1O.Op1 of a 
1 x l op2  M solution of (11) or (111) in acetonitrile into a UV cell containing 
1.00 ml of 0.20 M phosphate buffer of pH 11.0 at 25.0"C. The A, value was taken 
at 7.0 h. Three replicates were completed with each compound. Linear first-order 
kinetics were observed for > 2.5 half-lives (correlation coefficient = 0.99). For (11), 
kobsd = 0.0148 min-' (SD = 0.00023);for (IlI),kObsd = 0.0145 min-' (SD = 0.00023). 

Dissociation Constants (PIC,) of (11) and (111) 

The dissociation constants were determined by direct titration (in triplicate) in a 
Radiometer automatic titrimeter. A 250 pl aliquot of a 1 x lop2 M solution of the 
carbamate in acetonitrile was added to 3.0 ml of 0.15 M NaCl in the titration chamber. 
The solution was titrated from pH 3.85 to pH 10.0 under a nitrogen atmosphere 
using carbonate-free NaOH (1 x M).  A baseline curve was obtained by titrating 
250 pl of acetonitrile in the same manner. The titration curve of the carbamate was 
obtained by subtracting the baseline curve from the raw titration data at increments 
of 0.1 pH unit. The inflection point of the resulting curve was taken as the pK, for 
the compound. The pK, for (11) and (111) was 6.8 (k0 .2) .  

Preparation of Bufler Solutions 

All buffers for the enzyme studies were 0.10M in the buffering component and 
contained 0.01 M Mg' + (MgCI,), 0.002% sodium azide, and 0.01 YO bovine serum 
albumin. MES [ 2-( N-morpholino )ethanesulfonic acid] buffer was used in the 
pH 6.00 and pH 6.50 studies. MOPS [ 3- (N-morpholino)propanesulfonic acid] 
buffers were used in the pH 7.00 and pH 7.60 studies, and Bicine [N,N'-bis(2- 
hydroxyethy1)glycine) buffers were used in the pH 8.00, pH 8.50, and pH 9.00 studies. 
All pH values were determined at  25.0"C using a Beckman Model 70 digital pH meter. 
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INHIBITION OF AChE BY (R)-  AND (S)-CARBAMATES 287 

TABLE I 
Kinetic constants for the inhibition of eel acetylcholinesterase by (11) and ( III ) ,  pH 6.00 

to 9.00, 25.0”C 

Compound PH 
~ ~~~~ 

I1 6 00 

111 6 00 

II 6 50 

Ill 6 SO 

I1 7 00 

111 7 00 

I b  7 60 

I 7 60 

III 7 60 

I1 8 00 

I l l  8 00 

I1 8 50 

111 8 50 

11 9 00 

Ill 9 00 

8.81 x 

1.53 x 

8.73 x 

(2.37)” 

(1.38) 

(1.91) 

(0.90) 
1.50 x 10-5 

(0.12) 

3.47 x lo-’ 

1.17 x 

6.30 x 
(1.83) 

(0.52) 
1.63 x lo-’ 

(0.44) 
3.75 x 10-5 

(0.33) 

(0.61) 
2.28 x 10-5 

3.91 x 
(1.77) 

1.81 x lo-’ 
(0.45) 

5.13 x lo-’ 
(2.83) 

3.99 x 10-5 
(0.73) 

1.59 x 10-4 
(1.21) 

ki ( M - ’  min- ’ )  k , ( m i n - ’ )  

1.93 104 0.17 

1.83 x lo4 0.28 

1.26 x lo4 0.1 1 

1.13 lo4 0.17 

~~ P~~~ 

(0.1 I ) (0.05) 

(0.25) (0.19) 

(0.20) (0.01 ) 

(0.25) (0.06 ) 
9.39 x 103 0.1 1 

(0.86) (0.01 ) 
1.27 x 104 0.08 

(0.15) (0.02 ) 
2.88 x 10’ 0.10 

(0.23) (0.01) 
7.38 103 0.12 

(0.40) (0.03 ) 
6.67 103 0.25 

(0.36) (0.01 ) 
5.27 x 103 0.12 

(0.92) (0.01 ) 
5.12 x 103 0.20 

(0.99 ) (0.05) 
6.08 103 0.1 1 

(0.49) (0.02) 
5.07 103 0.26 

4.76 x 103 0.19 

2.96 x 103 0.47 

(0.66) (0.09) 

(0.34) (0.03) 

(0.26) (0.28) 

”Standard deviation of n = 4. 
hCui Xing Ning : included for comparison purposes. 

Inhibition of Eel Acetl?lcholinesterase (Eel AChE)  by (11) and (III), 
and Evaluation of Inhibition Constants (ki, k , ,  and K d )  

See Lieske et al., 1991 .9 The results for the inhibition constants and the corresponding 
standard deviations for (11) and (111) at the selected pHs are shown in Table I. 

RESULTS AND DISCUSSION 

Pyridostigmine and physostigmine have a long history as the most prominent 
carbamates for counteracting a variety of cholinergic problems.’ However, during 
the past decade at least two new potential contenders have emerged in this carbamate 
arena. They are ( I )  (Cui Xing Ning) and [5R-(5a,9b,llE)]-5-amino-l l-ethylidene- 
5,6,9,1 O-tetrahydro-7-methyl-5,9-methanocycloocta [ b] pyridin-2 ( 1 H )-one (IV, huper- 
zine A ) .  Publications on the former are found largely in the Chinese l i t e r a t ~ r e , ~ ~ , ~  
while those on the latter are more diversified in 
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288 C.N. LIESKE et al. 

We have synthesized both stereoisomers of an analog of ( I )  and evaluated their 
anticholinesterase activity over the pH range 6.0 to 9.0. Inhibition constants are 
among the initial parameters sought in the identification of therapeutically functional 
cholinesterase antagonists. The isomers prepared were ( R  )( + ) -5- ( 1,3,3-trimethyl- 
indoliny1)-N- ( 1-phenylethy1)carbamate (11) and ( S ) (  - )-5- (1,3,3-trimethylindolinyl)- 
N -  ( 1-phenylethy1)carbamate (111). They were characterized by elemental analysis, 
NMR, optical rotation, hydrolytic stability at  pH 11 .O, and dissociation constant. 
The latter values, which correspond to a pK, = 6.8 f 0.2 for (11) and (III), are 
important in interpreting the pH profiles for AChE inhibition exhibited by the isomers. 

The inhibition of AChE by carbamates involves carbamylation of the active site 
serine and proceeds by the mechanism shown in Eq. (1 ).19 

k i  k2 

AChE + C-X + AChE.C-X - AChE-C + X (1 )  
k - 1  

The characteristics of such an inhibitor are expressed in terms of its dissociation 
constant, K, (i.e., k -  , /k,  ), and the subsequent unimolecular bonding constant, k,, 
to form the inhibited enzyme, AChE-C. An overall rate of inhibition is commonly 
stated in terms of a bimolecular reaction constant, ki (i.e., k,/K,). The results from 
our inhibition experiments at selected pHs with carbamates (11) and (111) are shown 
in Table I. For comparison purposes we have included in the Table our results with 
(I)  at pH 7.60. 

The effect of pH on the second-order inhibition constants ( k i )  can be more readily 
appreciated from a plot of ki us pH. As shown in Figure 2, which is a composite of 
the ki values for (11) and (111) us pH, the inhibition rate increases with decreasing 
pH. Since the pK, for both (11) and (111) is 6.8,  the cationic (protonated) form is 
clearly a more potent inhibitor than the free base. However, at  pH 9.0 essentially the 

2.50E4 

2.00E4 

l- 

.- 'c 1.50E4 
E .- 
I 

1.00E4 
.- 
Y 

0.50E4 

I I I I I I 0.00 , 
6.0 7.0 8.0 9.0 

PH 
FIGURE 2 Composite of ki us pH for ( R ) (  + )-5-( 1,3,3-trimethylindolinyl)-N-( 1-penylethy1)carbamate 
(11) (0) and (S)( -)-5-( 1,3,3-trimethylindolinyl)-N-( 1-pheny1ethyl)carbamate (111) (0) .  
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INHIBITION OF AChE BY (R)- AND (S)-CARBAMATES 289 

entire inhibition rate (99.4% ) must be ascribed to the free base. Our observed changes 
in ki values with pH are in concert with those obtained by Wilson over 40 years 
ago.,’ Using eel AChE he found over the pH range of 6.0 to 10.0 that the 
physostigmine cation is a stronger inhibitor than the free base (pK, of physo- 
stigmine = 7.9). 

In 1967 somewhat contradictory results were published by Reiner and Aldridge.,l 
For the positively charged carbamates neostigmine, monomethylneostigmine, and 
phosphostigmine, the ki -pH plots were bell-shaped with a pH optimum between 7.5 
and 9.0. These results with charged compounds are inconsistent with Wilson’s earlier 
findings. Before assigning the discrepancy to the difference in enzyme sources it should 
be noted that both eel AChE and bovine erythrocyte AChE show approximately the 
same pH optimum of 8.0 for the hydrolysis of the charged substrate a ~ e t y l c h o l i n e . ~ ~ ~ ~ ~ .  
Using yet another AChE, Chattopadhyay et reported on the inhibition of chicken 
brain AChE by phosphamidon (a neutral phosphate ester) and physostigrnine. Over 
the pH range of 5.4 to 8.0 both compounds showed an inhibition maximum at pH 7.6. 
These results are inconsistent with Wilson’s results on physostigmine and our results 
with (11) and (111). 

For the benefit of future investigators, we elected to present ki us pH (Figure 2) 
rather than k, or K,. Several a u t h 0 1 - s ~ ~ ~ ~ ~  have pointed out that while k, values are 
quite reproducible from different laboratories, widely diverse k, and K, values are 
not uncommon. However, from the results obtained under our experimental con- 
ditions it is quite clear that the effects of pH on the ki values for (11) and (111) are 
primarily the result of changes in K,. The K, values progress over about a four-fold 
range for (11) and a ten-fold range for (111) whereas for each the k, values vary no 
more than two-fold. Though not of the same order of magnitude, our observations 
on the effect of pH on K, are not unlike the effect of structural changes on K, as 
observed by Nishioka et a1.26 and O’Brien et a/.,’ Nishioka observed that changes 
in substituents in 53 phenyl N-methyl carbamates produced lo3 to lo4 changes in 
K, which were accompanied by a less than ten-fold change in k,. One explanation 
is that changes in the protonation of carbamates (11) and (111) produce effects on 
AChE inhibition by a mechanism(s) similar to the mechanism(s) for changes in 
AChE inhibition resulting from alterations in the electronic, steric, and hydrophobic 
properties of substituents. 

The role of chiral centers in organophosphorus inhibitors in irreversible cholin- 
esterase inhibition was first suggested in 1955 by Michel.28 The multiplicity of studies 
in this area in subsequent years have been nicely chronicled by de Jong and Benschop 
in a 1988 review article.29 Curiously, not even this rather extensive literature 
documents a pH profile for an organophosphorus inhibitor with a chiral center. 

The literature on cholinesterase inhibition studies using carbamates containing a 
chiral center is much more limited. In 1970 Dale and Robinson reported that both 
( + )-physostigmine and ( + )-physovenine had lower erythrocyte AChE inhibiting 
activities than the corresponding ( - )-isomers.30 Sixteen years later Brossi et al. 
showed that ( +  )-physostigmine is a poorer inhibitor of eel AChE than natural 
( - ) -phy~ost igmine.~~ Atack3, expanded these studies in 1989 and found the same 
to be true for human cortex, caudate, and erythrocyte AChE, as well as human cortex 
and plasma BuChE. Bores et ~ 1 . ~ ~  prepared the ( R ) -  and (S)-1-methylbenzyl 
derivatives of ( - )-physostigmine and found that at pH 7.2 and 37°C the ( R ) - ‘  isomer 
was a 5 times better inhibitor of rat striata AChE and a 28 times better inhibitor of 
human serum BuChE. As the resulting ( -  )-physostigmine derivative each have two 
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290 C.N. LIESKE et al. 

optical centers, the compounds they studied were the ( +  )(  - )- and ( -  )( - )- 
isomers. Their results contrast with our studies on the derivatives of 5- (  1,3,3- 
trimethylindolinyl )N,N-dimethylcarbamate prepared from the same optically active 
isocyanates. We found that with eel AChE the inhibition potencies for (11) and (111) 
were very similar over the pH-range of 6.0 to 9.0 (Figure 2). 

Our results reflect the first pH profiles for enantiomorphs of an AChE inhibitor. 
They are quite different from the results obtained by Bores at pH 7.2. Unlike Bores’ 
carbamates, which contain an optical active center in both the carbamylating moiety 
and the leaving group, with (11) and (111) we are dealing with only a single optical 
center in each that is located in the carbamylating moiety. A recent excellent 
publication by Sussman et identifies the active site of an AChE as lying near 
the bottom of a deep and narrow gorge. The conventional simplistic picture’9323 of 
a negatively charged ‘anionic site’ is replaced by 14 aromatic residues that line the 
gorge. Possible participation by this many residues in the binding of inhibitors with 
multiple stereoisomers and/or conformers precludes a simple model of enzyme 
reactivity. 
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