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— 1.8° in ethanol,15 thus leaving 300 mg in the cyclodextrin. 
Since we measured for optically pure (J?)-(+)-3-methylcy-
clohexanone [a]o +13.4°, in the same solvent16 

7 = V2[I + 1.8/13.4(550/300 - I)] = 0.56 

and p' = 1.7 ± 0.25 at 20 0 C. This result can be compared to 
the value determined by ESR for the related biradical. 

Conclusion 

Evidence has been given by ESR for the selective inclusion 
in /3-cyclodextrin of one of the two enantiomers of an optically 
active paramagnetic molecule. The two association constants 
have been determined. For paramagnetic molecules this 
method is more rapid and requires a smaller amount of ma
terial than the same determination by precipitation. The se
lectivity in the complexation is the same order of magnitude 
for racemic 3-methylcyclohexanone and the cognate racemic 
biradical. This is consistent with a chiral recognition based on 
the 3-methylcyclohexane residue in both compounds. 

Introduction 

The transfer of an intact methyl group from a suitable donor 
to a suitable acceptor is a vitally important biological process. 
With the exception of the role played by 5-methyltetrahy-
drofolic acid in methionine biosynthesis,1 the universal donor 
of intact methyl groups is S-adenosylmethionine (AdoMet).2 

AdoMet is an important cofactor for enzymes that methylate 
a diverse array of nucleophilic acceptors within the cell (i.e., 
DNA, RNA, proteins, biogenic amines, etc.)3 and has been 
implicated, by the fact that it may promote elevated levels of 
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potentially psychotogenic methylated amines, as a potential 
causative agent in schizophrenia.4 

Following a series of kinetic studies on catechol 0-methyl-
transferase (COMT, EC 2.1.1.6), Coward and co-workers 
postulated that one of the two hydroxyl groups of a suitable 
catechol substrate could function as an intramolecular general 
base catalyst to facilitate methylation by AdoMet of the other 
hydroxyl group.5 The proposed mechanism is shown below for 
this methylation. Also shown below is a possible mechanism 
involving intramolecular general base catalysis in the meth-
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Abstract: The cw-cyclopentanol derivative, 1, was synthesized as a model for the O-methylation of ribose of tRNA, as cata
lyzed by tRNA 2'-0-methyltransferase. The decomposition of 1 in oxyanion buffers was studied over a wide pH range, at 25 
and 40 0C. This reaction exhibits a plateau rate at low pH (£ROH) and a hydroxide dependence at higher pH, associated with 
£:RO-. Thermodynamic data gathered from a study of &ROH and &RO- at five temperatures (25-40 0C) gave AS* = -15 eu 
for the &ROH reaction and — 3.7 eu for the &RO- reaction. Kinetic studies and product,analysis data for the reaction of 1 lead 
to the conclusion that 1 cyclizes in an intramolecular fashion to give cw-2-oxabicyclo[3.3.0]octane (3) and p-nitrothioanisole 
(12) in a reaction which is catalyzed by the added buffer base. The fact that the trans analogue, 2, which cannot undergo intra
molecular alkylation, is inert in oxyanion buffers rules out any participation by buffer base in an intermolecular reaction. 
When the reaction of 1 is carried out in amine buffers, however, both />-nitrothioanisole and (2-m-hydroxycyclopentyl)ethyl 
p-nitrophenyl sulfide (4) are detected in the reaction mixture by high-pressure liquid chromatographic (LC) analysis. The 
amount of each compound formed is dependent upon the amine used, the total buffer concentration, and the ratio of basic to 
acidic buffer species. When 2 reacts in amine buffers, p-nitrothioanisole and (2-trans- hydroxycyclopentyl) ethyl /7-nitrophenyl 
sulfide (5) are formed, but the product ratios (5:12 = ca. 9:1) are not dependent on buffer concentration, as with the reaction 
of 1. Such product analysis data, as well as a comparison of the rates of reaction of 1 with those of other sulfonium compounds, 
indicate that amine buffers preferentially effect nucleophilic demethylation rather than function as general base catalysts, as 
do the oxyanions. A /3 value of 0.27 is obtained for all oxyanions and amines studied, with the exception of imidazole. No 
nucleophilic catalysis by imidazole of the demethylation of 1, 2, or dimethyl-p-nitrophenylsulfonium perchlorate (6a) could 
be demonstrated. 
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ylation of the 2'-hydroxyl of tRNA by tRNA methyltrans-
ferase (tRNA-MT, e.g., EC 2.1.1.34). 

H—O 

COOH 

COMT 

tRNA-MT 
In order to test the feasibility of such a proposal, a series of 

compounds has been developed as models for both inter- and 
intramolecular transalkylations from a sulfonium to a nucle-
ophile.6 The goal of such studies has been to obtain a model 
compound containing both a sulfonium moiety and a nucleo-
philic (hydroxyl) group suitably positioned in relation to one 
another so that catalysis by added general bases would create 
a situation leading to a facile intramolecular alkylation of the 
nucleophile. Compound 1 has been synthesized (Scheme I) as 
a model for tRNA-MT, and the reaction of 1 and its trans 
isomer 2 with added bases has been studied.7 

HO. 

HO 
,CH1 

s PhNO, 

+ .CH3 

PhNO2 
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In this paper, we describe our findings on the different modes 
of buffer catalysis at sp3 carbon, wherein oxyanion buffers 
catalyze the expected ring closure reaction of 1 to form p-
nitrothioanisole and the bicyclic ether 3, whereas amine buffers 
effect an intermolecular dealkylation to give primarily the 
thioether 4 (Scheme II). For comparative purposes, the kinetics 
of the intermolecular reactions of amines with three p-nitro-
phenylsulfonium compounds, 6, has also been studied. The 
synthesis of a phenolic analogue as a model for COMT has 
recently been completed, and kinetic studies of its reactions 
will be the subject of a future publication. 

Experimental Section 

Preparation of Sulfonium Salts (6). The dimethyl- and diethyl-p-
nitrophenylsulfonium salts (6a8 and 6c, respectively) were prepared 
by alkylation of the appropriate thioether precursor (obtained by 
treating 4-nitrothiophenol in NaOEt with either CH3I or C2H5I) using 
methyl or ethyl iodide and AgC104, according to the procedure of 

Coward and Sweet.8 6c, Anal. Calcd for Ci0H14NO6SCl: C, 38.53; 
H, 4.53; N, 4.49; Cl, 11.37. Found: C, 38.50; H, 4.62; N, 4.42; Cl, 
12.23; mp 81-82 0C. 

The ethylmethyl-p-nitrophenylsulfonium salt 6b was prepared 
by alkylating the thioether precursor (p-nitrothioanisole) with 
triethyloxonium tetrafluoroborate (Aldrich Chemical Co.) in meth
ylene chloride according to the method of Bohme and Krack.9 6b, 
Anal. Calcd for C9H12NO2SBF4: C, 37.92; H, 4.24; N, 4.93. Found: 
C, 38.40; H, 4.33; N, 4.83; mp 81-82 0C. 

2-Oxocyclopentylethanol Ethylene Ketal (8) and Tosylate (9). 
Ethyl-2-oxocyclopentylacetate ethylene ketal (7) was reduced with 
LiAlH4 in ether as previously described.10 The alcohol 8 had the fol
lowing characteristics: bp 101-105 0C (0.5 mm); NMR (CDCl3) 5 
3.88 (4 H, singlet, ketal protons), 3.60 (2 H, triplet, methylene protons 
adjacent to OH), 2.94 (1 H, broad singlet, OH), 1.8-1.2 (9 H, broad 
multiplet, ring protons and other methylene protons of side chain). 
The conversion of 8 to the tosylate 9 was carried out using the proce
dure of Lok and Coward.12 The ketal tosylate obtained as a clear oil 
after high-vacuum drying had the following NMR (CDCl3) charac
teristics: 5 7.70, 7.22 (4 H, 2 sets of doublets, aromatic protons), 4.04 
(2 H, triplet, methylene protons adjacent to oxygen; note shift com
pared to pattern observed with 8), 3.79 (4 H, singlet ketal protons), 
2.41 (3 H, singlet, p-CH3), 1.9-1.3 (9 H, broad multiplet, ring protons 
and other methylene protons of side chain). 

l-(2-Oxoeyclopentyl)-2-p-nitrothiophenylethane Ethylene Ketal 
(10). The ketal tosylate 9 was reacted with 4-nitrothiophenol in sodium 
ethoxide according to the general procedure of Waldron and Reid.'' 
The resulting ketal thioether 10 was purified by preparative TLC 
(silica gel; hexane-EtOAc, 3:1). The oily material eluted (CHCl3) 
from the TLC plate had the following NMR (CDCl3) characteristics: 
5 8.02, 7.20 (4 H, 2 sets of doublets, aromatic protons), 3.81 (4 H, 
singlet, ketal protons), 3.00 (2 H, triplet, methylene protons adjacent 
to sulfur; compare with 8 and 9), 2.0-1.3 (9 H, multiplet, ring protons 
and other methylene protons of side chain). 

l-(2-Oxocyclopentyl)-2-p-nitrothiophenylethane (11). The ketal 
sulfide 10 was converted to the keto sulfide 11 by the procedure of Lok 
and Coward12 to give a yellow oil which solidified upon standing. The 
NMR (CDCl3) had the following characteristics: & 8.02, 7.21 (4 H, 
2 sets of doublets, aromatic protons), 3.08 (2 H, triplet, methylene 
adjacent to sulfur), 2.4-1.4 (9 H, broad multiplet, ring protons and 
other methylene protons of side chain). Anal. Calcd for Ci3HiSNO3S: 
C, 58.92; H, 5.73; N, 5.30; S, 12.15. Found: C, 58.71; H, 5.78; N, 5.31; 
S, 11.95. 

Reduction of 11. The preparation of the desired alcohols 4 and 5 
was accomplished by reducing the keto sulfide 11 with either NaBH4, 
as described by Lok and Coward,12 or by using aluminum isopropoxide 
(Meerwein-Ponndorf reaction), as described by Macbeth and Mills.13 

Sodium borohydride reduction of 11 yielded predominantly the trans 
isomer 5, as determined by recovery of the products from preparative 
TLC plates (trans:cis = 4:1), while isopropoxide reduction gave largely 
the cis isomer 4 (cis:trans = 3.5:1). The NMR (CDCl3) characteristics 
of 4 (cis) are: 5 8.08, 7.28 (4 H, 2 sets of doublets, aromatic protons), 
4.21 (1 H, singlet CH), 3.09 (2 H, triplet, methylene adjacent to 
sulfur), 2.1-1.1 (10 H, broad multiplet, ring protons and other 
methylene groups of side chain). The NMR spectrum of the trans 
alcohol 5 is identical with that of 4 with the exception that the singlet 
for the methine proton is at 3.83 instead of 4.21.14 Anal. Calcd for 
CnHi7NO3S: C, 58.40; H, 6.41; N, 5.24; S, 11.99.4, Found: C, 58.26; 
H, 6.16; N, 5.31; S, 12.16. 5, Found: C, 58.62; H, 6.54; N, 5.18. 

Preparation of Sulfonium Salts la,b, and 2a,b. Methylation of 4 and 
5 to give la and 2a, respectively, was carried out using CH3I and 
AgBF4 in toluene and methylene chloride, as described by Lok and 
Coward.6 Ethylation of 4 and 5 to give lb and 2b, respectively, was 
performed according to the procedure of Bohme and Krack9 using 
triethyloxonium tetrafluoroborate in methylene chloride. These sul
fonium salts were not isolated but stored in aqueous solution in the 
cold. For kinetic experiments an aliquot of one of these solutions, 
sufficient to give a final substrate concentration of ca. 10 -4 M in the 
buffer medium, was used. The concentration was estimated from the 
extinction at the Xm3x of the sulfonium salt (ca. 250 nm) in water.8 

c/s-2-Oxabicyclo[3.3.0]octane (3). The reduction of 2-cyclopen-
tene-1-acetic acid (Aldrich Chemical Co., 98%, used without further 
purification) to the corresponding alcohol was carried out using 
LiAlH4 in ether as previously described.15 This alcohol was then 
converted to 3 using the method of Moon and Waxman.16 The product 
was isolated by distillation (bp 55-61 0C (33-36 mm); lit. bp 49-50 
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0C (28 mm)) and shown to be pure by GC/MS analysis. 
Cis (14) and Trans (15) Isomers of l-(2-Methoxycyclopentyl)-2-

p-nitrothiophenylethane. The keto sulfide 11 was reduced in TFA/ 
methanol (3:1 mole ratio) using triethylsilane (Pflatz and Bauer) 
according to the procedure given by Doyle et al.17 Following workup, 
the products were partially purified using preparative silica gel TLC 
(hexane-EtOAc, 3:1). Using this system, however, complete resolution 
of two bands (i?/0.60 and 0.68) could not be achieved. The NMR 
(CDCI3) spectrum of the upper band had the following characteristics: 
5 8.10, 7.24 (4 H, 2 sets of doublets, aromatic protons), 3.65 (1 H, 
singlet, CH), 3.23 (3 H, singlet, OCH3), 3.03 (2 H, broad triplet, CH2 
adjacent to S), 2.15-1.20 (9 H, broad multiplet, ring protons and other 
CH2 of side chain). The NMR of the material eluted from the lower 
band had essentially the same characteristics, with the exception that 
a broad multiplet (integrating for 2 H) was present at 8 3.70 instead 
of the singlet at 5 3.65 seen in the spectrum of the sample from the 
upper band. Therefore, it is not possible to differentiate the cis (14) 
from the trans (15) isomer by NMR. High-pressure liquid chroma
tographic (LC) analysis (ODS, see below) indicated that the upper 
band was pure, the only peak having a retention time of 85 min (50% 
MeOH/H20 mobile phase; flow = 0.6 mL/min). The lower band 
appeared to be ca. 75% pure, its chromatogram containing a pre
dominant peak having a retention time of 78 min and 2 smaller peaks 
having retention times of 45 and 50 min. The latter values approxi
mately correspond to those obtained for the cis and trans alcohols, 4 
and 5. As noted previously,17 alcohols are often byproducts of this type 
of synthesis. Anal. Calcd for C14Hi9NO3S: C, 59.76; H, 6.81; N, 4.98; 
S, 11.40. Upper band, Found: C, 59.69; H, 6.96; N, 5.08; S, 11.15. 

Kinetics. Inorganic salts were of reagent grade and used without 
further purification. The preparation of /e/-/-butylphosphonic acid 
was carried out according to the procedure of Crofts and Kosolapoff.18 

Amines were distilled over barium oxide before use, or, when amine 
hydrochlorides were used, recrystallized before use. All buffers used 
in the course of these kinetic experiments were prepared in double 
distilled water and the ionic strength of all buffers was maintained 
at 1.0 M with potassium chloride. All kinetic experiments were per
formed in aqueous media at temperatures ranging from 25 to 40 0C. 
Under these conditions all buffers were stable and showed no pH 
change at a particular temperature, as would be expected from 
evaporation of volatile buffer species (e.g., amines). Kinetic experi
ments were carried out on a Gilford Model 25 spectrophotometer 
equipped with a thermostated sample chamber which was maintained 
at desired temperature by means of a circulating water bath. The pH 
and temperature of each buffer were determined at the beginning and 
end of each kinetic run. Spectral scans of the products of a kinetic 
experiment were performed on a Cary Model 15 spectrophotometer. 
A kinetic experiment was defined as complete after it had proceeded 
ca. 10 half-lives. 

Kinetic experiments were performed in 3-mL quartz cuvettes and 
initiated by the rapid addition of the substrate (sulfonium salt) to a 
preequilibrated buffer solution at the desired temperature. Each ex
periment was carried out using a fixed ratio of basic to acidic buffer 
species, but with three different total buffer concentrations (^= 1.0 
M with KCl). Typically, the concentration of the substrate in the 
buffer solution was ca. 1O-4 M. Reactions were followed by moni
toring the increase in optical density at 350 nm, indicative of formation 
of a thioether from the corresponding sulfonium compound (Xmax ca. 
250 nm). Under the pseudo-first-order conditions of these experiments, 
a plot of In (Aa, — A1) vs. time was linear over at least 3 half-lives, 
giving /ccbsd (s~') as the slope of the line. A secondary graphing of &0t,sd 
vs. total buffer concentration gave, as>> intercept ko (s - ' ) and, as the 
slope, kBT (s_1 M - 1). indicating the degree of catalysis by both the 
acidic and basic components of the buffer mixture. Further analysis 
of the kinetic data yielded the necessary data to construct Brdnsted 
and Arrhenius plots.19 

The analysis of products of a kinetic experiment was performed 
using high-pressure liquid chromatography (LC). All LC analyses 
were carried out using a system comprised of the following compo
nents: Milton Roy Mini-Pump with a maximum pressure of 5000 psig, 
an Altex analytical UV detector, an Altex analytical optical unit 
equipped with a 340-nm filter, and a Linear recorder. A Whatman 
Partisil PXS 10/25 ODS reverse phase column was used for all ex
periments. For elution, 50% methanol-water was found to give the 
best separation of the required compounds. The products formed 
during a kinetic experiment were identified by comparing their re
tention times with those of known compounds, under identical con-

Scheme I 
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a, R = CH3 

b, R = C2H5 

ditions. Aliquots from a kinetic experiment (ca. 10-20 /itL) were in
jected directly onto the LC column. 

Results 

The syntheses of 1 and 2 were effected by the reactions 
shown in Scheme I and are described in detail in the Experi
mental Section. 

The decomposition of la in aqueous oxyanion buffers (ac
etate, phosphate, borate, tert-butylphosphonate, hexafluoro-
2-propanol, carbonate, and hydroxide) was studied over a wide 
range of pH at various temperatures. This buffer-catalyzed 
decomposition proceeds according to Scheme II (£GB)- In 
contrast to the behavior of the cis alcohol la, the trans alcohol 
2a is completely inert under the same reaction conditions. 
Figure 1 shows the pH-rate profiles for the decomposition of 
la at 25 and 40 0C in aqueous oxyanion buffers. These profiles 
fit a general rate law (eq 1): 

(D ko = ^ H 2 O + ^OH-[OH-] 

where ko is the observed rate constant (&0bsd) extrapolated to 
zero buffer concentration, which is pH independent from pH 
4.7 to ca. 9-10. In this latter region, a transition occurs from 
the pH-independent rate to a strongly pH-dependent one (slope 
= 1.0) associated with the koH- term in eq 1. The apparent 
A: n2o and /CQH- terms ineq 1 are, however, due to the presence 
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-5-

o 40° 
. 25° 

Figure I. pH-rate profiles for the decomposition of la in aqueous oxyanion 
buffer solutions at 40 and 25 0C. At pH greater than 11, pH = p/Cw + log 
[OH-]. 

Scheme II 

H ^ / ^ X ^ + R—nuc 

OH S 

^X. 
H 

r 
^ 

K a . . - H * + 

NO, 

R — CH3, C2H5 

of the secondary hydroxyl group of la. While intramolecular 
participation of the hydroxyl group of the trans alcohol 2a is 
impossible, 2a could undergo the usual intermolecular lyate 
reactions normally associated with the ^H2O and &OH- terms. 
The fact that 2a is inert under these conditions is consistent 
with this interpretation of the apparent k H2O and /CQH- terms. 

-4 .0 

3.10 3.20 3.30 3.40 

Figure 2. Arrhenius plot constructed from the data given in Table I: open 
circles, AROH; closed circles, /CRO-. 

Additionally, the /COH- terms obtained for the reaction of la, 
at temperatures ranging from 25 to 40 0C (see Table I), are 
much larger than the kon- values obtained previously with 
other sulfonium compounds at higher temperatures.8 These 
kOH- values are also about 102 higher than that which would 
be predicted from a Br^nsted plot if hydroxide were acting as 
a general base (see below). 

These data are consistent with a rate law of the type given 
in eq 2: 

k0 = k ROH 
«H 

Ka +at 
+ k R O -

K, 
Kz+ a 

(2) 

where Ka refers to the dissociation constant of the secondary 
alcohol of la. It has been difficult to estimate a pA"a for this 
alcohol at a temperature other than 25 CC due to a lack of data 
in the literature dealing with the variation of p/Ta with tem
perature for secondary alcohols. Data given by Cohen and 
co-workers20 indicate a pKa of 16.57 for 2-propanol at 25 0C, 
obtained by an evaluation of the carbonyl stretching frequency 
of its 3-phenylpropionate ester. Earlier, Murto21 presented a 
pA"a of 18.1, based on kinetic measurements. Thermodynamic 
data (A// values) have been given by Briere and colleagues22 

for the pÂ a change of methanol between 18 and 37 0C and for 
that of ethanol between 20 and 25 0C. Using the p£a value 
given by Cohen et al. (16.57 at 25 0C) and the AH values of 
Briere et al., a pKa of ca. 16.2 has been calculated for 2-pro
panol at 40 0C. A linear relationship was assumed to hold 
between these temperatures, thus giving the values at other 
temperatures (Table I). These values were applied to the hy
droxyl group of la and used to calculate &RO- at each tem
perature studied, according to eq 2. In Table I are listed the 
values of £ROH ( S - 1 ) . apparent &OH- ( s - ' M - 1) , and &RO-
(s_1) evaluated for the reaction of la with oxyanion buffers 
at various temperatures from 25 to 40 0C. An Arrhenius plot 
of these data (&ROH and /CRO-) is shown in Figure 2. Such a 
plot allows the calculation of £ a for both the alcohol rate 
(&ROH) and alkoxide rate (&RO~). From £a, values for AG*, 
A//*, and AS* may be obtained. These thermodynamic pa
rameters are given in Table II. 

In addition to the oxyanion buffers mentioned above, the 
decomposition of la was studied in the presence of various 
amine buffers at 40 0C. A comparison of kinetic constants 
obtained for the reaction of la and several related compounds 
in the presence of a representative oxyanion (phosphate) and 
amine (/V-methylmorpholine) buffer at 40 0C is shown in 
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Table I. Rate Constants Obtained for the Decomposition of la at 
Various Temperatures in Aqueous Solution" 

-3 

T, 0 C 

25 
29 
31 
34 
36.5 
40 

pK,» 

16.57 
16.45 
16.39 
16.30 
16.23 
16.13 

I O5AROH, S-' 

0.50 
1.05 
1.27 
1.80 
2.64 
3.59 

102A0H-, 
s - ' , M - ' 

2.32 
2.73 
3.51 
4.68 
4.86 
8.13 

^ R O - . S ' 

8.63 
10.50 
12.88 
17.93 
18.90 
31.23 

. 4 

, / k \ 
I 0 9 ( J B ) 

" All values are an average of at least three determinations. The 25 
and 40 0 C values were obtained by a "best-fit" to either eq 1 or 2, over 
the entire pH profile. At other temperatures, AROH values were ob
tained from the plateau rates observed in phosphate buffer, at three 
different buffer ratios (pH 6.60, 7.20, and 7.60), while ARO- and AOH-
were calculated from eq 1 and 2 from rates obtained in hydroxide 
solution (5 X 10 _ 3 -10 _ l M). * Values of pKa at the various temper
atures were calculated as described in the text. 

Table II. Thermodynamic Parameters Calculated for the 
Decomposition of la in Aqueous Solution" 

parameter 

£., 
AH* 
AG* 
AS*h 

alcohol reaction, 
AROH, kcal/mol 

23.11 
22.52 
26.99 

- 1 5 

alkoxide reaction, 

ARO -, kcal/mol 

15.67 
15.13 
16.13 

-3 .7 

" Calculated from Arrhenius plots (Figure 2). * AS* given in 
cal/deg-mol. 

-6 

-7o : 

8 IO 

PKc •«4p) 
Figure 3. Brylnsted plot constructed from the data given in Table IV. Open 
circles are points for oxyanion buffers; closed triangles are points for amine 
buffers. The line drawn (S = 0.27) is the best fit of the data with points 
1, 6, and 10 omitted. Statistical corrections, according to the procedure 
of Bell,39 have been applied to the values given in Table IV for buffers 2, 
3,4,7, 11, and 13. 

Table III. Within this table a number of interesting compari
sons should be noted. While the trans isomer 2a is inert to 
phosphate, it reacts with iV-methylmorpholine with a sec
ond-order rate constant, AB, which is similar to that for the 
reaction of /V-methylmorpholine with the cis isomer la. The 
m-ethylsulfonium compound lb is similarly decomposed in 
phosphate buffer (but with a lower &ROH and k% than the 
cis-methylsulfonium la; see Discussion). The ethyl analogue, 
lb, shows a lesser sensitivity to 7V-methylmorpholine concen
tration (lower AB) than does la. Note that the pH-independent 
rates (AROH) for the cis isomers, la (3.6 X 1O - 5S - 1 , 3.4 X 1O-5 

s _ l ) and lb (2.1 X 1O - 5 S- ' , 2.2 X 1O-5 s~')> are essentially 
the same in both the amine and oxyanion buffers. The AB for 
the reaction of/V-methylmorpholine with the trans isomer 2b 
is similar to that for the reaction of the cis isomer lb and, as 
seen with 2a, 2b is inert to phosphate buffer. Compounds 6a, 
6b, and 6c, which do not react in phosphate buffer, are inter
esting in that they allow one to compare the ability of N-
methylmorpholine to attack a carbon of a methyl or ethyl 
group adjacent to a sulfonium pole (compare ABS). This dif
ference should be noted and compared to the AB differences 

^-^CH S ^ 
CH3 

CH3 

o>"^Q- Y 
CH3 

C2H5 

CIO,' BF4" 

Sa 6b 

O2N ST 
C2H5 

/ 

ClO4
-

6c 

shown for the reaction of the ethyl series (lb, 2b) vs. the methyl 
series ( la , 2a) in iV-methylmorpholine. 

Table IV lists the oxyanions and amines employed in this 
study and the AB values obtained for the decomposition of la 
in each buffer. From these data the Br^nsted plot shown in 
Figure 3 (/3 = 0.27) for both oxyanions and amines was con
structed. 

The fact that the trans alcohol 2a, as well as the sulfonium 
compounds 6a, 6b, and 6c, reacted with amine buffers indi-

Table III. Kinetic Constants for the Reaction of Selected Compounds with Either Phosphate (pA"a = 6.59) or A'-Methylmorpholine (pA"a 
7.62) Buffers at 40 0C (1.0 M Ionic Strength) 

compd" 

la 
2a 
lb 
2b 
6a 
6b 
6c 

1O 5 AROH 1 S- ' 

3.55 
~0.02 

2.12 
~0.01 
~0.005 
~0.02 
~0.01 

phosphate 
105A8, s

- 1 M - 1 

10.74 
<0.01 

3.98 
<0.01 
<0.01 

0.001 
0.01 

typ« ofcatal* 

G.B. 

G.B. 

10 5 A:ROH,S- ' 

3.38 
0.01 
2.21 
0.02 
0.01 
0.03 
0.005 

/V-methylmorpholine 
105A8, s - ' M - ' 

10.50 
7.52 
0.87 
0.89 

17.36 
4.83 
0.68 

type of catal6 

nuc 
nuc 
nuc 
nuc 
nuc 
nuc 
nuc 

" Refer to eq 3 for the structures of la, lb, 2a, and 2b and to the Discussion for the structures of 6a, 6b, and 6c. * G.B., general base catalysis; 
nuc, nucleophilic catalysis. 
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Table IV. Second-Order Rate Constants (fcB) for the 
Decomposition of la in Various Buffers at 40 °C 

no." 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

buffer 

water 
acetate 
phosphate 
rer/-butylphosphonate 
borate 
hexafluoro-2-propanol 
carbonate 
N.O-dimethylhydroxylamine 
TV- methylhydroxylamine 
imidazole 
ethylenediamine 
TV- methylmorpholine 
hydrazine 
morpholine 
ethanolamine 
cyclohexylamine 
/j-butylamine 

P*a* 

-1.74 
4.77 
6.59 
8.35 
8.63 
9.18 
9.75 
4.73 
6.02 
6.85 
7.06 
7.62 
7.95 
8.16 
9.32 

10.10 
10.34 

* B , S - ' M-1 

9.01 X 10-8 

1.78 X 10-5 

1.07 X 10-" 
5.07 X 10-5 

1.72 X 10-4 

1.16 X 10~4 

5.90X 10-4 c 

1.57 X 10~5 

5.89 X 10-5 

<io-6 

4.56 X 10-5 

1.05 X 10-4 

8.85 X 10-5 

1.10 X 10-4 

9.94 X 10-5 

4.84 X 10-4 

4.02 X 10-4 

" Numbers refer to the Br^nsted plot, Figure 3. * The pH of a so
lution containing a 1:1 ratio of acidic to basic buffer species, at 40 0C 
(1.0 M ionic strength). c pH changes of up to 0.4 unit were observed 
upon dilution of this buffer with KCl, leading to some uncertainty in 
the value of the &B obtained. 

cated that the decomposition of la in those buffers was prob
ably not as simple as originally described for oxyanions.7 In 
light of the facts that /CB for the reaction of 6c with iV-meth-
ylmorpholine is lower (ca. 25-fold) than that for the reaction 
of 6a with /V-methylmorpholine and that k% for the reaction 
of lb with /V-methylmorpholine is lower (ca. tenfold) than that 
for the reaction of la with ./V-methylmorpholine, the reactions 
shown in eq 3 were considered. This equation omits the possible 
nucleophilic attack at the methylene carbon (*) adjacent to 
the sulfonium pole, which, in view of the above considerations, 
is thought to participate only to a minor extent, if at all. This 
question was further addressed with the aid of product analysis 
as described below. 

H 

HO 

la, 
b, 

*'-

R = 
R = 

PhNO2 

R 
CH3 

C2H5 

T j - S ^ ' PhNO2 

-R 

2a, R^ 
b, R-

CH3 

C5H5 

HO' 
+ R-nuc (3) 

S—PhNO2 

4, ci's-OH 
5, frans-OH 

In order to further clarify the mechanisms of the reactions 
studied, product analyses were carried out. It was necessary 
to develop a system that could separate the following four 
thioethers (4, 5, 12, and 13). This could not be done using a 

H HO 

HO SPhNO2 H SPhNO2 

O2NPhSCH3 

12 
O2NPhSC2H5 

13 

spectral method as all four compounds possess the same Xmax 
(ca. 350 nm). The method of choice proved to be high-pressure 
liquid chromatography (LC) using a reverse-phase column 
coupled to a 340-nm filter in the detector, with elution carried 
out using 50% aqueous methanol, as described in the Experi
mental Section. All LC analyses were performed on the reac
tion mixtures of kinetic runs which had been carried out at 40 
0 C. In such a system, the sulfonium precursors of the above 
thioethers were not retained on the column but were eluted in 
the void volume. The thioethers had the following retention 
times and were thus easily differentiated: 4, 52-53 min; 5, 
48-49 min; 12, 23-24 min; 13, 31-32 min. In order to deter
mine the relative amount of each product formed in a kinetic 
reaction, the areas under the peaks on the chromatogram 
corresponding to the retention times of the standards were 
manually integrated. Standards were run on the same day and 
under the same conditions as those used for the analysis of the 
kinetic reaction mixture. 

LC product analyses of the decomposition of 1 in hydroxide 
and some oxyanion buffers showed that the thioethers 12 and 
13 (from la and lb, respectively) were the only compounds 
detected (data not shown), indicating that the decomposition 
of these compounds in oxyanion buffers proceeds as in Scheme 
II (ICGB or £ R O - ) . It should be mentioned that the other 
product of this reaction, the bicyclic ether 3, lacks a chromo-
phore and therefore could not be detected using this assay 
system. An attempt was made to establish its presence using 
a GC/MS technique, but this could not be done unequivocably, 
owing to the volatility of 3 and interference by volatile mate
rials (buffer species, impurities) in the mixture extracted from 
the kinetic runs. The fact that the trans alcohols 2a and 2b are 
inert in oxyanion buffers rules out the possibility of intermo-
lecular nucleophilic attack by the oxyanion on one of the car
bons adjacent to the sulfonium pole, and limits the decompo
sition of la and lb in those buffers to the intramolecular cy-
clization (Scheme II). 

Product analysis was performed on the mixture following 
completion of the reaction of la in several amine buffers and 
the results of these analyses are shown in Table V. Varying 
amounts of each product were detected in the reaction mixtures 
of all amines, save one. The product proportions were depen
dent upon the total buffer concentration ([B]j) and the ratio 
of basic to acidic buffer species ([B]/[BH]). The notable ex
ception among these amines is imidazole, in which case no 
evidence of intermolecular nucleophilic attack (i.e., the pres
ence of the m-thioether 4) could be detected using the LC 
system. This observation of no (or very little) nucleophilic at
tack is consistent with the unexpected position of imidazole on 
the Brclnsted plot (Figure 3) of amine nucleophiles. LC anal
yses of the products formed from the reaction of the trans al
cohol 2a with three amines are shown in Table VI. The data 
indicate that, with hydrazine and /V-methylmorpholine, 
nucleophilic attack is predominantly at the methyl carbon (ca. 
90%), and not at the methylene carbon. This agrees with pre
dictions based upon kinetic data, discussed above. 

When the reaction products of the m-ethylsulfonium lb 
with /V-methylmorpholine were analyzed (data not shown), 
it was observed that, as expected, the predominant reaction was 
intramolecular. Only about 5% of the material in the reaction 
mixture was 4, the thioether expected from intermolecular 
nucleophilic attack on the ethyl group. This observation is 
consistent with the low &B of /V-methylmorpholine in its re
action with lb, relative to that in its reaction with the cis-
methylsulfonium la (Table III). LC analysis of the reaction 
mixture following reaction of the /ra«.s-ethylsulfonium 2b with 
morpholine and /V-methylmorpholine is shown in Table VI. 
These data allow a comparison to be made between the rate 
of nucleophilic attack at an ethyl group with that of attack at 
a substituted ethyl group (in this case at the end of a longer 
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Table V. High-Pressure Liquid Chromatogrs 
40 0 C (Ionic Strength 1.0 M) 

buffer P^a [B]/[BH]* 

iphic 

[B] 

Analyses of the React: 

T, M* 
%" 

12 4 

ion Mixture Following 

buffer 

»the Reaction of la 

P^a [B]/[BH]» 

with Amine 

[B]T, M* 

Buffers at 

%" 
12 4 

A'.O-dimethylhydroxyl- 4.73 1/1 
amine 

3/1 

1.0 

imidazole 

9/1 

6.85 1/1 

3/1 

9/1 

A-mcthylmorpholine 7.62 1/1 

3/1 

9/1 

hydrazine 7.95 1/1 

3/1 

0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 

87 
97 
81 
93 
97 
85 
79 
81 

100 
100 
100 
100 
100 
100 
100 
100 
100 
76 
87 
95 
86 
89 
94 
85 
89 
93 
89 
92 
97 
79 
85 
92 

13 
3 

19 
7 
3 

15 
21 
19 

N.D. 
N.D. 
N.D. 
N D . 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 

24 
13 
5 

14 
11 
6 

15 
I I 
7 

11 
8 
3 

21 
15 
8 

morpholine 

cthanolamine 

cyclohexylamine 

H-butylamine 

8.16 

9.32 

10.10 

10.34 

9/1 

2/1 

9/1 

1/1 

3/1 

9/1 

1/1 

3/1 

9/1 

3/1 

9/1 

1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 

58 
77 
88 
39 
52 
47 
29 
50 
71 
68 
84 
70 
65 
66 
84 
58 
74 
68 
85 
90 
95 
84 
94 
97 
86 
95 
98 
71 
78 
95 
83 
84 
97 

42 
23 
12 
61 
48 
53 
71 
50 
29 
32 
16 
30 
35 
34 
16 
42 
26 
32 
15 
10 
5 

16 
6 
3 

14 
5 
2 

29 
22 

5 
17 
16 
3 

" Products detected. These columns indicate the relative percentage of each compound detected by LC, as determined by measuring the area 
beneath the peak having a retention time equal to that of an authentic sample. * These columns indicate the ratio of basic to acidic buffer species 
([B]/[BH]) and the total buffer concentration [B]T-

Table VI. Hi 
4 0 0 C (Ionic 

substrate 

gh-Pressure Liquid Chromatographic Ana 
:Strenglh 1.0 M) 

buffer P*a 

ilyses of the Product Mixtures foil 

[B]/[BH]« 

owing 

[B]T, 

Reaction of 2a and 2b in Amine Bi 

M" 
products detected,' 

12 13 

iffers at 

3 % 
5 

2a A'-methylmorpholine 

2a hydrazine 

2a imidazole 

2b A'-methylmorpholine 

2b morpholine 

7.62 

7.95 

6.85 

7.62 

8.16 

9/1 

9/1 

9/1 

9/1 

9/1 

1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 
1.0 
0.5 
0.2 

10 
11 
9 

10 
9 

12 
14 
20 
21 

10 
7 
9 

12 
20 
17 

90 
89 
91 
90 
91 
88 
86 
80 
79 
90 
93 
91 
88 
80 
83 

" For an explanation of these columns, see Table V. 

chain which includes the cyclopentyl ring). If the two "ethyl" 
groups were equivalent, one would expect an equal mixture of 
the two possible products to be formed. The results obtained 
(80-90% of the product formed arose from abstraction of the 
unsubstituted ethyl group) indicate that these carbons are not 
equivalent. Similar LC analyses of the products (data not 
shown) were obtained from reactions of the sulfonium salts 6a, 
6b, and 6c with 7V-methylmorpholine. The results from the 

reaction of 6b confirm the previous observations that nucleo-
philic attack on a methyl group adjacent to a sulfonium pole 
is favored over such attack on an ethyl group. 

Discussion 

The kinetic data as well as the product analyses presented 
above are consistent with the proposal that, in the presence of 
oxyanion buffers in aqueous solution, the decomposition of 1 
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is the subject to general base catalysis. As previously indicated, 
the slopes of plots of A;0bsd vs. total buffer concentration are 
quite sensitive to the concentration of the basic buffer species. 
A solvent isotope effect for the decomposition of la at 25 0 C 
in oxyanion buffers was found to be close to unity, ^ H 2 O / ^ D 2 O 
= 1.37.7 These findings plus the product analysis data, which 
give no indication of nucleophilic attack (i.e., neither methyl 
abstraction from la nor ethyl abstraction from lb), suggest 
that the oxyanions are acting as general base catalysts to 
promote the intramolecular S N 2 attack as depicted in Scheme 
II (^GB)- The same analysis and conclusion hold for the ethyl 
analogue lb. Under conditions (oxyanion buffers, 40 0C) 
where la and lb are readily decomposed to the sulfides 12 and 
13, the trans alcohols 2a and 2b, as well as the simpler sulfo-
nium salts 6a, 6b, and 6c, are all inert (no decomposition de
tected by LC analysis of the reaction mixture). This contrasting 
behavior is further emphasized by the fact that the latter five 
compounds are not unreactive species; they are quite readily 
decomposed in aqueous solution by amine buffers (see 
below). 

This observation of general base catalysis is significant be
cause the reaction in question is an intramolecular nucleophilic 
( S N 2 ) displacement at an sp3 carbon. Many data have been 
obtained for general base catalysis of displacement at sp2 

carbon, but little is available concerning this phenomenon at 
sp3 carbon. Swain and colleagues found that the cyclization 
of 4-chlorobutanol was sensitive to general base catalysis by 
borate ion in water at 50 0 C. 2 3 The Br^nsted /3 value obtained 
by them from their limited data, 0.25, agrees with that found 
in the present work (0.27) (Figure 3). Of the oxyanions studied 
by us, only ter/-butylphosphonate deviates significantly from 
the best-fit line, presumably due to steric hindrance. It is in
teresting to note that, in a related ring closure reaction depicted 
in eq 4, Borchardt and Cohen did not find any sensitivity to 

CH3 CH; CH3 CH1 

(4) 
—OX - o x - i ^ J^ j 

"OH 

X =-SO2CH3 , -PO(OEt)2 

buffer catalysis (using carbonate, Tris, phosphate, and ace
tate).24 However, the fact that these studies were performed 
in 40% dioxane-60% H2O may make comparison with the data 
presented herein (100% H2O) difficult. It should also be noted 
that the starting materials for the above cyclization reaction 
have highly strained ground states and experience a relief of 
strain upon attaining the transition state.25 

The ring closure reaction depicted in Scheme II may be 
classified as an exocyclic process, using the terminology of 
Eschenmoser and co-workers.26 These workers found that, in 
keeping with many other studies,27 there is a fairly strict re
quirement for colinearity of nucleophile, central carbon atom, 
and leaving group in the transition state for an S N 2 reaction. 
Previous work by Lok and Coward also indicated that a strict 
colinearity was required in the transition state for nucleophilic 
attack on a methyl group.6 Inspection of a molecular model 
of la indicates that the deviation from colinearity in this 
compound is about 5° (for attack on the methylene carbon 
adjacent to the sulfonium pole, not on the methyl carbon). It 
is interesting to note that Martin and Basalay found that a 
deviation of ca. 17° was permitted for S N 2 attack on a meth
ylene adjacent to a sulfonium.28 Results with amine buffers, 
discussed below, indicate that intermolecular abstraction of 
the methyl group (nucleophilic attack by amine) of the sulfo
nium moiety of la and related compounds competes with in
tramolecular attack by the hydroxy! group at the methylene 
position adjacent to sulfur. The corresponding situation for a 

H. 
-** (5) 

CH,0 SPhNO2 

PhNO2 14 

general base catalyzed intramolecular methyl abstraction for 
la is shown in eq. 5. Inspection of molecular models indicates 
that a reaction of this sort, which would proceed through a 
seven-membered intermediate, would have to deviate greatly 
from a linear transition state in order to occur. The postulated 
product (14) of this reaction was prepared (see Experimental 
Section) for LC comparison in product analyses; no such O-
methyl ether was observed, indicating that the reaction shown 
in eq 5 does not occur under our conditions. It should also be 
pointed out that the trans alcohol 2a is inert in oxyanion buf
fers, which would not be the case if a facile intermolecular 
methyl abstraction were occurring. 

The reaction studied by Eschenmoser and colleagues, eq 6, 
was found to occur via an intermolecular, not an intramolecular 

(6) 

O = S = O O = S = O 

Ph Ph 
process. An alkylation of this type would be classified according 
to Baldwin as a 6-endo-Tet process, which is disfavored.29 The 
decomposition of la according to eq 5 is an example of a 7-
endo-Tet process, and, while not discussed by Baldwin, ap
parently is also disfavored. The intramolecular decomposition 
of la according to Scheme II, on the other hand, is a 5-exo-Tet 
process, which is favored. In their system (eq 6), Eschenmoser 
and co-workers used a ds-labeled methyl group to demonstrate 
the intermolecular nature of the alkylation. In our system 
(Scheme II), no intermolecular alkylation (methylation) re
action was detected by product analyses when the reaction was 
carried out in oxyanion buffers. 

The thermodynamic parameters, calculated from Arrhenius 
plots (Figure 2), for both the pH-independent (&ROH) and the 
pH-dependent (&RO-) rates are given in Table II. As men
tioned earlier, the parameters for &RO- must be taken as only' 
approximate owing to the uncertainty with which the pKa of 
la is known as a function of temperature. Upon formation of 
the alkoxide anion, there is a significant decrease in £ a and 
AG*, compared to the values obtained for &ROH. The favorable 
decrease in AG* is reflected by both favorable enthalpy and 
entropy changes. Since there is a significant increase (ca. 12 
eu) in AS* when /CROH is compared to /CRO-, one may say 
qualitatively that, in the pH-independent reaction, gross atomic 
rearrangements leading to a highly ordered transition state are 
involved. In the alkoxide reaction, with its A S * near O, much 
less severe atomic rearrangements are involved leading to the 
transition state. Further data will be presented31 that also in
dicate a progressive tightening of the transition state in the 
series &ROH, &GB, and /cRO-, based on secondary isotope ef
fects. 

As earlier determined, the AS* for the reaction shown in 
eq 7 is —5.0 eu,8 which is within the range for many bimolec-
ular reactions in solution.30 £ a and AG* for the pH-indepen-
dent composition of la (&ROH; Table II) are similar to those 

< K X ; -ci^-SCH3 (7) 
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obtained for the bimolecular reaction of eq 7. Qualitatively, 
these similarities indicate that the intramolecular alcohol re
action of la is more akin to a bimolecular process than is the 
intramolecular alkoxide reaction. The difference in AS* be
tween the intermolecular reaction of eq 7 and the pH-inde-
pendent intramolecular cyclization of la (&ROH) (—5 eu vs. 
— 15 eu, respectively) may be attributable to solvation effects 
on the nucleophile ( O H - vs. ROH ) as has been discussed for 
a series of lactonization reactions by Mandolini.32 He found 
that AS* for the lactonization of 4-bromobutanoic acid (in 
99% Me2SO) was —5.6 eu, while that for the corresponding 
intermolecular reaction (potassium butanoate and butyl bro
mide) was — 18.4 eu. Such an entropy difference of ca. 12 eu 
is comparable to that observed in our system. 

Page has recently presented an interesting series of corre
lations between the relative equilibrium constants for anhy
dride formation from dicarboxylic acids and those for the cy
clization of the corresponding hydrocarbons (the same analysis 
has been applied to the relative rate constants for lactonization 
of hydroxy acids vs. the rate constants for cyclization of the 
corresponding hydrocarbons).33 Such correlations demonstrate 
that variations in the relative rates or equilibria of a series of 
intramolecular reactions may be explained by the relative 
difference in strain energies of reactants vs. products, and the 
difference in entropy changes due to the loss of internal rota
tions upon cyclization. The change from a bimolecular to an 
intramolecular reaction in the case of la might be expected to 
lead to a rate enhancement (expressed as effective molarity) 
of about 105-108 M attributable entirely to such a proce
dure.33,34 The effective molarity calculated previously for the 
decomposition of la relative to the reaction occurring in eq 7 
(para nitro substituent instead of para Cl) of ca. 5 X 105 M 7 

is well within this range. 
When the decomposition of la or lb was carried out in 

amine buffers at 40 0 C, some significant differences from the 
reaction with oxyanions were noted. As indicated previously, 
all other sulfonium compounds studied, which are inert in 
oxyanion buffer, reacted readily in the presence of amines. 
From these initial observations it appeared that amine buffers 
were acting as nucleophiles by attacking an alkyl group, methyl 
or methylene, adjacent to the sulfonium pole. The kinetic ex
periments and product analyses described for the sulfonium 
salts, 6, which are inert in oxyanion buffers, were performed 
in order to have a better understanding of the possible reactions 
when the decomposition of the cis alcohols la and lb were 
studied in amine buffers. 

The dimethyl derivative 6a reacts much faster and shows 
a much greater dependence on amine concentration than do 
either 6b or 6c (6b, in turn, displays a greater rate and a greater 
buffer dependence than does 6c). The k& for the reaction of 
each of these compounds, given in Table III, indicates these 
differences in buffer concentration dependence. These kinetic 
data, in addition to LC analysis of the products formed when 
each of these compounds reacts with iY-methylmorpholine 
buffer, demonstrate that methyl abstraction is greatly favored 
(88% in 6b) over abstraction of an ethyl group. 

The abstraction of an alkyl group from these substrates is 
presumably an S N 2 process, as has been demonstrated for the 
reaction of trimethylamine with the trimethylsulfonium cat
ion.35 The S N 2 displacement of a methyl group is greatly fa
vored over that of an ethyl group, when the substrates com
pared are alkyl halides, presumably due to increased steric 
crowding in the transition state.27 Recent data by a Japanese 
group have indicated that, with sulfoniums similar to 6, the 
relative reactivities of alkyl groups attached to sulfur are 
methyl 1.0, ethyl 0.20, n-propyl 0.16, and isopropyl 0.05.36 

These data agree with those obtained for the decomposition 
of 6, i.e., preferential nucleophilic attack at methyl over 
ethyl. 

When the reaction of the trans alcohol 2a was studied in 
amine buffers, a situation similar to that noted for the above 
sulfoniums (i.e., alkyl abstraction) was observed. This com
pound, which cannot undergo a ring closure reaction as can la, 
can be attacked by added amine at the methyl carbon (path 
a) or at the methylene carbon (path b). Product analysis of the 
reaction mixture following reaction of 2a (Table VI) indicated 
that the preferred mode of attack was one leading to methyl 
abstraction, giving the sulfide 5. It should be noted that an 
intermolecular demethylation, leading to the trans-0-methy\ 
ether 15, is unlikely (see oxyanion discussion, eq 5). The re
action of 2b was studied in a similar manner. The k& for the 
reaction of this compound with TV-methylmorpholine is much 
lower than that for 2a (compare k% for 6c vs. 6b, Table III). 
Product analysis indicates that 2b, like 2a, is susceptible to 
nucleophilic attack at two positions (Table VI). Path a is 

HO HO. 

H • — s : 

2a 

.CH3 

vPhNO, 
H L _ S : 

2b 

.CH2CHQ 

^PhNO2 

preferred over path b, which indicates that the (nonethyl) 
methylene is probably closer to a larger alkyl group (e.g., 
sec-butyl or isobutyl), in terms of bulk, than to an ethyl 
group. 

The rate extrapolated to zero buffer concentration (/CROH) 
for the cis compounds la or lb is independent of the buffer used 
(amine or oxyanion). However, a slight difference in /CROH of 
3.5 X 1O - 5 S- ' for la vs. 2.2 X 1 0 - 5 s - 1 for lb has been noted 
repeatedly (Table III). In addition, phosphate ion catalyzes 
the cyclization of la, with k% ca. 2.5 times that observed with 
lb. To explain these observations, it is postulated that the 
transition state leading to ring closure of la is less sterically 
hindered than is the transition state leading to ring closure of 
lb, with its bulkier ethyl group. It can also be seen from Table 
III that the k^ for the intermolecular reaction of la, the cis-
methylsulfonium, with 7V-methylmorpholine is very similar 
to that for the reaction of the frans-methylsulfonium 2a with 
/V-methylmorpholine. The same similarity of fcgs was found 
for the corresponding ethyl derivatives, lb and 2b. 

Table IV gives the k% values for the reaction of la with a 
series of amines, and Figure 3 is a Br^nsted plot constructed 
from these data. The ft value is 0.27, the same as that seen with 
oxyanion buffers. The deviation of imidazole from this plot is 
discussed below. Three a-effect nucleophiles (hydrazine, 
/V-methylhydroxylamine, and /V,0-dimethylhydroxylamine) 
are included in this study; however, no a effect was observed. 
Previously, amines such as these have been found to show a 
large positive deviation from the Br^nsted plot (a effect) when 
acting at an sp2 center, but not at an sp3 carbon.37 

The hypothesis developed after obtaining the kinetic data 
given above was that, in the systems studied (i.e., decomposi
tion of la or lb), added amines are acting predominantly, if 
not entirely, as nucleophiles. In contrast, oxyanions act as 
general bases. The mechanism of the amine reaction was fur
ther elucidated by LC analysis of the product mixtures. These 
data are given in Table V. In general, as the buffer concen
tration ( [ B ] T ) increases the extent of nucleophilic reaction 
(demethylation), as indicated by the proportion of 4 in the 
reaction mixture, also increases, at the expense of the ring 
closure reaction. Such an increase in the product of the 
nucleophilic reaction would not be expected if the amine were 
acting in a competing general base catalyzed ring closure re
action. In the case of amines with high pA"a (cyclohexylamine 
and w-butylamine) the predominant reaction is the ring closure, 
which would be expected at the pH of these kinetic runs, as 
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they lie in the ascending, pH-dependent limb of the pH profile 
associated with £RO- (Figure 1, 40° profile). A similar analysis 
may be applied to amines of lower pA"a, such as TV-methyl-
morpholine and iV,0-dimethylhydroxylamine, which buffer 
in the pH range (4.7-8.6) where a pH-independent cyclization 
reaction (&ROH) is occurring. Added amine (an increase in 
[B]-J-), if it were acting as a general base, would not be expected 
to increase the amount of 4 formed (nucleophilic reaction) at 
the expense of the amount of 12 formed (ring closure reaction). 
The fact that the demethylation reaction never becomes pre
dominant with /V.O-dimethylhydroxylamine is consistent with 
the position of that base on the Bryinsted plot (a relatively poor 
nucleophile). Amines of intermediate pK& (hydrazine, mor-
pholine, and ethanolamine) give similar results in that the 
demethylation reaction, expecially at a [B]/[BH] ratio of 9/1, 
is increased at the expense of cyclization. All of the data col
lected for morpholine and hydrazine fall on the pH-indepen-
dent portion of the profile. Again, a large increase in the 
amount of 4 is observed, indicating a greater proportion of 
demethylation. The situation is similar with ethanolamine, 
except that ko is increasing because of the higher pH of the 
medium; general base catalysis would predict more ring clo
sure. Instead, more demethylation is occurring as [B]j is raised 
at each [B]/[BH] ratio. As mentioned above, in reference to 
compound 2a, amines may attack at either the methyl (path 
a) or methylene carbon (path b) adjacent to the sulfonium pole. 
Methylene attack apparently occurs at a rate of 10-12% of that 
at the methyl carbon, when A'-methylmorpholine and hydra
zine are the amines studied with 2a (Table V). Therefore, a 
small portion of 12 formed during the decomposition of la in 
amine buffers might be due to an intermolecular nucleophilic 
reaction (path b), and not to an intramolecular cyclization. 

As mentioned earlier, imidazole displays a significant neg
ative deviation from the Br^nsted plot. The ks value given in 
Table II is an upper limit, as a dependence of rate on buffer 
concentration cannot be clearly demonstrated, even at 1.0 M 
BT, (plots of k0bsd vs. [B]T have zero slope). Consequently, the 
cis-alcohol la decomposes in imidazole buffer at essentially 
the pH-independent rate, £ROH, which is reflected in the 
product analysis data shown in Table V (no demethylated 
material, 4, is detected). These data indicate that the only re
action occurring in this case is the buffer-independent intra
molecular cyclization of la. Imidazole is, however, capable of 
acting as a nucleophile, as shown by the product analysis of the 
decomposition of the trans isomer 2a (Table V). Methyl ab
straction (path a) predominates over methylene abstraction 
(path b), as with other amines. However, since this overall 
nucleophilic reaction occurs at a rate of ca. 10% of the &ROH 
rate for la decomposition (ks for 2a = 1.55 X 1O-6S-1 M - ' ; 
&B for 6a = 6.20 X 1O-6 s - 1 M - 1) , imidazole is not very ef
fective as an intermolecular nucleophile for attack at sp3 car
bon, as compared with the intramolecular cyclization reaction 
(A:ROH = 3.55 X 1O-5 s -1). This finding is quite surprising in 
light of the fact that imidazole is a very effective nucleophile 
and general base catalyst for reactions occurring at sp2 car
bon.22 Further studies are planned to investigate more fully 
this interesting observation. 

In any discussion of possible mechanisms of enzyme-cata
lyzed reactions at sp3 carbon, this demonstration of different 
modes of catalysis by oxyanion vs. amine buffers should be 
considered. Specifically, it may be possible for enzyme gluta
myl and aspartyl residues to catalyze proton transfer, analo

gous to that involved in the conversion of 1 to 3, whereas amine 
residues (e.g., lysyl) would be unable to effect this type of ca
talysis. Especially unusual in this regard is the result for im
idazole, which has little or no effect on the reactions studied 
in this work. 

It is not yet possible to compare the rate data obtained in this 
work with corresponding data for a purified RNA 2'-O-
methyltransferase. Recent work38 has resulted in the purifi
cation of such an enzyme, but kinetic data required for this 
comparison were not presented. 
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