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appears to correlate well with the ground-state delocalization 
parameter /3, which is lowest in the compounds containing cor- 
ner-shared octahedra. It should be also mentioned that increasing 
the electronic interaction increases dramatically the intensity of 
all bands in the visiblenear-IR spectra (Table 11). This is shown 
by the large variation of the maximum extinction coefficient, which 
ranges from 340 mol-' L cm-I in [Mo6OI9l3-, to -1300 mol-' L 
cm-I in [ X M O ~ ~ O ~ ~ ]  species. 

Such a rough analysis does not take into account the nature 
of the central ion in the tetrahedral cavity. This ion appears to 
modify noticeably the structure of the polyanion and could thus 
play a role in the delocalization process. A more careful analysis 
should take into account not only the interaction between two 
neighboring molybdenum sites but the whole polyanion. 
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Abstract: The ortho substituted phenols, 1 and 3, have been synthesized as models for the 0-methylation of catecholamines, 
as catalyzed by catechol 0-methyltransferase. The decomposition of 1 and 3 was studied at 40 "C over a wide range of pH 
in both oxyanion and amine buffers. Buffer catalysis of the reaction is observed, and product analyses show that oxyanion 
buffers catalyze a cyclization reaction to yield chroman (4) or 4,4-dimethylchroman (5), from 1 or 3, respectively, in addition 
to p-nitrothioanisole (6).  In contrast, amine buffers effect the intermolecular demethylation of 1 and 3, to yield the corresponding 
p-nitrophenyl thioethers, 7 and 8. The buffer-independent reaction involves cyclization to 4 or 5, with formation of 6. Bronsted 
0 values of 1.1 and 0.89 for oxyanion-catalyzed reactions of 1 and 3, respectively, are in contrast to the p value of 0.27 previously 
obtained in similar studies with a less acidic cyclopentanol substrate ( J .  Am. Chem. SOC. 1979, 101, 4339). However, other 
aspects of the oxyanion vs. amine buffer effects are in agreement with our earlier results and lead to the general conclusion 
that nucleophilic alkylation of alcohols and phenols is subject to general-base catalysis by oxyanion buffer species. 

In a previous paper from this laboratory,l we demonstrated that 
several oxyanion buffers could act as  general-base catalysts for 
the intramolecular alkylation of a cyclopentanol. Thus, related 
reactions of the type shown in eq 1 might be susceptible to similar 

I' 
H 

e-:' 
catalysis. However, the literature contains only one other reference 
to  buffer catalysis of nucleophilic attack a t  sp3 carbon; i.e., the 
borate-catalyzed cyclization of 4 - c h l o r o b ~ t a n o l . ~  In another 
study,3 no buffer catalysis was observed in the formation of 
chromans via intramolecular cyclization of (0-hydroxyphenyl)- 
propyl acetate, mesylate, etc. Thus, the generality of catalysis 
of nucleophilic reactions a t  sp3 carbon remains to be explored. 

Our  own interest in the possibility of general-base-catalyzed 
nucleophilic displacement a t  sp3 carbon arose from consideration 

* To whom correspondence should be addressed at  Rensselaer Polytechnic 

(1) Knipe, J. 0.; Coward, J. K. J .  A m .  Chem. SOC. 1979,101,4339-4348. 
(2) Swain, C. G.; Kuhn, D. A.; Schowen, R. L. J .  A m .  Chem. SOC. 1965, 

Institute. 

87. 1553-1561. 
(3 )  Borchardt, R. T.; Cohen, L. A. J .  A m .  Chem. SOC. 1972, 94, 

(4) Coward, J. K.; Slisz, E. P.; Wu, F. Y.-H. Biochemistry 1973, 12, 
9 166-9 114. 

229 1-2291. 

0002-786318211504-3202$01.25/0 

of the substrate requirements and kinetic data  for the enzyme- 
catalyzed methylation of  catecholamine^.^ It was suggested that 
the enzyme, catechol 0-methyltransferase (COMT, EC 2.1.1.6), 
might effect the transfer of a methyl group from the electrophilic 
donor, S-adenosylmethionine (SAM), to the nucleophilic acceptor, 
(nor)epinephrine, via general-base-catalyzed proton abstraction 
from one (or both) of the catechol hydroxyl groups. This is shown 
schematically in eq 2. 
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Since suggesting this mechanism, we have sought to gather 
experimental evidence for or against it.5 The fact that oxyanion 
buffers are  effective general-base catalysts of the intramolecular 
cyclopentanol alkylation mentioned above lends support to this 
hypothesis. However, the high pK, of cyclopentanol (ca. 16) is 
more similar to a ribose hydroxyl (pK, ca. 13) than to a catechol 
(pK, ca.  9-10). Therefore, we have synthesized the phenol sul- 
foniums 1 and 3 for kinetic studies of the reaction in eq 3. In 

1, R ,  = R, = H 
2, R,  = CH,, R, = H 
3, R ,  = H, R, =CH, 

4, R, = H 6 
5, R, = CH, 

addition, we have synthesized the anisole analogue, 2, for use in 
elucidating the role of the phenolic OH group. The phenols, 1 
and 3, with pK,'s of ca. 10 have been studied over a wide range 
of pH and temperature. In agreement with the earlier work on 
the cyclopentanol system,' general-base catalysis by oxyanion 
buffers is observed when the phenol is protonated (kROH),  whereas 
amines effect nucleophilic demethylation to give an (o-hydroxy- 
pheny1)propyl thioether; e.g., 7 and 8. This paper describes de- 
tailed studies of the reaction given in eq 3 and provides further 
evidence for the involvement of general-base catalysis in nu- 
cleophilic displacements a t  sp3 carbon. 

Experimental Section 
Schemes I and I1 outline the syntheses of 1 and 2 and the synthesis 

of 3, respectively. 
3-(2-Hydroxyphenyl)-l-propanol (9) and 3-(2-Hydroxyphenyl)-l- 

propyl Tosylate (10). Reduction of the commercially available 3,4-di- 
hydrocoumarin (Aldrich Chemical Co.) with LiA1H4 in ether gave 9, bp 
145 OC (1.1 mm) (lit., bp 124-125 OC (0.4 mm). Tosylation of the 
primary hydroxyl of 9 to afford 10 was carried out by using p-toluene- 

(5) Lok, R.; Coward, J. K. Bioorg. Chem. 1976, 5 ,  169-175. 
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sulfonyl chloride in pyridine according to the procedure of Lok and 
Coward.6 The tosylate 10, obtained as a clear oil after high vacuum 
drying, had the following 'H NMR (CDCI,) characteristics: 6 7.70, 7.30 
(4 H, 2 sets of d, aromatic protons of tosyl group), ca. 6.90 (4 H, m, 
aromatic protons), 5.22 (1 H, s, phenolic hydroxyl), 4.05 (2 H, t, meth- 
ylene protons a to the tosyl group: this triplet centered at ca. 6 3.50 in 
9), 2.70, 2.00 (4 H, 2 sets of t ,  other methylene protons of side chain), 

3-(2-Hydroxyphenyl)-l-propyl p-Nitrophenyl Sulfide (7). The tosylate 
10 was reacted with 4-nitrothiophenol (Aldrich Chemical Co., purified 
by sublimation) in sodium ethoxide according to the general procedure 
of Waldron and Reid.' Isolation by preparative TLC (silica ge1:hexane; 
EtOAc, 3:l) gave a yellow oil which solidified upon standing and was 
recrystallized from ether/petroleum ether to give a compound with the 
following characteristics: m.p. 69-71 OC; 'H NMR (CDCI,) 8 8.08, 7.15 
(4 H, 2 sets of d, aromatic protons of p-nitrophenyl ring), ca. 6.90 (4 H, 
m, aromatic protons), 5.18 (1 H, s, phenolic hydroxyl), ca. 2.80 (4 H, 
m, methylene protons of side chain, including those a to p-nitrophenyl 
group; note shift of the signal for the (Y protons relative to that observed 
with lo), 2.00 (2 H, t, other methylene protons of side chain). Anal. 
Calcd for C15H15N03S: C, 62.26; H, 5.23; N, 4.84; S, 11.08. Found C, 
62.54; H, 5.51; N, 4.62; S ,  10.81. 

3-(2-Methoxyphenyl)-l-propanol (11) and 3-(2-Methoxyphenyl)-l- 
propyl Tosylate (12). Methylation of the phenolic hydroxyl of 9 was 
carried out by using CH31 in 0.1 N NaOH to give 11, bp 118-120 OC 
(1.9-2.0 mm) (lit.' 84-87 "C (0.2 mm)). Anal. Calcd for CIoH,,O2: 
C, 72.26; H, 8.49. Found C, 72.42; H, 8.69. 

The tosylate 12 was prepared as described for 10 and had the following 
'H NMR (CDCI,) characteristics: 6 7.68, 7.30 (4 H, 2 sets of d, aro- 
matic protons of tosyl group), ca. 6.92 (4 H, m, aromatic protons), 4.10 
(2 H, t, methylene protons a to tosyl group), 3.80 (3 H, s, OCH,), 2.72, 
2.00 (4 H, 2 sets oft ,  other methylene protons of side chain), 2.45 (3 H, 

3-(2-Methoxyphenyl)-l-propyl p-Nitrophenyl Sulfide (13). Reaction 
of 12 with 4-nitrothiophenol, as described for 7, and product isolation 
after preparative TLC gave 13 as a yellow oil with the following IH 
NMR (CDCl,) characteristics: S 8.05, 7.20 (4 H ,  2 sets of aromatic 
protons ofp-nitrophenyl ring), ca. 7.00 (4 H, m, aromatic protons), 3.78 
(3 H, s, OCH,), ca. 2.90 (4 H, m, methylene protons of side chain, 
including those a to thep-nitrophenyl group), 2.05 (2 H, t, other meth- 
ylene protons of side chain). Anal. Calcd for C,6H,7N0,S: C, 63.34; 
H, 5.65; N,  4.62; S ,  10.57. Found C, 63.61; H, 5.42; N, 4.52; S, 10.84. 
3-[2-( (Methylthio)methoxy)phenyl]-3,3-dimethyl- 1-propanol (15) and 

3-[2-((Methylthio)metboxy)phenyl]-3,3-dimethyl-l-propyl Tosylate (16). 
The diol 14 was prepared according to the procedure of Borchardt and 
Cohen;, mp 112-1 13 OC (lit. 110-1 11 "C). Attempts to prepare the 
p-nitrophenyl sulfide 8 from either the 1-mesylate or 1-tosylate of 14 
failed, the only detectable product being 4.4-dimethylchroman (9, pre- 
sumably arising from facile intramolecular displacement of the sulfonate 

2.45 (3 H, S ,  p-CH,). 

S, P-CH,). 

(6) Lok, R.; Coward, J.  K. J .  Org. Chem. 1974, 39, 2377-2382. 
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(8) Billman, J .  H.; Tonnis, J. A. J .  Pharm. Sci. 1971, 60, 1188-1 192. 
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group by the phenolic hydroxyl. This problem was overcome by blocking 
the phenolic hydroxyl with the (methy1thio)methyl ether functionality, 
as described by Holton and Davis,9 to give 3-[2-((methylthio)meth- 
oxy)phenyl)]-3,3-dimethyl-l-propanol (15). This compound had the 
following 'H NMR (CDCI,) characteristics: 6 ca. 7.10 (4 H, m, aro- 
matic protons), 5.20 (2 H, s, 0-CH,-S), ca. 3.40 (2 H, t, methylene 
protons a to OH), ca. 2.20 (4 H, m, S-CH, and methylene protons 0 to 
OH), 1.70 (1 H, s, OH), 1.40 (6 H, s, 2 CH,). Compound 15, in contrast 
to 14, displayed no shift in A,,, when dissolved in 0.1 N NaOH, thus 
further indicating the position of the (methy1thio)methyl ether on the 
phenolic, rather than the aliphatic, hydroxyl group. 

Reaction of 15 with tosyl chloride in pyridine proceeded smoothly to 
give the tosylate 16 as a clear oil with the following IH NMR (CDCI,) 
characteristics: 6 7.70, 7.25 (4 H, 2 sets of d, aromatic protons of tosyl 
group), ca. 7.10 (4 H, m, aromatic protons), 5.20 (2 H, s, 0-CH,-S), 
ca. 3.80 (2 H, t, methylene protons a to tosyl group), ca. 2.30 (8 H, m, 
methylene protons 6 to tosyl group, S-CH,, p-CH,), 1.40 (6 H, s, 2 CH,). 

3-(2-Hydroxyphenyl)-3,3-dimethyl-l-propyl p-Nitrophenyl Sulfide (8). 
Reaction of the tosylate 16 with 4-nitrothiophenol in NaOEt gave the 
2-hydroxy-protected thioether 17 obtained as a yellow oil with the fol- 
lowing 'H NMR (CDCI,) characteristics: 6 8.10, 7.20 (4 H, 2 sets of 
d, aromatic protons of p-nitrophenyl ring), ca. 6.95 (4 H, m, aromatic 
protons), 5.20 (2 H, s, O-CH2S), 2.20 (3 H, s, SCH,), ca. 2.25 (2 H, 
m, protons 0 to p-nitrophenyl sulfide), 1.40 (6 H, s, 2 CH,). 

Removal of the protecting group using HgCl, in CH3CN/H2O9 af- 
forded 8, a yellow solid with the following characteristics: mp 100-102 
"C; IH NMR (CDCI,) 6 8.15, 7.25 (4 H, 2 sets of d, aromatic protons 
of p-nitrophenyl ring), ca. 6.85 (4 H, m, aromatic protons), 5.15 ( 1  H, 
br s, phenolic OH), ca. 2.80 (2 H, t, protons a top-nitrophenyl sulfide), 
ca. 2.25 (2 H, t, protons 6 top-nitrophenyl sulfide), 1.40 ( 6  H, s, 2 CH,). 
Anal. Calcd for C,,H,,NO,S: C, 64.32; H, 6.05; N, 4.41; S, 10.10. 
Found, C, 64.77; H, 5.90; N, 4.70; S, 9.85. 

Preparation of Sulfonium Salts 1, 2, and 3. Methylation of 7, 13, and 
8 to give 1, 2, and 3, respectively, was carried out by using CHJ and 
AgBF4 in toluene/methylene chloride, as described by Lok and C o ~ a r d . ~  
Sulfonium salt 1 had the following characteristics: mp 129-131 OC; c 
= 1.10 X lo4 (in H,O at A,,, = 250 nm); 'H NMR (acetone-d,) 6 8.50 
(4 H, s, aromatic protons of p-nitrophenyl ring), 8.20 (1  H, s, phenolic 
OH), ca. 6.95 (4 H, m, aromatic protons), 4.00 (2 H, t, methylene 
protons a to sulfonium), 3.60 (3 H ,  s, S-CH)), 2.80 (2 H, t, protons y 
to sulfonium), 2.20 (2 H, m, protons p to sulfonium). 

The salts 2 and 3 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. M in the 
buffer medium, was used. The concentration of the sulfonium salts was 
estimated by using the extinction coefficient determined for 1. 

Chroman (4) and 4,4-Dimethylchroman (5). The preparation of 4 was 
accomplished by the phosphoric acid catalyzed dehydration of the diol 
9; 4, bp 47-49 C (1 mm) (lit.) 101-103 "C (20 mm)). The dimethyl 
derivative 5 was prepared as follows: 1.8 g (10 mmol) of the diol 14 was 
suspended in 15 mL of dry benzene containing 2 drops of dry pyridine. 
To this suspension was added, dropwise, a solution of thionyl chloride 
(distilled), 1.43 g (12 mmol), in 5 mL of benzene. Following 2 h of 
refluxing the resulting clear yellow solution was diluted with water and 
the benzene layer washed successively with saturated KaHCO, and 
NaCI. Following drying (MgS04), evaporation of the benzene gave 1.25 

(9) Holton, R. A.; Davis, R. G. Tetrahedron Lett. 1977, 533-534 

'NO 

+ /CH3 
S 

NO2 

g (75%) of a yellow oil. Distillation gave 0.80 g (51%) of a clear liquid, 
bp 44-45 "C (0.3 mm) (lit.) 44-45 OC (0.3 mm)) having a IH NMR 
spectrum consistent with the desired structure. 

Kinetics. Inorganic salts were of reagent grade and used without 
further purification. Potassium salts were used for buffer preparation 
in all cases except for formate buffers, where sodium formate was used. 
Both N-methylmorpholine and n-butylamine were distilled over barium 
oxide before use and N,O-dimethylhydroxylamine (Aldrich Chemical 
CO.) was recrystallized from ethanol before use. All buffers used in the 
course of this work were prepared in double-distilled water, and the ionic 
strength of all solutions was maintained at 1.0 M with KCI. All kinetic 
experiments were performed in aqueous media at temperatures ranging 
from 25 to 40 OC, in a thermostated spectrophotometer. The pH and 
temperature of each buffer were determined at the beginning and end 
of each kinetic run, and spectral scans of the products of each kinetic 
experiment were performed. A kinetic run was defined as complete after 
it had proceeded ca. 10 half-lives. 

Each experiment was carried out by using a fixed ratio of basic to 
acidic buffer species but at three different total buffer concentrations ( f i  
= 1.0 M with KCI). Typically, the concentration of the substrate in  the 
buffer solution was ca. lo4 M. Reactions were followed by monitoring 
the increase in optical density at 350 nm, indicative of formation of a 
p-nitrophenyl thioether from the corresponding sulfonium compound 
(A,,, ca. 250 nm). Under the pseudo-first-order conditons of these 
experiments, a plot of In ( A ,  - A,) vs. time was linear over at least 3 
half-lives. Further analysis of the data is discussed in the Results. 

In  order to verify the identity of the products of a kinetic experiment, 
we carried out preparative experiments as follows: 1 (ca. 1 mmol) was 
stirred with 1 L of either 0.1 N KOH or N-methylmorpholine buffer (1.0 
M total buffer concentration, with a 1:l ratio of basic to acidic species) 
at 30 OC until the reaction was judged complete by spectrophotometry 
(ca. 20 min for KOH and 120 min for N-methylmorpholine). Following 
this period, the mixture was extracted with three volumes of ether, the 
ether washed with saturated NaCl and dried with MgS04 (prior to 
washing and drying the ether from the N-methylmorpholine experiment, 
dry HCI was passed into the ethereal solution to precipitate N-methyl- 
morpholineehydrogen chloride, which was removed by filtration). Fol- 
lowing concentration of the ether extract to a small volume, the residue 
was chromatographed on preparative TLC plates, developed in  hexane- 
:EtOAc (3:l). The bands were visualized under UV light, scraped from 
the plates, and eluted with CHCI,. The identity of each compound was 
established by NMR. 

Product Analysis. The analysis of the products formed in a kinetic 
experiment was performed by using both high-performance liquid chro- 
matography (HPLC) and a fluorometric assay. All HPLC analyses were 
carried out by using a system comprised of the following components: 
two Altex 110-A pumps coupled to an Altex Model 420 microprocessor 
capable of carrying out isocratic or gradient elution, an Altex analytical 
UV detector, an Altex analytical optical unit equipped with either a 280- 
or a 340-nm filter, and a Linear recorder. A Whatman Partisil PXS 
10/25 ODS reverse-phase column and a mobile phase comprised of either 
50 or 60% methanol/water (isocratic elution) was found to give the best 
separation of the required compounds. The products formed in a kinetic 
experiment were identified by comparing their retention times with those 
of known compounds under identical conditions. Aliquots (ca. 25-1 00 
pL) from a kinetic run were injected directly onto the HPLC column. 
The thioethers 6, 7, 8, and 13 were detected by using the 340-nm filter, 
while the chromans 4 and 5 were detected by using the 280-nm filter. 
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Figure 1. pH-rate profile for the reaction of 1 (0) and 3 (A) in oxyanion 
buffers at 40 OC. 

Table I .  pK, , ,  and k ~ o -  Values for the Reaction of 1 in 
Aaueous Oxvanion Buffers at Vuious Temperatures 

temp, "C PK,!JDU 1O3kR0-, s-' 
40 9.97 8.58 
37 10.01 5.52 
34 10.07 3.44 
31.5 10.16 2.50 
28 10.31 1.58 

a Values calculated as described in the Results. 

Fluorescence was measured on a Farrand Model 801 spectrofluorom- 
eter, with corrected excitation module and beam differential control, and 
recorded on an LKB Model 6530 flat-bed recorder. The presence of the 
chromans 4 and 5 in a kinetic experiment was demonstrated by analyzing 
for fluorescence intensity at an excitation wavelength of 275 nm and an 
emission wavelength of 303 nm. The concentration of both chromans was 
determined by using a standard curve of fluorescence intensity vs. chro- 
man concentration.I0 Such a curve was constructed by using stock 
solutions of either chroman or p-nitrothioanisole, 6,6 in 10% THF/H,O. 
Varying amounts of the chroman stock solution were placed in 3 mL of 
0.1 N KOH which contained 1 X M p-nitrothioanisole, approxi- 
mately the concentration formed in a typical kinetic experiment, and the 
fluorescence intensity was measured. 

Results 

The reaction of 1 in aqueous oxyanion buffers (hydroxide, 
carbonate, borate, hexafluoro-2-propanol, phosphate, and acetate) 
was studied over a wide p H  range at  40 'C and over a more limited 
p H  range (ca. 10-13, using carbonate and hydroxide) a t  several 
lower temperatures. The  reaction observed proceeds according 
to Scheme 111 (kROH, kce, or kRO- depending on buffer used and 
pH, see below). The dimethyl analogue 3 of 1 reacts in a similar 
fashion but a t  a much faster rate. In contrast to the behavior of 
these phenols, the methyl ether 2 is inert under the same conditions. 

Shown in Figure 1 are  the pH-rate profiles for the decompo- 
sition of 1 and 3 a t  40 'C in aqueous oxyanion buffers (borate 
data omitted, see Discussion). Such profiles fit a general rate law 
(eq 4), where ko is the observed rate constant extrapolated to zero 

(10) Van Slageren, R.; Den Boff, G.; Van Der Linden, W. E. Talanfa 
1973, 20, 501-512. 

2'o r 
2.1 L \  
2 2  - 

2 3  - 

2 4  - 

8 2 5 -  

X 

2.9 t 
I 1 I I I I 

332 3 3 5  
3.0 

3 2 0  323 3 2 6  3 2 9  

x IO' T 

Figure 2. Arrhenius plot constructed from the data given in  Table I .  

(4) 

total buffer (BT) concentration. The data presented in Figure 1 
indicate that the reaction of 1 is p H  independent a t  low pH (lower 
plateau of p H  profile) and becomes p H  dependent a t  p H  >ca. 
6. This p H  dependent (slope = 1 .O) region gives way to an  upper 
plateau on the profile which is associated with the koH- term of 
eq 4. As in the case of the cyclopentanol sulfonium, discussed 
in a prior publication,' the apparent kH20 and koH- terms in eq 
4 are  associated with the phenolic hydroxyl of 1 and 3. 

The data  obtained are  consistent with a rate law of the type 
given in eq 5 ,  where K, refers to the dissociation constant of the 

phenolic groups of 1 or 3. Estimates of the pK,,, of 1 a t  various 
temperatures have been made by determining the rates of reaction 
of 1 a t  high p H  (kRO-)  in hydroxide or carbonate/bicarbonate 
buffer. A determination of the p H  a t  the "break point", and hence 
pKapp," was achieved after obtaining the best fit of the data  to 
a curve having a particular theoretical pK,. From the data  ob- 
tained for 1, pK, values from such kinetic measurements and the 
values of kRO- a t  each temperature are  given in Table I. An 
Arrhenius plot of these data  are  given in Figure 2 Such a plot 
allows estimation of the following activation parameters for the 
kRo- reaction: E, = 26.7 kcal/mol, AG* = 21.5 kcal/mol, AH* 
= 25.6 kcal/mol, and St = +13.6 eu. At 40 O C ,  values of kROH 
= 4.0 x iO-'s-' and kROH = 2.9 x 10" s-' for 1 and 3, respectively, 
were obtained from the low p H  data of Figure 1 to give an  initial 

(11) Bruice, T. C.; Benkovic, S. J. "Bioorganic Chemistry"; W. A. Ben- 
jamin: New York, 1966; Chapter 1. 
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Figure 3. The effect of total buffer (BT) on the observed rate of cyclization of 1. Panel A, phosphate buffer: 0 ,  [B]:[BH] = 9:1, pH 7.65; ., [B]:[BH] 
= 3:1, pH 7.15; A, [B]:[BH] = 1:1, pH 6.65. Panel B, hexafluoro-2-propanol: 0, [B]:[BH] = 9:1, pH 10.20; 4 [B]:[BH] = 3:1, pH 9.84; A, [B]:[BH] 
= 1:1, pH 9.20; 0, [B]:[BH] = 1:2, pH 8.90; 0, [B]:[BH] = 1:5, pH 8.50. Panel C, carbonate: 0, [B]:[BH] = 9:1, pH 10.70; 0, [B]:[BH] = 3:1, 
pH 10.20; A, [B]:[BH] = 1:1, pH 9.80; 0, [B]:[BH) = 1:2, pH 9.50; 0, [B]:[BH] = 1:5, pH 9.15; A, [B]:[BH] = 1:9, pH 8.95. 
Table 11. Second-Order Rate Constants for the Reactions of 1 and 
3 in Oxyanion Buffers, at 40 O c a  

k,, S-' M-' 

buffer PK, 1 3 

formate 3.35 b 2.74 X 
acetate 4.76 3.14 X lo-' 3.20 X 10.' 
phosphate 6.54 9.66 X 3.56 X 
borateC 8.90 1.65 X 
hexafluoro-2-propanol 9.22 2.95 X 10'' 

Rate constants determined by using eq 6-8. Not determined. 
Borate buffer data not used in Brpnsted plot (Figure 4). See 

text. 

value, which was refined by an  iterative fit to eq 5. Because of 
the rapid rate of reaction 3 a t  p H  >8, values of kRO- and pKap, 
could not be obtained directly from the experimental data. These 
values were obtained by assuming a value of pKaPp. for 3 equal 
to that obtained experimentally for 1 and then fitting the data 
of Figure 1 to eq 5 to obtain kRO- = 6.3 X lo-' sS1 for 3. A similar 
method was used in our earlier work with the cyclopentanol 
system,' in which a pKa estimated a t  ca. 16 made it impossible 
to obtain a direct measure of kRO-. 

The data presented herein indicate that both 1 and 3 are subject 
to general-base catalysis by oxyanion buffers in aqueous solution 
(kGB, Scheme 111). Such buffer catalysis is most easily demon- 
strated when the pKa of the buffer is significantly lower than that 
of the substrate (1, pK, 9.97 at  40 "C). This is seen in the plots 
of raw data (kobsd vs. total buffer concentration) given in Figure 
3 for the reaction of 1 in either phosphate, hexafluoro-2-propanol, 
or carbonate, a t  40 "C. With both phosphate and hexafluoro- 
2-propanol, increasing the ratio of basic to acidic buffer species 
results in a steeper slope, indicating catalysis by the basic species. 
Similar behavior is seen with acetate and borate buffers (data not 
shown). However, the effects seen with borate buffer may not 
involve simply general-base catalysis (see Discussion). Gener- 
al-base catalysis is also seen in the reactions of 3 with formate, 
acetate, and phosphate buffers (data not shown). The inability 
to observe general-base catalysis with carbonate buffer is due to 
the fact that the pKa of carbonate (9.78 at  40 "C) is quite similar 
to that estimated for 1 (9.97 a t  40 "C). All oxyanion buffers 
having a pKa less than that of 1 acted as general-base catalysts 
for the reaction of 1. 

Due to the increasing proportion of kRO- (scheme 111) relative 
to kGB a t  pH >ca. 7, eq 6-8 were used to derive a second-order 

/ 

I I I 1 I I 
4 6 8 10 

-10 
0 

PK, + l o g  (G) 
Figure 4. Brmsted plots constructed from the data given in Table I1 for 
1 (0) and 3 (A). Statistical corrections, according to the procedure of 

have been applied to the values given in Table 11. 

rate constant ( k ~ )  for all buffers. In these equations [B] and [BH] 
are the concentration of the basic and acidic buffer species, re- 
spectively. K, ,  and Ka2 are the dissociation constants of the 
substrate 1 or 3 and the buffer, respectively. For the buffer, Ka2 
was determined from pKa2, the pH of a solution containing a 1 : 1 
ratio of basic to acidic species, [B]:[BH], a t  40 "C. The rate 
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Table 111. Summary of the Reaction of 1 in Amine Buffers, a t  40 "C 
% formedC 

aminea B ~ , M  B I B H ~  PH kobsd, s" k, ,  s-' 7 6 

11.34 1.13 X lo-' 0 100 
8.99 x 10-3 0 100 

0 100 11.30 9.34 x 10-3 
0 100 

8.34 x 10-3 0 100 10.86 9.46 x 10-3 
0 100 10.89 8.70 x 10-3 
0 100 

7.79 x 10-3 0 100 10.35 8.29 x 10-3 
7.95 x 10-3 0 100 

6.1 93.9 8.71 4.08 x 10-4 
4.03 x 1 0 . ~  3.99 x 1 0 . ~  3.5 96.5 

99.0 
83.6 

1.43 x 10-4 8.6 91.4 
2.2 97.8 

46.9 53.1 
5.63 x 10-5 32.6 67.4 

7.78 6.18 x 1 0 . ~  24.0 76.0 
37.9 62.1 

61.5 
5.21 2.48 X 36.0 64.0 

42.8 57.2 4.77 5.93 x 
30.9 69.1 

NBA 0.50 SI 1 
0.25 91 1 
0.10 SI 1 

11.31 1.04 X IO-' 

10.88 1.04 X 10.' NBA 0.50 31 1 
0.25 31 1 
0.10 311 

NBA 0.50 111 
0.25 111 
0.10 l I l  

0.50 911 
0.20 911 8.73 4.02 x 10-4 1 .o 

0.50 31 1 
8.26 1.51 x 1 0 . ~  
7.72 8.31 x 10-5 NMM 1.00 111 

0.50 l I l  7.75 6.93 X 10.' 
0.20 l i l  

DMHA 0.50 31 1 5.23 1.05 x 10-5 
0.25 311 5.22 4.96 X 2.33 x 10-7 38.5 

DMHA 0.50 111 

10.36 8.68 X 

10.37 

8.73 

8.23 1.80 x 18.4 
8.27 1.60 X 

NMM 1 .oo 911 

NMM 1.00 31 1 

0.20 31 1 

0.10 311 

0.25 111 4.75 3.27 X 5.97 x 10-7  

a Abbreviations: N B A ,  n-butylamine; N M M ,  N-methylmorpholine, DMHA, N,O-dimethylhydroxylamine. Ratio of basic to acidic buffer 
soecies. Detected by LC analysis. see Experimental Section. Some uncertainty is attached to this value because only two data points 

- ,  

were available for its estimation. 

constants kB and kBH refer to the portion of the total reaction 
catalyzed by, respectively, the basic and acidic species. The  
hydrogen ion activity ( a H )  was calculated from the p H  of the 
particular kinetic run. For each ratio of [B]:[BH] the p H  value 
was taken to be that of the highest buffer concentration, BT. The 
observed rate  constants, kobsd, were corrected for any change in 
initial buffer p H  due to  dilution a t  constant [B]:[BH]. This is 
especially critical in the transition region of the profile, between 
the low p H  and high p H  plateaus, where the mole fraction of the 
more reactive phenolate is extremely sensitive to any change in 
pH.  The  desired rate constant, kB, was obtained directly as the 
slope by a plot of the data  according to eq 8. The  rate constant 
for catalysis by the acidic species, kBH, was obtained from t h e y  
intercept of the plot. In these plots, t h e y  intercepts were zero 
or had a slight negative value; i.e., kBH 5 0. The values of kB 
obtained by this procedure are  given in Table 11, and a B r ~ n s t e d  
plot of these data is given in Figure 4 ( p  = 1.1 (l), p = 0.89 (3)). 

The reactions of 1 in the presence of amine buffers (N,O-di- 
methylhydroxylamine, N-methylmorpholine, and n-butylamine) 
were also studied. The data obtained with these three buffers are 
given in Table 111. It is apparent from these data that no buffer 
catalysis occurs with n-butylamine and very little with N- 
methylmorpholine (9: 1 and 3: 1 buffer ratios), presumably because 
a t  the p H  of these solutions, the amount of 1 in the phenol form 
is low relative to that in the ionized (phenoxide) form. Therefore, 
from Scheme 111, kRO- is larger than kNuc. On the basis of our 
earlier studies,] such behavior is expected. 

In order to substantiate the mechanisms proposed in Scheme 
111, product analyses were carried out on both oxyanion and amine 
runs. As described in the Experimental Section, a fluorometric 
procedure was used to identify both chroman (4) and 4,4-di- 
methylchroman (5). H P L C  was used for the identification of the 
thioethers 6-8. Chroman (4) was detected by both the fluoro- 
metric and L C  assay in the kinetic runs following the reaction 
of 1, and the dimethylchroman, 5, was detected by the fluorometric 
assay in the kinetic runs following reaction of 3, with all the 
oxyanions studied. L C  analysis also indicated that, in oxyanion 
buffers, p-nitrothioanisole, 6, was the only sulfide present following 
reaction of 1 and 3. The absence of 7 or 8 indicates that neither 
1 nor 3 are  S-demethylated in oxyanion buffers. A spectropho- 
tometric determination, utilizing t for both 4 and 6, indicated that 
these compounds are formed in essentially stoichiometric amounts 
in a kinetic experiment. Such data  establish the mechanism of 

decomposition of 1 and 3 depicted in Scheme 111 for oxyanion 
buffers. 

Included in Table 111 are  data  on product analyses (identifi- 
cation of 6 and 7 only) of the reaction mixtures following reaction 
of 1 in amine buffers. No demethylation is observed with 1 in 
n-butylamine buffer, consistent with the observation of no buffer 
catalysis, and very little demethylation is seen when either the 
9:1 or 3:l ratios of N-methylmorpholine are studied. A significant 
amount of demethylation occurs only with N-methylmorpholine 
(1 :1 ratio) and N,O-dimethylhydroxylamine. Apparently a t  the 
p H  of the latter kinetic runs, the contribution of kRO- is lowered 
to a point where only kRoH is operating (to give cyclization to 4) 
and a t  this point kNuc will effectively compete with kROH, leading 
to a mixture of products. 

To  further characterize the products of the reactions of 1 in 
either oxyanions or amine buffers, the preparative experiments 
described in the Experimental Section were carried out. The 
results from these experiments are  summarized in Table IV. 
These data, together with the fluorescence and L C  results de- 
scribed above, further substantiate the mechanisms presented in 
Scheme 111, Le., general-base catalysis by added oxyanion buffers 
vs. nucleophilic demethylation by amines. 

Discussion 

W e  have previously shown that  nucleophilic displacement re- 
actions a t  sp3 carbon can be catalyzed by general bases such as 
oxyanion buffers.' Our  initial work was limited to the intramo- 
lecular alkylation of a cyclopentanol by an  alkyl sulfonium. In 
the work described above, we have extended this observation to  
a phenolic system; viz., 1 and 3, in which we are  able to study 
possible buffer effects on both the neutral (ICROH) and ionized 
(kRO-) form of the substrate. As expected for general-base-cat- 
alyzed proton abstraction, no buffer catalysis of the reaction of 
the phenolate substrate (RO-) is observed. In contrast, reaction 
of the neutral substrate ( R O H )  is catalyzed by oxyanions, in a 
manner reminiscent of the general-base catalysis observed with 
the cyclopentanol system.' A significant difference between these 
two rare examples of general-base-catalyzed s N 2  reactions, is the 
value of ,8 = ca. 1.0 for the phenols (Figure 4) vs. p = 0.3 for the 
cyclopentanol previously studied by us. Based on the wealth of 
data  available for reactions a t  sp2 carbon,'* one could conclude 

__  - 
(12) Jencks, W. P. Acc. Chem. Res. 1976, 9, 425-432. 
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Table IV. Summary of the Results of Preparative Kinetic Experiments 

amounts recoveredb 

reaction soln amount of substrate (1) 4 6 7 
0.1 N KOH 1.0 mmol (391 mg) 0.85 m m o l ( l l 4  mg) 0.87 mmol (147 mg) 
1 : l  NMMa 0.50 mmol (196 me) 0.25 mmol (33 mg) 0.23 mmol (38 mg) 0.28 mmol (82 nig) __- ___- 

a Indicates that  the solution is N-methylmorpholine with the basic and acidic species present in a 1 :1 ratio (BT = 1.0 M). Af te r  elution 
from preparative TLC plates, see Experimental Section. 

that  a value of /3 = 1.0 suggests a mechanism in which proton 
transfer from the substrate to the base catalyst is virtually complete 
in the transition state. However, examples of general-base catalysis 
of reaction a t  sp3 carbon are so rare that more data with different 
systems must be obtained before drawing definitive conclusions 
about the nature of the transition state from p values only. 
Nonetheless, the fact that  the anisole derivative 2 is completely 
inert in oxyanion buffers under conditions where 1 and 3 are  
rapidly converted to the chromans (4 and 5) and p-nitrothioanisole 
( 6 )  indicates that  proton removal is of critical importance both 
in the reactions of phenols 1 and 3 reported here and in the reaction 
of the cyclopentanol derivative reported previously. The difference 
in the acidity of the proton being removed in the phenol (pK, = 
ca. 10) vs. the cyclopentanol (pK, = ca.  16) is reflected in the 
different sensitivity toward catalysis by general bases ( p  = 1 .O 
vs. 0.3). Thus, in the absence of data  supporting unusually high 
/3 values for general-base catalysis of reactions a t  sp3 carbon such 
as  observed with reactions involving carbon acids,I3 we conclude 
that a value of p = 1.0 indicates a transition state in which proton 
abstraction is nearly complete in the case of the phenols 1 and 
3 vs. a transition state in which proton transfer is only partially 
complete in the case of the less acidic cyclopentanol. 

The Brernsted /3 values discussed above were derived from data 
obtained by using acetate, phosphate, and hexafluoro-2-propanol 
as buffers for 1 and with formate, acetate, and phosphate as buffers 
for 3. Although carbonate (pK, = 9.78) buffer was also employed 
in studies with 1, data  such as  shown in Figure 3 revealed little, 
if any, general-base catalysis by carbonate, as expected when the 
buffer pK, = substrate pK,. When borate (pK, = 8.9) was used 
as a buffer with 1, apparent general-base catalysis was observed 
with kB = 1.65 X 1 O-2. This value of kB is exactly as predicted 
from the Brernsted equation for this reaction (Figure 4). However, 
the k,, values obtained by extrapolation to zero borate buffer 
concentration a t  higher p H  are  not in accord with values of ko 
obtained over a wide range of p H  using other buffers (Figure 1). 
Although ko derived from data obtained at  p H  8.9, (1:l base:acid 
form of buffer) fits the general rate equation of eq 5 ,  data obtained 
a t  higher p H  9.5-10.0 (3:l and 9 : l  base:acid) deviate negatively 
by up to twofold from the predicted value. Therefore, the apparent 
rate of the non-buffer-catalyzed (lyate) reaction is decreased in 
the presence of increasing amounts of borate anion. H P L C  
analysis of the borate reaction solutions showed formation of only 
the chroman, 4, and p-nitrothioanisole, 6 ,  as  was observed with 
all other oxyanion buffers. A satisfactory explanation for this 
anomalous behavior is not readily apparent. Therefore ko and 
kB values obtained by using borate buffer have not been included 
in data reduction to obtain values for k R O H ,  kRO-, and p (Figures 
1 and 3). 

The use of amine buffers with phenol 1 was studied. Amines 
do not effect general-base-catalyzed cyclization to the chroman, 
4, and p-nitrothioanisole ( 6 )  but rather participate in the inter- 
molecular dealkylation of 1 to give 7 (Table 111). This is also in 
agreement with our previous results with the cyclopentanol system, 
although we have not studied the dealkylation reaction as  ex- 
tensively in the work reported here. The data of Table 111 show, 
however, that intermolecular dealkylation by a good nucleophile 
such as n-butylamine (pK, = 10.3) cannot compete with the facile 
intramolecular reaction of the phenolate substrate (kRo- = 8.58 
X SI). As the p H  is decreased and the ratio of phenolate 
to phenol decreases, apparent catalysis of the reaction by amine 

(13)  Bordwell, F. G.; Bartmess, J. A.; Hautala, J. A. J. Org. Chem. 1978, 
43, 3107-3113. 

buffers is observed. Product analysis data  (Table 111) show that 
this amine-mediated increase in koM is accompanied by an increase 
in the amount of 7 formed. As p H  is decreased, kRoH becomes 
the major contributor to the lyate reaction, and this slower in- 
tramolecular ra te  (kRO-:kROH = ca. lo4)  can be challenged ef- 
fectively by the intermolecular dealkylation by less basic amine 
buffers (e.g., N-methylmorpholine, pK, = 7.6; N,O-dimethyl- 
hydroxylamine, pK, = 4.7). As expected, the anisole derivative 
2 is dealkylated by amine buffers to give 13. In addition, however, 
as the concentration of amine (e.g., N-methylmorpholine) is de- 
creased, the formation of p-nitrothioanisole (6) is observed to the 
exclusion of the dealkylated material 13. Regardless of amine 
concentration, the reaction does not appear to go to completion, 
and large (50-75%) amounts of a p-nitrophenylsulfonium salt (Amx 
252 nm) are observed on UV scans of the kinetic runs. Although 
the detailed chemistry behind these observations has not been 
completely elucidated, it is clear that  the methoxy group of 2 is 
participating in the reaction to produce 6, presumably via a methyl 
oxonium derivative of 4. The complexity of the reactions of 2 
in amine buffers further emphasizes the importance of charge (Le., 
proton) removal in the reactions of 1 and 3 in aqueous buffers. 

The buffer-independent reaction of 1 and 3 have been studied 
over a wide range of p H  a t  40 OC (Figure 1) and over a more 
limited range of p H  a t  lower temperatures (28-37 "C) in order 
to obtain the activation parameters described in the Results. 
(Table 11, Figure 2). The values of k R o H  for 1 and 3 vs. the 
corresponding values of kRO- are  consistent with the ApK, of the 
conjugate acids, ROH2+ vs. ROH.  A Brernsted plot of these data 
together with data  obtained previously for the cyclopentanol 
system] leads to a value of PNuc = 0.3 (Figure 5). This value 
for a series of intramolecular nucleophilic reactions is in good 
agreement with our previous results with intermolecular nucleo- 
philic reactions,I4 where a /3 value of 0.36 was obtained. values 
of 0.14-0.41 have been reported for the general reactions, Nuc: + CH3X - CH3Nuc + X:, with the value depending on the nature 
of X and the s01vent.I~ The activation parameters obtained from 
the temperature dependence of kRO- show a very large AS* = 13.6 
cal/(deg mol), in contrast to corresponding data  in the cyclo- 
pentanol system, where AS* = -3.7 cal/(deg mol) for kR0-.' One 
interpretation of these data is that the phenolate ion is more heavily 
solvated than the cyclopentoxide ion, and extensive desolvation 
is required in going from the ground state to the transition state. 
Such desolvation would be associated with a large positive AS, 
apparently overcoming an otherwise negative AS*. Data of this 
type do not shed much light on the large rate enhancements seen 
in both the present work with phenols 1 and 3 and in previous 
work with a cyclopentanol. Since the corresponding intermolecular 
reactions are  extremely slow, it is difficult to calculate effective 
mo1aritiesl6 with great accuracy. However, rough estimates on 
the cyclopentanol system,' and the phenols indicate that the ef- 
fective molarities are  both ca. lo5  M ,  despite large differences 
in AS*. More accurate rate data on the intermolecular reactions 
will be required to fully explore the basis for these enhancements. 

General catalysis of sN2 reactions, although rare, is not un- 
precedented. As mentioned in the introduction, the initial ob- 
servation of this type of catalysis was by Swain, Kuhn, and 
Schowen2 in the cyclization of 4-chlorobutanol to tetrahydrofuran. 

~~ 

(14) Coward, J. K.; Sweet, W. D. J. Org. Chem. 1971, 36, 2337-2346. 
(15) (a) Knier, B. L.; Jencks, W. P. J .  A m .  Chem. Sac. 1980, 102, 

6789-6798. (b) Grab, C. A,; Schlageter, M. G. Helu. Chim. Acra 1977. 60, 
1884-1889. 

(16) Kirby, A. J. Adu. Phys. Org. Chem. 1980, 17, 183-278. 



J.  A m .  Chem. SOC. 1982, 104, 3209-3212 3209 

P K O  

Figure 5. Br~nsted plot of log kRoH or log ~ R O -  vs. pK, of the conjugate 
acid. pK, data: phenol, Arnett, E. M. Prog. Phys. Org. Chem. 1963, I ,  
223; alcohol, Perdoncin, G.; Scorrano, G. J .  Am. Chem. SOC. 1977, 99, 
6983; phenoxide, this research; alkoxide, ref 1. In the phenol-phenoxide 
pairs, the dimethyl system (3) is indicated by open squares. 

They observed catalysis by borate, but not by acetate, and 
presented a three-point Brmsted  plot (HzO, borate, OH-) with 
fl  = 0.25. More recently, our studies with the cyclopentanol 
derivative 18 established general base catalysis by a variety of 

/ P 

18 19 

(17) hie, T.; Tanida, H. J .  Org. Chem. 1979, 44, 325-330. 
(18) Bell, R. P. ’The Proton in Chemistry”, 2nd ed.; Cornel1 University 

Press: Ithaca, N.Y., 1973; Chapter 10. 

oxyanion buffers with /3 = 0.27. Subsequent studies by Irie and 
Tanida” with 19 extended the observations of general base ca- 
talysis. An unusual finding in the latter study was the apparent 
catalysis by general acids (e.g., acetic acid); similar general-acid 
catalysis has not been observed in our studies of 18. The present 
work has extended the observation of general-base catalysis of 
S N 2  reactions further by demonstrating the susceptibility of 
phenols such as 1 and 3 to this type of catalysis. Previous studies 
by Borchardt and Cohen3 failed to provide evidence for buffer 
catalysis in cyclization reactions of molecules of type 20. The 

20 
X = -OSO,CH,, -OPO(OEt),, -COOCl, 

main difference between 20 and the phenols (1 and 3) studied 
in the present work is the nature of the leaving group. The leaving 
groups in 20 are  all negatively charged (from a neutral starting 
material), whereas the leaving group in 1 and 3 is neutral (from 
a previously charged starting material). Although slightly different 
reaction conditions prevailed in the studies with 20 (40% diox- 
ane-60% H 2 0 )  vs. the present work (1 00% H,O), it is not clear 
why no general-base catalysis was observed in the reactions of 
20. Additional research will be required to deliniate structural 
features which lead to general catalysis in Sy2 reactions. As part 
of this research effort, we have recently completed the synthesis 
of compounds which are  similar to 3 but contain a poorer alkyl 
thioether leaving group (e.g., 5’-(methy1thio)adenosine). 
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Abstract: A least-squares minimization procedure was used to derive orthogonal coordinates for “standard” nucleic acid base 
residues. The dimensions of the standard residues are as close as possible to the average dimensions observed in crystal structures, 
subject to the necessity for ring closure. The residues were assumed to be precisely planar, and an examination of 67 nucleoside 
and nucleotide crystal structures suggests that this assumption is justified. 

The  use of “standardn nucleic acid base residues has many 
applications in model-building calculations and in the determi- 
nation, refinement, and interpretation of nucleoside and nucleotide 
crystal structures.2 In the present context, a standard residue 
is defined as  one whose molecular dimensions are  as  close as  
possible to the average dimensions observed in crystal structures, 
subject to  the necessity for ring closure. The  standard residues 

(1)  External Staff, Medical Research Council. 
(2)  Arnott, S.;  Hukins, D. W. L. J .  Mol. Biol. 1973, 81, 93-105. 

in current use are  generally derived from mean bond lengths and 
valence angles reported by Voet and Rich in 1 970.3 The large 
number of structure determinations that  have appeared in the 
literature since then has prompted a recent redetermination of 
these  value^,^ using 90 crystal structures5 retrieved from the 

(3) Voet, D.; Rich, A. Prog. Nucleic Acid Res. Mol. Biol. 1970, 10, 

(4) Taylor, R.; Kennard, 0. J .  Mol. Struct. 1982, 78, 1-28. 
(5) A complete bibliography of these structures is given in ref 4. 

183-265. 
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