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Abstract: Second-order rate constahtg andkrsy (M1 s71) for the direct addition of substituted alkanethiol
anions RS and neutral thiols RSH and third-order rate constaksdn (M~2 s™1) for acid-catalyzed addition

of RSH to the simple quinone methide 4-[bis(trifluoromethyl)methylene]cyclohexa-2,5-dietpire Water

are reported. Rate and equilibrium constants for the addition eBM@&d H to give H-1-SMe,* were also
determined. The data for addition of R® 1 are correlated by the Brgnsted coefficight. = 0.11, which

is similar to that for addition of RSto other highly resonance-stabilized carbocations. The rate constants for
addition of RS to 1 are similar to those for addition of substituted alkyl alcohol ROH to the much more
electrophilic 1-(4-methoxyphenyl)ethyl carbocati&T). The larger value ofnc = 0.32 for addition of ROH

to 5t than Snyc = 0.11 for addition of RS to 1 shows that there are important differences in the reaction
coordinate profiles for these nucleophile addition reactions, which are discussed. The transition state for addition
of RSH tol is stabilized by electron-donating alkyl groups R« > 0.5) and by substitution of an electron-
donating methyl group for hydrogen at RSH. By contrast, there is relatively little destabilization of the transition
state for addition of MgS to 1 from interactions between the developing cationic center at the bulky sulfur
nucleophile and the electron-withdrawingCF; groups atl. The results suggest thatS bonding interactions

in the transition state for addition of M® to1 develop at a relatively long distance and that product destabilizing
steric/electrostatic interactions become significant only at smaleg ®ond distances, after the transition
state has been traversed on the reaction coordinate.

Introduction Scheme 1

Quinone methides are a class of organic compounds with F,c. @ _CF, FsC.__CF, M Au
considerable importance in chemistry and biol8gye recently FaC—CFs - FaC Fs
. ; . - +
reported that the simple quinone methilshows a reactivity - > -
o] 0o OH

similar to other strongly resonance-stabilized carbocations and
that there is exceptional scope for study of the addition of weakly
nucleophilic reagents tb, because the nucleophile addaieiNu

can be stabilized toward-€Nu bond cleavage by protonation 1 1-Nu H-1-Nu
at oxygen to giveH-1-Nu (Scheme 1§2 We now report the
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parametefin,c = 0.11 for addition of strongly nucleophilic thiol
anions to the weak electrophile with rate constant&y, ~

3 x 10 M~1 s71, is significantly smaller thay,,c = 0.32 for
addition of weakly nucleophilic alcohols to the 1-(4-methoxy-
phenyl)ethyl carbocation, with rate constakig ~ 1 x 107
M~1s L This striking observation of similar rate constants, but
very different values offn, for two related carbocation
nucleophile addition reactions provides interesting insight into
the nature of the reaction coordinate profiles for nucleophile
addition.

(2) We were interested in obtaining the first direct comparison
of the reactivities of thiol anions and sulfides toward carbo-
cations in water. Such a comparison is difficult because thiol
anions are strongly nucleophilic and undergo activation-limited
addition only to relatively stable carbocations, and these

Jatend Richard

Kinetic Studies. Kinetic studies were carried out at 26 andl =
1.0 (NaClQ) in water that contained 2.5% (v/v) TFE. Solution pH
was maintained using the buffers described previdastywith HCIO;.
The reactions ol (ca. 1 x 10°° M) were followed by monitoring the
decrease in its absorbance at 283 nm using either the SX17.MV stopped-
flow device from Applied Photophysicéit < 5 s) or by conventional
UV spectrophotometr§? A >10-fold molar excess of nucleophile over
1 was used, to ensure that the nucleophile addition reactions were
pseudo-first-order. The concentrations of thiols were determined directly
before and after each kinetic run using Ellman’s reagent-fhtbiobis-
(2-nitrobenzoic acid)}* In cases where a small change in the
concentration of thiol was observed during the kinetic analysigX)
the reported value is the average of the thiol concentrations determined
at the beginning and end of the run.

Observed first-order rate constaris,sq(s 1), for the reactions ot
were determined as the negative slopes of linear semilogarithmic plots

carbocations do not form stable adducts with the much more of reaction progress against time (conventional UV) or from the fit of

weakly nucleophilic sulfides. We report here a comparison of
the rate constants for addition of thiol anions (RSthiols
(RSH), and dimethyl sulfide (M&) to the common electrophile
1in water. The data show that the effect of substitution of Me
for H at RSH on nucleophilic reactivity in water is a significant

the absorbance data to a single exponential (stopped-flow) and were
reproducible tat5%. Second-order rate constantgyfonsa (M1 s79),

for addition of nucleophiles tt were determined as the slopes of linear
plots of kopsg @gainst the total concentration of the nucleophile. The
standard errors in these slopes wer£0%, unless noted otherwise.

fraction of that expected for reaction in the gas phase, where The quoted errors for least-squares fits of data are standard deviations.

the greater polarizability of the methyl group provides strong
stabilization of positive charge at sulft.

Neutral nucleophiles react withto form a cationic adduct
that is stabilized by interactions with electron-donating substitu-

ents at the nucleophile and strongly destabilized by interactions

with the strongly electron-withdrawing-CF; groups. We were

surprised to observe that the partial positive charge that developsg

at the transition state for addition of M® to 1 is relatively
strongly stabilized by interactions with the polarizable methyl
groups at MgS but that there is apparently little destabilization
from interaction of this charge with the strongly electron-
withdrawingo-CF; groups atl. This provides direct evidence
that bond formation to the sulfur nucleophile in the transition

Two well-resolved phases were observed for the reactiorisiof
the presence of dimethyl sulfide that were followed by monitoring the
absorbance at 283 nm as a function of time: (1) an initial fast decrease
in absorbance fromA, to Aeq (i < 15 ms, stopped-flow); (2) a
subsequent much slower decrease fréd@ to A. (tyz = 30 s,
conventional UV). Values okobsa (S72) for the fast and slow phases
differ by at least 2000-fold and were obtained from the fit to a
ingle exponential and the slopes of linear semilogarithmic plots of
(Aeg — A) against time, respectively.

HPLC Analysis. The products of the reaction @&fin the presence
of dimethyl sulfide H-1-OH andH-1-SMe) were separated by HPLC
and detected by their absorbance at 268 nm, as described previdusly.
Ratios of product yields were calculated using eq 1, wiigrand A,
ande; ande,, are the HPLC peak areas and extinction coefficients at

state develops at a considerable distance but that the destabiliz268 nm ., for H-1-OH) for P, and R, respectively. A value of

ing steric/electrostatic interactions of the bulky sulfur nucleo-
phile and the developing positive charge with the two electron-
withdrawing a-CF; groups becomes significant ondter this
transition state has been passed on the reaction coordinate.

Experimental Section

Materials. Inorganic salts and organic chemicals were reagent grade

from commercial sources and were used without additional purification.

en-1-smel€H—1-on = 1.1 for the adduct of MeSH td was determined
from the ratios of the HPLC peak areas in experiments in which a
fixed concentration ol was converted quantitatively inté-1-OH by
addition of water oH-1-SMe by direct addition of MeSH.

[P1/[Pl, = (AA)(eler) 1)

Determination of Equilibrium Constants. Ratios of the concen-

HPLC grade methanol was used for all HPLC analyses. The water usedtrations ofH-1-SMe,* and1 at chemical equilibrium were determined
for kinetic and product studies was distilled and then passed through aat 25°C and! = 1.0 (NaClQ) in water that contained 2.5% (v/v)

Milli-Q water purification system. The quinone methide 4-[bis-
(trifluoromethyl)methylene]cyclohexa-2,5-dienon® (vas generated
from reaction of 4-MeOgH,C(CFK;),OTs in 2/1 (v/iv) TFE/HO (TFE

= trifluoroethanol), as described previousiy? Solutions of meth-

TFE from data obtained from experiments conducted as follows: (1)
A solution of1in 2/1 (v/v) TFE/HO was diluted 100-fold with rapid
stirring into a sealed spectrophotometric cell that contained 1.0 M
HCIO,, to give a final concentration of Z 10> M 1. (2) The

anethiol used in kinetic studies were prepared from methanethiol gas apsorbance at 283 nrig, was recorded 20 s after mixing)( (3) At

(Aldrich). Methanethiol prepared in this way gave kinetic data that were

time t; (ca. 25 s), a measured volume of a solution of,$1&n TFE

superior to those obtained when methanethiol was prepared byyas added with stirring. This generates an equilibrium mixturé of

neutralization of sodium methanethiolate (NaSMe, Aldrich) with HCIO
(see Results).

The pH of aqueous solutions £ 1.0, NaClQ) was determined as
described previousl§2 The apparent I§ss of the thiols at 25C and
| = 1.0 (NaClQ), given by pKa)rst = pH — log([RS J/[RSH]), were
determined by spectrophotometric titration as described previéusly.

(10) Amyes, T. L.; Stevens, |. W.; Richard, J. P.Org. Chem1993
58, 6057+—6066.

(11) Amyes, T. L.; Richard, J. P.; Novak, M. Am. Chem. S0d.992
114, 8032-8041.

(12) Arnett, E. M.Acc. Chem. Red.973 6, 404-409.

(13) (a) Richard, J. P.; Amyes, T. L.; Bei, L.; Stubblefield, 3/.Am.
Chem. Soc199Q 112 9513-9519. (b) Richard, J. Rl. Am. Chem. Soc.
1991, 113 4588-4595.

andH-1-SMe," essentially instantaneously. (4) The absorbance of this
mixture at 283 nmAs, was recorded at (ca. 30 s). (5) The reaction
was followed until there was complete decay bfand the final
absorbancé\. was recorded. The ratio oHf1-SMe;"]eq and [1]eq at
chemical equilibrium was calculated from eq 2, where the following
holds: (1)A, is the calculated absorbance due to the quinone methide
before the addition of MeS at timet,. This was determined from
Au using eq 3 to make a smalF3.0% correction for the decrease
in absorbance due to addition of solventltavith a rate constanit;
during the time that M&S was prepared for mixing with (t; — ti).

The value ofk; was determined by monitoring the entire time course

(14) Ellman, G. L.Arch. Biochem. Biophy4.959 82, 70-77.
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Scheme 2
FS (Ka)RSH/aH Fa
0 — _— o —
+ CFs + CFs
RSH RS
(kRSH)H[H+] +kpsH krs
CF4
HO—< >—|—SR
CF;
H-1-SR

Table 1. Second-Order Rate Constants for Addition of Thiol
Anions RS and Neutral Thiols RSH and Third-Order Rate

Figure 1. pH—rate profiles of the observed second-order rate constants constants for Specific-Acid-Catalyzed Addition of RSH to the

(krsHobsa (M~1 s71) for the addition of thiols to the quinone methidle
in water at 25°C andl = 1.0 (NaClQ). The solid lines show the fits

of the data to eq 5, and the dashed lines show the fits of the data for

mercaptoethanol and propanethiol to eq 5 Wkgay = 0 (see text).
Key: (m) data for trifluoroethanethiol () data for methyl mercapto-
acetate; @) data for mercaptoethanolJj data for methanethiol;w)
data for propanethiol.

for the decay ofl under the same reaction conditions, but without the
addition of MeS.

[H'l'SMez+]eq: A~ Aeq

2

M A @)
AO — Atle*kl(IZ*tl) (3)
Aeq= At:;z(gililzf;de (4)

(2) Aeq is the calculated absorbance duelton the equilibrium
mixture of 1 and H-1-SMe&,*. This was determined froms using
eq 4, whereAsuiige Is the absorbance of a solution that contains only

Me;S. This correction is necessary because there is a small decreas

in absorbance{5%) between the time that equilibrium is established
by mixing Me;S and1l (t,) and the time that the absorbance due to the
“equilibrium” concentration oflL was actually determineds]. This is
due to the irreversible reaction afin the equilibrium mixture ofl
and H-1-SMe;*, with a rate constank, that was determined by
monitoring the entire time course for decay of the equilibrium mixture
of 1 and H-1-SMe,*. The absorbance off-1-OH at 283 nm is
negligible A« ~ Asuiige), @nd it is assumed that the nucleophile adducts
H-1-SMe," andH-1-OH have identical extinction coefficients at 283
nm227 so that the absorbance Hf1-SMe," is also negligible.

Results

Reactions of SolventA value ofk, = 6.4 x 1074 s 1 has
been reported for spontaneous addition of solvent watgatio
25°C andl = 1.0 (NaClQ),22and a value oky = 2.1 x 1072

M~1 s 1under the same conditions was determined in this work (Kesr)obsa= (KaspulH +] + Kgsp + kRs[ (Korsw

for specific acid-catalyzed addition of water Ipas the slope
of a plot of the observed rate constants for reactioh afainst
H].

Reactions of Thiols.Figure 1 shows pHrate profiles for
the observed second-order rate constakisopss (M1 s71)
for the reaction of several thiols within water at 25°C and
I = 1.0 (NaClQ). The linear regions of these profiles have
slopes of 1.0 (pH< p(Ka)rsH), and the observed reaction is
due essentially entirely to addition of the thiol anion RSB 1,
krs (M~ s71, Scheme 2). The averages of the valuekmgf=

Quinone Methidel in Watep

kesd krsHe (krsHHdf
nucleophile  pPKa)rsH M~ts™)) M71sh)  (M2s7Y
CH3CHCHSH 10.3 (4.6£0.4)x 10° 0.47+0.1 3.2+0.1
CHsSH 10.2 0.68+ 0.03 5.1+ 0.2
HOCH,CH,SH 9.7 (3.0 0.5) x 106 0.1240.02 0.464 0.02
MeO,CCH,SH 7.8 (3.7 0.9) x 10° <0.03
CRCH;SH 7.2 (1.4£0.1) x 1¢¢ <0.08

aAt 25 °C andl = 1.0 (NaClQ). P Apparent [K, of the thiol at
25°C. ¢ Second-order rate constant for addition of R81. The errors
show the range of the values calculated for reactions at different pH.
dThe rate constants were determined as described in the text by analysis
of the data from Figure 22 Second-order rate constant for uncatalyzed
addition of RSH tol. The errors show the range of valueslkagy
from Figure S1f Third-order rate constant for specific-acid-catalyzed
addition of RSH tol determined as the slope of a plot of observed
second-order rate constants against][H'he errors show the standard
deviation of this slope? Estimated with the assumption that the
difference in the K.s of methyl mercaptoacetate (7.8, this table) and
MeSH is the same as the 2.4 unit difference in th&spof ethyl
mercaptoacetate and MeSH determined at@%nd unspecified ionic
strength® " Upper limit, estimated as described in the text.

(krsH)obsdfrs determined at several pH values, whégeis the
fraction of the thiol present in the reactive thiol anion form, are

?eported in Table 1.

The addition of the thiol anion RSis the only detectable
pathway for the reactions of methyl mercaptoacetate (MeO
CCH,SH) and trifluoroethanethiol (GEH,SH) with 1 at low
pH in solutions containing up to 1.0 M HCI@Figure 1). The
solid lines in Figure 1 show the fits of the data for the reactions
of these nucleophiles to eq 5, derived for Scheme 2, calculated
from the values okgrs (Table 1) andKrsH)n = krsn= 0. Upper
limits of krsy < 0.03 M1 s and < 0.05 M1 s71 (Table 1)
were estimated for the uncatalyzed addition of MEOH,SH
and CRCH,SH, respectively, td, with the assumption that a
0.2 log unit positive deviation of [08&sH)obsd from the fits
shown in Figure 1 could have been detected for reactions of
these thiols in the presence of 1.0 M HGIO

(%)

ay Tt (KyrsH

The observed rate constant&dy)opsa (M™1 s71) for the
reactions of basic thiols withh increase with increasing [H
(Figure 1) due to acid-catalyzed reactions of these nucleophiles.
Third-order rate constantkdsp)y (M™2 s™1) for the acid-
catalyzed addition of RSH t& (Table 1) were calculated as
the slopes of linear plots ofKsiobsa — Krsfrg] against [H]
(Figure S1A of the Supporting Information), according to eq 5.
The dashed lines in Figure 1 correspond to valuegifobsd
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Scheme 3
(kRSR)obsd[Mezs] @
1 _— H-l-SMeZ
kr
kg + kgg[H] l lkT[MeZS]
H-1-OH H-1-SMe

for the reactions of propanethiol (PrSH) and mercaptoethanol
(HOCH,CH,SH) that were calculated from the valueskak

and krsH)n (Table 1) andgsy = 0 using eq 5. The differences
between the experimental values kgdH)onsqfor these nucleo-

philes and those defined by the corresponding dashed line are

independent of [H] (Figure S1B of the Supporting Information)
and are equal to the rate constant for uncatalyzed addition of
the neutral thiol tal, kesy (M~1 s71, Table 1). The solid lines
through the data for the reactions of PrSH and HQCH,SH

in Figure 1 show the fits of the data to eq 5, calculated from
the values okgs, (krsin, andkgsn (Table 1).

Figure 1 includes rate constantirér)opss (M~ s71) for
addition of MeSH tdl at pH < 2.2; these reactions were cleanly
first-order in [1]. At pH > 2.2 biphasic kinetics were observed;
these deviations from first-order kinetics were more severe and
occurred at lower pH for reactions in the presence MeSH that
was prepared from NaSMe rather than gaseous MeSH. This
suggests that these deviations from first-order kinetics are due
to a basic contaminant that is present at higher levels in solutions
of MeSH prepared from commercial NaSMe.

The third-order rate constankssyn (M2 s™1) for acid-
catalyzed addition of MeSH tt (Table 1) was determined as
the slope of the linear plot ofkgsnH)onsa @gainst [H] (inset,
Figure S1A). The rate constakisy (M~ s71, Table 1) for the
uncatalyzed addition of MeSH tbwas calculated as the average
of the values of{ (krsH)obsd — (KrsH)u[HT]} determined for
reactions at four different pH values between 0.8 and 2.2 (inset,
Figure S1B). The observation that the differefife:si)obsd —
(krsH[H ]} is constant4£10%) over this pH range shows that
the contribution of reaction of the thiol aniorksfrs) to
(KrsH)obsd (Scheme 2) is small for reactions of MeSH at gH
2.2.

Reactions of Sulfides.The reactions ofl with dimethyl
sulfide in acidic solution in water at Z& andl = 1.0 (NaClQ)
exhibit two very well resolved kinetic phases. There is an initial
rapid ¢i12 < 15 ms) 16-60% decrease in the absorbancelof
at 283 nm, followed by a much slowet 6 > 30 s) decrease in
absorbance. First-order rate constakgssq (s1), for the fast
and slow reactions of were determined as described in the
Experimental Section. The fast reaction corresponds to the
approach to an equilibrium mixture téfand the dimethyl sulfide
adductH-1-SMe;". Values of H-1-SMe; e[ 1]eq at chemical
equilibrium were determined as described in the Experimental
Section. Figure S2 of the Supporting Information shows the
linear plot of H-1-SMe,*]e([1]eq @against [MeS] for reactions
at [HCIO4] = 1.0 M according to eq 6 derived for Scheme 3;
the slope gives the overall equilibrium const&pisr = (60 +
0.7) M2 for addition of MeS and H to 1 to formH-1-SMe, ™.

[H-1-SMe, "

[1eq =[H +][Mezs]KRSR

(6)

(a) Fast Reaction of 1 in the Presence of Dimethyl Sulfide
The rate constantgpsq(s™1) for the fast approach of the mixture
of 1 to chemical equilibrium wittH-1-SMe,*™ (Scheme 3) are
equal to the sum of the rate constants for reaction in the forward

Jatend Richard

A L5+ B
1L.OMHCIO,
150 + s
0.4 M HCIO, n
_ 210}
' 0.2 M HCIO, 'g
\E 100 <
= Y
3 2
Zost
50 =
—
O p—| 1 1 00 1 1
0.00 005 0.10 0.15 0.0 0.5 1.0
[Me,SIM [H'I/M

Figure 2. (A) Dependence dfqssa(s™2) for the fast reversible addition
of Me,S to1 on the concentration of M8 in the presence of different
fixed concentrations of HCIZIn water at 25°C andl = 1.0 (NaClQ).
The slopes of these plots give the observed second-order rate constants
(krsR)obsd (M™% s71) for addition of MeS to 1. (B) Dependence of
(krsR)obsa (M1 s72) for the addition of MeS to 1 on the concentration
of hydrogen ion in water at 25C andl = 1.0 (NaClQ). The slope of
this plot gives krspn = 800 M2 s71, and the intercept givelssg =
430 M s71 for the acid-catalyzed and uncatalyzed addition ot®8e
to 1, respectively.

and reverse directions (eq 7). Figure 2A shows the dependence
of Kobsa (s7%) for approach to equilibrium for the reactions bf

on the concentration of dimethyl sulfide in the presence of fixed
concentrations of HCIQ The slopes of these linear correlations
give (KrsRobsd (M1 s71) for formation of H-1-SMe,™ in the
forward direction, and the intercepts gikgs™1) for the reverse
cleavage reaction (Scheme 3 and eq 7). Figure 2B shows the
dependence okksronsa (M1 s71) on [H'] according to eq 8;

the increases inkgsr)obsg With increasing [H] represent acid
catalysis of the addition of dimethyl sulfide 10 The slope and
intercept of this plot givekzrspn = 800+ 60 M2 s~ and

krsr = 430 £ 40 M1 s71 for specific-acid-catalyzed and
uncatalyzed addition of M& to 1, respectively.

bsd— kr + (kRSP)obsc[MeZS] (7)
(KrsRlobsa= Krsr T (kRSP)H[H+] (8)
(kRSP)obsd
= 9
kr KRSIR{H+] ( )

Rate constantl (s™1) for cleavage oH-1-SMe,™ to givel,
Me,S, and H were determined by two methods: (I, (Figure
3) Values ofk, were determined by extrapolation of the values
of konsd for approach to chemical equilibrium to [¥8] = 0
(Figure 2A). (2) @, Figure 3) Values ok, were calculated from
the values of Krsr)onsqadetermined from the slopes of the plots
in Figure 2A and the overall equilibrium constafksg = 60
M~2 using eq 9. There is fair to good agreement between the
values ofk; determined by these two methods. However, there
is a larger uncertainty in the values &f determined by
extrapolation to [MgS] = O for reactions in the presence of
high [H™] (Figure 2A). This is reflected in the relatively large
differences in the values d obtained by extrapolation of
different sets of experimental data (FigureC§, By contrast,
there is much better reproducibility of the values kf
determined by the second method.
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Figure 3. Dependence of the first-order rate constants™2) for th_e Figure 4. (A) Dependence Okobsq (S2) for the slow irreversible
breakdown oH-1-SMe;" to give 1, Me;S, and H on the concentration  rgaction of an equilibrium mixture of and H-1-SMe;* on the
of hydronium ion in water at 25C andl = 1.0 (NaClQ). Key: (@) concentration of MgS in the presence of different fixed concentrations

values ofk: determined as the intercepts of plots such as those in Figure o Hc|O, in water at 25°C andl = 1.0 (NaCIQ). Key: (@) [HCIO,]
2A; (@) values ofk; determined from the slopes of plots such as those — 1 g M; (@) [HCIO,4] = 0.5 M; (¥) [HCIO,] = 0.25 M; (#) [HCIO,]
in Figure 2A, according to eq 9 (see text). The solid line shows the fit — 1 M. (B) Dependence of the product ratid-L-SMe]/[H-1-OH]
of the data @) to eq 10 (see text). for the reaction ofL on [Me;S] and on [MeSP (inset) in the presence

o _of 1.0 M HCIG, in water at 25°C andl = 1.0 (NaClQ). The solid
The data in Figure 3 shows that there are two pathways, with jines show the fit of the data to eq 11 derived for Scheme 3.

different dependencies on { for the cleavage df-1-SMe,™

in water. These correspond to the microscopic reverse of thes-1 for methyl group transfer froral-1-SMe;* to Me;S (Scheme
pathways for formation of this adduct. The reverse of the acid- 3) was calculated from the slope of the plot in the inset to Figure
catalyzed addition of MeS to 1 is the uncatalyzed cleavage of 4B using eq 11 withKKrsg= 60 M2, k, = 6.4 x 104571, and
H-1-SMe;" to give 1, H", and MeS, with a rate constarkgon ki = 2.1 x 102 M~ s The solid lines in Figure 4B show
(s1) (eq 10). The reverse of the uncatalyzed addition o$1e  the fit of the product data to eq 11, calculated using these rate
to 1is specific-base-catalyzed cleavagé-bl-SMe," through and equilibrium constants. The solid lines in Figure 4A show
the intermediate phenoxide anidRSMe,*, with an apparent  the fit of the kinetic data for these reactions to eq 12 using these
rate constant déso/[H*] (s7%). The solid line in Figure 3 shows  same rate and equilibrium constants. The good quality of these
the nonlinear least-squares fit of the experimental data deter-fits provides strong evidence that Scheme 3 accounts for all of
mined using the second method (see above) and averaging thehe kinetically significant pathways for the reactionsloénd
points at high acid concentrations to eq 10, which gayg H-1-SMe,™.

= 15.2+ 1.1 st andksyy = 6.2+ 0.4 M s71, respectively,

for the uncatalyzed and specific-base-catalyzed cleavalgelof [H-1-SM¢] kK R[H+]
SMe,*. We have used the data for the second method (Figure — | RS [Me,SI (11)
3, ®) because the precision of these data is better than those [H-1-OH] |k, + ky[H™]

determined by the first method (Figure(3).
ko t+ ky[H'] + kTKRSFJ:H+][MeZS]2

- it H = 12
= Koo TH] + i (10) o= e IMeLS] 42
(b) Slow Reaction of 1 in the Presence of Dimethyl Sulfide. . .
Figure 4A shows the dependence lgfsq (s71) for the slow Discussion
irreversible reaction of the rapidly equilibrating mixture bf Reaction MechanismsThe reactions of the quinone methide
andH-1-SMe;* on the concentration of dimethyl sulfide in the 1 in the presence of substituted alkanethiols are cleanly first-
presence of different fixed concentrations of HGIOhe order with respect tol] for at least 3 halftimes, except for

decrease irkopsg With increasing [MeS] reflects the decrease reactions in the presence of methanethiol atpB.2, for which

in the fraction of substrate presentBswhich is the form that biphasic kinetics were observed. The deviations from first-order
undergoes irreversible addition solvent water to divé-OH. kinetics were more severe and occurred at lower pH when
The value of 1]eqWill approach zero at high [M&], where its solutions of MeSH were prepared from commercial sodium
conversion tdH-1-SMe,* is essentially quantitative. By contrast, methanethiolate than when prepared from commercial gaseous

kobsda for the slow reaction ofl in the presence of high [M8] methanethiol. This suggests that they may be due to a
does not approach zero (Figure 4A). This shows that there is contaminant present at different levels in these different prepara-
an additional pathway for the direct conversiontbfl-SMe,™ tions that ionizes to a more reactive form at higher pH. We
to a stable product. were not able to identify this putative contaminant(s) or
HPLC product analysis showed that the reaction of$Aeith determine the origin of these complex kinetics. However, only

H-1-SMe,™ givesH-1-SMe and, we presume, M8". Figure a single product was observed for the reactionswith MeSH.
4B shows the effect of increasing [I¥&] on the product ratio Furthermore, propanethiol, which has Eamimilar to that of
[H-1-SMeJ/[H-1-OH] for the reactions ofl in water in the MeSH, undergoes clean pseudo-first-order reactions Wi
presence of 1.0 M HCIQthe inset shows the linear dependence pH 0-6, and the second-order rate constamtg)opsd (M1
of this product ratio on [MgS]?, according to eq 11 derived for  s71) determined for the reactions of PrSH and MeSH iitht
Scheme 3. The second-order rate condtant 7.4 x 103M~1 pH < 2.2 are similar (Table 1). This provides good evidence
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Scheme 4
CF3 KET CF3 k
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CFa CF;
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CF3
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CF;

1-Nu
that the observed first-order rate constakisg (s™1) that we
were able to determine for the reactionloin the presence of
MeSH are those for the nucleophilic addition of this thiollto
(a) The SET Problem We expect nucleophile addition fo
to proceed by classicallirect addition observed for other

Jatend Richard

krsu o GFs R
+ RSH ————>» O s\@
H

CF;

Scheme 5

(Ka)rsH/(Ka)H-1 Jr lfast
CF; k' CF,
B HOO—<® + RS’ —»HO—@—‘—SR
CFy CFq

H-1

Reaction of PrSH, MeSH, and HOGEH,SH through
pathway B in Scheme 5 is unlikely because these thiols are
weakly acidic andL is very weakly basic, so that the product

benzylic carbocations rather than with stepwise electron transferof the concentrations dfi-1 and RS in water should be very

followed by collapse of radical intermediates to products

small. This mechanism can be effectively eliminated by ap-

(Scheme 4) for the following reasons: (1) We have no evidence plication of eq 13, which relatdgsy for theformal uncatalyzed

that the mechanism for addition of nucleophiled is different
from the mechanism for nucleophile addition to related benzylic
carbocations. (2) The difference in activation barriers for
addition of different nucleophiles tb according to Scheme 4
will be approximately equal to the difference in the barriers for
unfavorable electron transfer from these nucleophilesl to
(AAGgT, Scheme 4), and the barrier for favorable radical
combination should be largely independent of the radical.
Therefore, the observation that the difference in the activation
barriers for addition for dimethyl sulfide and propanethiol anion
to 1 (AAGF = 5.6 kcal/mol}52is less than one-third adRAGgr

= 20 kcal/mol (Scheme 4) for electron transferltoalculated
from the difference in the standard reduction potentials for
dimethyl sulfide radical cation (1.61 V) and propanethiol radical
(0.74 V) in wate#? shows that both nucleophiles cannot react
by a common electron-transfer pathway. (3) The relatively low
reduction potential of propanethiol radical favors the formation
of this radical from the propanethiol anion (Scheme 4).
However, the low activation barriers for nucleophile addition
of thiolate ions tol (Table 1) requires a small positive value
for AGet (AGet < AGY) for Scheme 4 to be kinetically viable,

and there is good evidence that the observed barrier to addition

of CHsCH,CH,S™ (AG¥ ~ 8.3 kcal/mol¥®ais smaller tham\Ger
for electron transfer from the thiol anion fio!6?

(b) pH—Rate Profiles The pH-rate profiles (Figure 1) show
that there are three pathways for the nucleophilic addition of
thiols to 1: (1) specific base-catalyzed addition of the neutral
thiol, which corresponds to direct nucleophilic addition of the
thiol anion; (2) formal nucleophilic addition of the neutral thiol;
(3) specific-acid-catalyzed nucleophilic addition of the neutral
thiol. All three pathways are kinetically significant for addition
of the strongly basic thiols PrSH and HOg@EH,SH to 1.
However, the dominant pathway for addition of the weakly basic
thiols MeQCCH,SH and CECH,SH remains the addition of
the thiol anion in solutions containing up to 1.0 M HGIO
(Figure 1). While the mechanisms for the specific-acid- and
specific-base-catalyzed addition of thiolsltare unambiguous,
there are two kinetically equivalent pathways, with identical
stoichiometry, for the pH-independent formal addition of neutral
thiols to 1: (1) direct nucleophilic addition of RSH through
transition state2 (Scheme 5A; Chart 1); (2) specific acid
catalysis of nucleophilic addition of RShrough transition state
3 (Scheme 5B).

(15) (a) Calculated from the ratio of the second-order rate constants for
addition of propanethiolatégs = 4.6 x 1 M~1s™1, Table 1) and dimethyl
sulfide krsr= 430 M1 s7%) to 1. (b) Pearson, R. Gl. Org. Chem1987,

52, 2131-2136. (c) Itoh, T.; Tosiyuki, W.; lwatsuki, S. Polym. Sci., Part
A: Polym. Chem1996 34, 963-969

addition of bulk thiol tol to kgs for addition of RS to the
protonated quinone methidd-1 in a stepwise mechanism
(Scheme 5). Substitution of the valueskggy = 0.12 Mt st

for addition of HOCHCH,SH to 1 (Table 1), Kgrsn= 107%7
(Table 1), andKa)n-1 = 1081 (pKa= —8.1)3Pinto eq 13 gives
kre ~ 107 M~1 s71 for addition of RS to H-1 (Scheme 5B).
This rate constant, which is required if reaction with preequi-
librium proton transfer td is to account for the observed value
of kesy = 0.12 M1 s71, is 10/-fold larger than the limiting
value ofkrs < 109 M~1s1for addition of RS to H-1, which

is the rate constant for diffusion-controlled bimolecular carbo-
cation—nucleophile combinatio#. Therefore, even diffusion-
controlled addition of HOCKCH,S™ to H-1 is far too slowto
account for the observed valueslefsy for addition of PrSH,
MeSH, and HOCHCH,SH to 1 (Table 1). We conclude that
the pH-independent reaction of these thiols (Figure 1) corre-
sponds to direct nucleophilic addition of the neutral thiollto
through transition stat2.

(Ka)RSH)kR ,
(Kdef
Brgnsted Parameters.The uncatalyzed and specific-acid-
catalyzed pathways for the addition of strongly basic, but not

K= ( (13)

(16) (a) Estimated using the Eyring equatiaxd* = 17.4 — 1.36(log
krs)] and krs = 4.6 x 10° M1 s71 from Table 1. (b) The value oAGgr
can be calculated from eq 14 (Scheme 4),

AGgr = AGrs — AG (1)

where AGgs is the overall equilibrium constant for addition of the thiol
anion tol. A value of AGrs~ —20 kcal/mol for addition of propanethiolate
ion has been estimated from the following: (a) the valuKgf= 8 x 10?
M~1for addition of propanethiolate ion to the tris(4-(dimethylamino)phenyl)-
methyl carbocatior® (b) a 106-fold larger value oKrs= 8 x 1018 M~

for addition of propanethiolate ion to the triphenylmethyl carbocation,
estimated from the 16 unit difference in the values Kkgor these two
carbocations [(a) Mathivanan, N.; McClelland, R. A.; Steenkerd. &m.
Chem. Soc199Q 112, 8454-8457. (b) Reference 19a] and by assuming
the same difference in the valuesKfs The 4 x 10f-fold smallervalue

of Krs = 3.2 x 103 M~1 for addition of propanethiolate ion tbestimated

by assuming that the difference irs or addition of RS to 1 and the
triphenylmethyl carbocation is the same as determined for addition of
bromide ion?2 Combining the requirement afGer < 8 kcal/mol for the
viability of Scheme 4 and\Ggrs~ —20 givesAG¢omp < —30 kcal/mol (eq
14). By comparison the bond dissociation energy (BDE) for the benzylic
C—S bond of benzylmethyl thioetherAGcomy) is 61 kcal/mol (McMillen,

D. F.; Golden D. M.Annu. Re. Phys. Chem1982 33, 483-532). The
effect of the 4-O group on this BDE will be smaller than the 17 kcal/mol
effect of the 4-O group on the BDE of the-OH bond of phenol (Bordwell,

F. G.; Cheng, J. RI. Am. Chem. S0d.99], 1131736-1743) because of
the smaller electronegativity of carbon compared to oxygen;oH;
substituents are not expected to have a large effect on this BDE, because
of the small value of-0.01 for the radical substituent constang (Jiang,
X.-K. Acc. Chem. Red.997 30, 283-289).

comb
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Figure 5. (A) Brgnsted correlations for nucleophilic addition of thiols
to the quinone methidé in water at 25°C andl = 1.0 (NaClQ).
Key: (M) experimental values of logrs (M~* s71) for addition of
thiolate anions RSto 1 with the slope of the least-squares line through
the data giving3n,c = 0.11; @) experimental values of lokksy (M2

s™1) for uncatalyzed addition of neutral thiols 19 (O) upper limit on
krsn for uncatalyzed addition of methyl mercaptoacetats, ®stimated
as described in the text with the dashed line as the least-squares fit of
the data including this upper limit, which givéh,. > 0.5 (dashed
line). (B) Linear logarithmic correlation betwedq, (M~* s™1) for
uncatalyzed addition of nucleophiles foand ,)u (M2 s71) for
specific-acid-catalyzed addition of these nucleophiles. The slope of this
correlation is 0.82 (solid line).

than that ofL,2%2so that the addition of thiol anions & should

be diffusion-controlled and independent of th&,pof the
nucleophile? It is interesting to compare structuresactivity
parameters for nucleophile addition to the stable electroghile
and the highly reactive electrophil&” for a case where the
difference in the intrinsic reactivity of these electrophiles is
equalized by the choice of reagents of different intrinsic
nucleophilic reactivity, so that the two electrophiles undergo
addition with similar activation barriers. The greater electrophilic
reactivity of 57 than of 1 is balanced by the weaker nucleo-

low pH (Figure 1). This shows that there is a sharper decreasephilicity of alcohols than of thiol anions, so that nucleophilic

with decreasing thiol basicity ikrsy and krsy)n for addition
of neutral thiols than ifkgs for addition of thiolate anions ti.
This is manifested in the smaller Brgnsted parameté,f=
0.11 for addition of thiol anionskgs) than S, > 0.5 for the
uncatalyzed addition of neutral thiols 1dkrsp) (Figure 5A)18
The identical values gf,,c= 0.11 for addition of thiol anions

to 1 and to the strongly resonance-stabilized 4-(dimethylamino)-

phenyltropylium ion ¢; Chart 1}°2 provide further evidence
supporting the conclusion that the chemical reactivitylaé
similar to that of other strongly resonance-stabilized carbocetions.
These small values ¢, c are consistent with an early reactant-
like transition state for nucleophilic addition of thiol anions to
these electrophiles.

The relatively weak resonance stabilization of the 1-(4-
methoxyphenyl)ethyl carbocatio(; Chart 1) results in a life-
time of this carbocation in water that is ca.'3€old shorter

(17) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken]. &m.
Chem. Soc1988 110, 6913-6914. McClelland, R. A.; Kanagasabapathy,
V. M.; Banait, N. S.; Steenken, 9. Am. Chem. Sod991, 113 1009

1014. McClelland, R. A.; Cozens, F. L.; Steenken, S.; Amyes, T. L.; Richard,

J. P.J. Chem. Soc., Perkin Trans.1®93 17171722.

(18) The lower limit of Snuc > 0.5 for addition of neutral thiols td
was determined as the slope of the lower correlation from Figure 5A,
which includes the upper limit okssy for addition of MeQCCH,SH to 1
(Table 1).

(19) (a) Ritchie, C. D.; Gandler, J. Am. Chem. Sod979 101, 7318~
7323. (b) Ritchie, C. DAcc. Chem. Red972 5, 348-354. (c) Ritchie, C.

D. Can. J. Chem1986 64, 2239-2250.

addition occurs with similar second-order rate constants of
krs~ 3 x 10° M~1 s71 for addition of RS to 1 (Table 1) and
kron &~ 1 x 107 M1 s71 for addition of ROH to5".2% These
reactions, which have similar activation barriepAss*, are
characterized by very different Brgnsted coefficient@of =
0.11 for addition of thiol anions ta (Figure 5A) andBnuc =
0.32 for addition of alkyl alcohols t6".2°0 The difference in
these values of,c is not due simply to the larger thermody-
namic driving force for addition of RSto 1 than for addition

of ROH to 5%.22 This is because no large changesSin. are
observed with changing thermodynamic driving force for
addition of thiol anions to strongly resonance-stabilized
carbocationg?

There is a requirement that cleavage of a hydrogen bond
between solvent and the nucleophile, with equilibrium constant
Kdesor precedes chemical bond formation to the nucleophile. A
logarithmic correlation with slopBgesol(<0) is expected to exist
between values dfgesoiand nucleophile Ig,,*8 so that observed
values of fnuc Will reflect the sum of Bgesol fOr nucleophile
desolvation andBenem for chemical bond formatiof? The
smaller observed value g#,, for addition of thiol anions

(20) (a) Richard, J. P.; Rothenberg, M. E.; Jencks, WI.iAm. Chem.
Soc.1984 106, 1361-1372. (b) Richard, J. P.; Jencks, W.JPAm. Chem.
So0c.1984 106, 1373-1383.

(21) Hupe, D. J.; Jencks, W. B. Am. Chem. S0d.977, 99, 451-464.
Williams, A. Adv. Phys. Org. Cheml992 27, 1-55.
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Reaction Progress

Figure 6. Hypothetical free energy reaction coordinate profiles for
the addition of substituted thiol anions to the quinone methided

of substituted alcohols to the 1-(4-methoxyphenyl)ethyl carbocation
(5%). This figure emphasizes the following features of these reaction
coordinate profiles: (1) the larger thermodynamic driving force and
the more “reactant-like” transition state for reactiorlpf2) the similar
activation barriers for the reactions bfand5*.

compared to alcohols might reflect the larger negative value of
Bdesoifor desolvation of thiol anions. However, there is evidence
that hydrogen bonds to thiol anions are weak and involve
relatively little formal proton transfer to the thiol aniéhso
that Bgesoiv~ 0 should not be substantially more negative than
for alcohols.

The values ofsn,cfor nucleophile addition reactions provide
a measure of thehangein charge at the nucleophilic reagent
which occurs on proceeding from the reaction ground to
transition stat@! The difference in the values gf,, for addition
of alcohols t05" (6nuc = 0.32) and of thiol anions ta (Bnuc =

0.11) shows that these reactions proceed through transition state

in which there is a largechangein charge at the alcohol
compared to thiolate anion nucleophile, which is consistent with
a greater degree of bonding to the former nucleophile at the
transition state. Since these two nucleophile addition reactions
proceed over nearly the same activation barriers (see above)
the change in energy associated with formation of a small
fractional bond at the transition state for addition of the thiol
anion must be essentially the same as that associated wit
formation of the larger fractional bond at the transition state
for addition of the oxygen nucleophile. This has been repre-
sented on free energy profiles as a relatively steep gradient
(curvature) for the approach to the transition state for addition
of thiol anions tol and a more shallow gradient for the approach
to the transition state for nucleophile additionsto (Figure 6).

(22) There is a greater thermodynamic driving force for addition of thiol
anions tol to form 1-SR than for addition of alcohols t&" to form
protonated oxygen ethe’sO(H)R™ because these reactions have very
similar rate constants (see text), but the reverse heterolytic cledvage
is much slower than cleavage ®fO(H)R". For exampleksoy < 3 x 107>
s~ can be estimated for cleavage of 1-SCIH; (the most reactive thioether

(kydow
Kron

1 keon

(ki)oet

(Mo [Keon
(1]

examined in this work) by expulsion of @EH,S™, from analyses of the
stability of this compound in basic solution by HPEEByY comparison,
(ke)oet = 0.05 Mt s71 for the acid-catalyzed cleavage BIOEt to give
5" can be calculated using eq 14 witkyJon = 0.11 M1 s71 for acid-
catalyzed cleavage &-OH,?° Keq = 36 as the equilibrium constant for
conversion of5-OH to 5-OEt,*? and keior/kuon = 16 for partitioning of
5" between reaction with ethanol and watkiThe acidity of5-O(H)Et™"
can be estimated aKp~ —2*! so that only a small fraction d5-OEt
will be protonated at [F] = 1.0 M, andksoy > 0.05 s for cleavage of
5-O(H)Et™ by expulsion of the neutral EtOH leaving group.

5-OH + EtOH+ H* R 5-OEt+ HOH + H*

(15)

Jatend Richard

Thesecomplexstructure-reactivity effects provide further
evidence that the value @, for carbocatior-nucleophile
combination is sensitive to theurvature of the reaction
coordinate on the approach to the transition state and that there
is a systematic increase in tteepnessf this approach with
increasing resonance delocalization of electron density to the
reactive cationic cente.357.2325 Thus, the shallow curvature
for the reaction profile for nucleophile addition ¢ has been
proposed to result in large changes in the position of the reaction
transition state as measured By,c with changing thermody-
namic driving force for nucleophilé2®while the much steeper
curvature for nucleophile addition to relatively stable electro-
philes which follow the Ritchié\; scalé®®chas been proposed
to result in essentially constant nucleophilic selectivity (8:go)
for changing electrophile reactivify’

The protonation of RSresults in an increase fro, =
0.11 for addition of RSto 1 to 3y > 0.5 for addition of neutral
RSH to1 (Figure 5A)!® This change inBnuc is due partly or
entirely to the more positive value &fG° for formation of the
protonated thiol addudt-S(H)R™, the initial product of addition
of neutral RSH tol, than for formation ofl-SR, and the
resulting Hammond-type shift to a more productlike transition
state for the addition of neutral RS¥E27 In fact, the direct
addition of neutral thiols tdl to form protonated thioethers
1-S(H)R" is probably endothermid{, < 1). This is because
Knu = KrsRksov = 3 x 1077 M~1 has been determined as the
equilibrium constant for addition of the neutral sulfide J}8eo
1 to form the sulfonium iorl-SMe&™ (this work, see below),
and theca. 600-fold smaller rate constant for addition of MeSH
to 1 than for addition of MgS (this work) is consistent with an
even smaller equilibrium carbon basicity for the neutral thiol

eSH.

QA Nucleophilic Addition of Sulfides. Nucleophilic addition of
MeSH to 1 was monitored by conventional UV spectropho-
tometry, but the much faster reversible addition of,Bleo 1
could be followed only by using stopped-flow techniques (see
Experimental Section). This simple experimental observation
providesprima facieevidence that the nucleophilic reactivity
of sulfide RSR towardl is much greater than that of the

hcorresponding thiol RSH. The reversible nucleophilic additions

of bromide and iodide ion t@ have also been studied in dilute
acids using conventional UV spectrophotoméf{sb These
nucleophiles react by the same pathways observed for the
addition of MeS 22.13bput by comparison, the addition of V@

to 1 is thermodynamically much more unfavorable and can be
detected only for reactions in the presence of high concentrations
(0.1-1.0 M) of acid, which serve to protonate the phenoxide
anion1-SMe* (Scheme 6).

Two pathways are observed for reversible addition opMe
and Hf to 1 to formH-1-SMe,™ (Scheme 6): (1) There is direct
uncatalyzed nucleophilic addition of M@ to 1 to form
1-SMe*, with a rate constarrsr = 430 M~1 s71, which then
undergoes rapid protonation to gite1-SMe,*. The reverse
of this uncatalyzed addition is specific-base-catalyzed cleavage
of H-1-SMe,™ by preequilibrium deprotonation to foriaSMe,™,
which then undergoes rate-limiting cleavage to divand MeS.

(2) There is HO™-catalyzed addition of MgS to1 to form H-1-
SMe;", with a rate constantkésn = 800 M2 s™1. The

(23) Marcus, R. AJ. Am. Chem. Sod.969 91, 7224-7225.

(24) Richard, J. P.; Amyes, T. L.; Williams, K. B2ure Appl. Chem.
1998 70, 2007-2014.

(25) Richard, J. P.; Amyes, T. L.; Lin, S.-S.; O’'Donoghue, A. C.; Toteva,
M. M.; Tsuji, Y.; Williams, K. B. Adv. Phys. Org. Chem200Q 35, 67—
115.

(26) Jencks, W. PChem. Re. 1985 85, 511-527.

(27) Hammond, G. SJ. Am. Chem. Sod.955 77, 334-338.
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Scheme 6 Table 2. Rate and Equilibrium Constants for Addition of Dimethyl
Sulfide and Chloride lon to Electrophilic Carbon in Water at°25

CF,
He 4 O:C>=< + MesS (Scheme 6)
CF3 KNy 2 ksoly b Kny©

Electrophile Nucleophile Knmesme/Ker 4

M1s) (s -1
Frsr (A A
kgory ksl(;llv
Cl 2x 109¢ 4f 5x 108
CF4 CF4 ;
® ® 1x10
CF, Kady CF, H Me,S  5x109¢ 1x106h 5x 1015
-1-Nu
1-SMe,* H-1-SMe,*
Cl-i 0.16 4x 103 4x 105
mechanism for this acid-catalyzed nucleophilic addition reaction CF, 0.008
was not investigated, but there is good evidence that the spe(:ific-o:<:>=< )
. o s . CFs Me,S 430 14x10° 3x107
acid-catalyzed addition of halide ions@roceeds by a single- 2
step concerted reaction mechanishas shown in Scheme 6 a Second-order rate constant for nucleophilic addition to the elec-
for the reaction of MgS. The reverse of this acid-catalyzed tro_phile.bFirst-order rate constant for reverse cleavage of the nucleo-
addition reaction is the uncatalyzed cleavagélef-SMe,* to phile adduct by expulsion of M8 or CI". ¢ Equilibrium constant for

! - = -z il il
form 1, Me,S, and H, with a rate constariea! = 15 that  GieRCe i Mol CChine s it of amei lfite ang chorkde
was determined as the limiting rate constant for cleavage of j5 e Rate constant for addition of Clin 50/50 (v/v) TFE/HO:* a
H-1-SMe;* in the presence of high concentrations of acid change in solvent to 100%.B results in<2-fold increase in the rate
(Figure 3 and Results). constants for addition of azide and acetate ion§8° Data from

_ 1 ref 45.9 Estimated fromky, = 1.5 x 10° M~! s for addition of
The rate constaritsoy = 1.4 x 10° s* for cleavage of the propanethiol tdc".%6 A larger diffusion-limited rate constant &k, =

phenoxide aniori-SMe;* by expulsion of MgS (Scheme 6) 5 x 10° M1 s tis used here, because pMxis 640-fold more reactive
was evaluated as follows: (a) A value dffy—1-ny = 10783 than propanethiol towardl (Table 1) and the 4-methoxybenzyl
M for ionization of H-1-SMe,™ was estimated as described in carbocation is more elect_rophilic thd&t. h Data from ref 47! Data
earlier work22 from pK, = 10.0 for phenol and a value of from ref 2a./ Data from this work.

= 0.79 for the “effective” Hammett substituent constant for the gcheme 7

p-C(CR),SMe" group?8a (b) This acidity constant was com-

bined withKrsg = 60 M~2 for addition of H" and MeS to 1 Meo@g e DNu Moo O H o
(Results) using the relationshifny = Krsr (Ka)H-1-nu tO give H u

Knu = 3 x 1077 M1 as the equilibrium constant for addition H

of Me;S to 1 to give 1-SMe™. (c) The value oksoy = 1.4 x CFs Ky CF,

10° s~ 1 (Table 2) for cleavage df-SMe," was calculated from o=<:>=< + N —= @O~©—FNU("+1)
Knu = 3 x 107 M™1 and krsg = 430 M1 s using the CFy CFs

relationshipksow = krsiKnu. Essentially the same value fagy, Nu = Cf, Me,S
may be calculated from the relationsliigy, = ksolv'/(Ka)H-1-Nu
using the value oksoy = 6.2 M s obtained by analysis of  favorable equilibrium constant for deprotonation of CHy-
the data shown in Figure 3 (see Results). NH3™ (pKa = 5.7) than CHCH,NH3" (pKa = 10.6) in water.
Table 2 shows a comparison of the rate and equilibrium  Transition State “Structure”. It is necessary to reconcile
constants for the reversible addition of"Cind MeS to the the conflictingpicture of the transition state for addition of thiols
4-methoxybenzyl carbocation and 1oin water (Scheme 7).  and sulfides tol that can be drawn from an analysis of the
The larger thermodynamic driving force for addition of }8e experimental data. There are two experimental observations
than for addition of chloride ion to the 4-methoxybenzyl which show that this transition state is stabilized by electron-
carbocationKmeswdKel = 1 x 107, reflects the larger carbon  donating substituents at the thiol nucleophile: (1) A limit of
basicity of sulfur than of chloride ion. By contrast, the value of g,,. > 0.5 has been set for the Brgnsted parameter for
Kwmeswe for addition of MeS to1 is 130-foldsmallerthanKc; nucleophilic addition of neutral thiols té (Figure 5A)18 so
for addition of CI, and the ratidyesmdKc) for addition tol that the stabilization of the transition state by electron-donating
is 1P-fold smaller than that for the 4-methoxybenzyl carbo- groups at the thiol is more than 50% that of the protonated thiol
cation. These data show that there is a large destabilization ofrelative to the thiol anion. (2) The rate const&gg (M~ s7%)
the cationic adduct af with Me,S relative to the neutral adduct  for addition of MeS to1 is 630-fold larger than that for addition
of 1 with CI~, as a result of unfavorable steric and electrostatic of MeSH. This shows that transition st&éChart 1) for addition
interactions between the bulky electron-withdrawingCF; of Me,S to1lis stabilized byca. 4 kcal/mol over transition state
groups and the cationic sulfur &tSMe,*. By comparison, a 7, as a result of the second methyl group at the sulfur
substitution of CEk for CHz at CHsCH,NH; results in 4.9 unit nucleophile. The observation that there is considerable stabiliza-
decrease in amine<p,28°which corresponds to a 48fold more tion of the transition state by electron-donating groups at sulfur
is consistent with substantial-€S bond formation and con-
(28) (a) The valueret = 0.40(Dicr, + orsg) = 0.79 was determined  comjtant positive charge development at the sulfur nucleophile.
using values of 0.54 and 0.90, respectively, for the Hammett substituent : o ; s
constants for the»CFs and p-Me:S* groups (ref 33, page 66) and an  Such @ productlike transition stategspectedor the addition
attenuation factor of 0.40 to account for additional carbon which separates Of dimethyl sulfide to1, because this reaction is strongly

these groups from the aryoxy anion. (b) Jencks, W. P.; Regenstein, J. Inendothermic Ky, = 3 x 1077 M~1, Table 2)%7
Handbook of Biochemistry and Molecular Biology, Physical and Chemical . .
Data, 3rd ed.; Fasman, G. D., Ed.; CRC Press: Cleveland, OH, 1976; Vol.  BY contrast, there are two observations which suggest that

1, pp 305-351. the large steric and electrostatic destabilizationd-@Me",
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which we propose is the major origin of %fbld smaller value

of KuesmdKer (Scheme 7) for nucleophilic addition tbthan

for addition to the 4-methoxybenzyl carbocation (Table 2), are
notgreatly expressed at the transition state for addition ofSMe
to 1: (1) There is no evidence that dimethyl sulfide shows an
abnormally low nucleophilic reactivity towartl For example,
knu = 430 M1 s71 for addition of MeS to 1 is only 1G-fold
smaller tharky, = 5.5 x 10° M~1 s71 for addition of the much
more nucleophilic azide ioff (2) The data in Table 2 show
that MeS is ca. 16fold lessreactive than Cl as a leaving
group in the solvolysis of 4-MeQi,CH,Nu but ca. 18-fold
morereactive than Cl as a leaving group in the solvolysis of
1-Nu. This suggests that a large fraction of the destabilizing

Jatend Richard

nonbonding electron pairs, as opposed to through space eharge
dipole interactions. This is because steric interactions exhibit a
~(1/r'?) dependence on radius, as compared with thé 1/
dependence for chargelipole interactions, and are therefore
expected to develop at relatively short bond distaffomsat a
position that is “late” on the transition state for bond formation
and early for bond cleavage.

The 12 kcal/mol larger proton affinity of M& (197 cal/mol)
than of MeSH (185 kcal/mol) in the gas ph&sprovides an
upper limit for stabilization of the positive charge at sulfur in
1-SMe" by interaction of charge with the polarizable methyl
group. The 4 kcal/mol stabilization of transition stéteslative
to 7 by the methyl group in water is ca. 33% of this 12 kcal/

steric/electrostatic interactions between the electron-withdrawing mol limit. This significant fractional expression of a gas-phase

o-CF; groups and the charged bulky leaving groug-&8Me,"
are relieved at the transition state &eavageof the C-S bond,

substituent effect for a nucleophilic addition reaction in an
aqueous solvent requires the following: (a) There is, at best,

so that there is a corresponding small fractional expression of modest stabilization of the transition stafefor addition of

these interactions at the transition state for nucleophile addition.

These data provide evidence that nucleophilic addition of
neutral sulfur nucleophiles th proceeds through a transition
state in which there is ambalancebetween the relatively large

MeSH by hydrogen bonding of the acidic proton to solvent.
This is consistent with a large body of experimental evidence
that acidic protons attached to sulfur form relatively weak
hydrogen bonds to solvent wafér38 (b) Destabilization of

expression of the effect of polar substituents at sulfur nucleophile transition staté by steric/electrostatic interactions between the

(Bruc > 0.5) but a relatively small expression of steric/
electrostatic interactions with the strongly electron-withdrawing
o-CF; groups?® They may be rationalized within the framework
of the “principle of nonperfect synchronizatigf®32 by a
transition state in which the product destabilizing steric/
electrostatic interactions develdgte along the reaction coor-
dinate for addition of MgS to 1, so that their effect on the rate
constant for nucleophile addition is small. This results in a
decrease in the Marcus intrinsic barrier for the hypothetical
thermoneutral reaction, relative to that for nucleophilic additions
of anions and other nucleophiles that are free of steric
hindrance’®-32 The data in Table 2 provide good evidence that
there is a smaller intrinsic barrier for addition of Methan for
addition chloride ion tdl. The addition of MeS to1 is ca. 3
kcal/mol thermodynamicallynore unfaorablethan for addition

of CI~, yet theabsoluterate constants foboth formation and
cleavage ofl-SMe* are > 10%-fold larger than the correspond-
ing rate constants for formation and cleavagelefl. This
corresponds to a 4.7 kcal/mol smaller activation barrier for the
formation of 1-SMe,™ compared to the thermodynamically
favored formation ofL-Cl.

methyl groups of MgS and the Ckgroups ofl is relatively
small (see above). These results contrast sharply with those for
amines, where gas-phase stabilization of ammonium cations by
polarizable methyl groups is evenly balanced by solution
stabilization of the cation by hydrogen bonding between water
and the acidic proton, so that methyl for hydrogen substitutions
have little effect on amine basicity in watér.

Acid-Catalyzed Addition of Sulfides and Thiols.The third-
order rate constant&y,)4 for acid-catalyzed addition of neutral
thiols and sulfides td are given in Table 1. These termolecular
reactions may follow either a stepwise mechanism in wHich
is first protonated to forni-1 (Chart 1), which then undergoes
nucleophile addition, or a concerted mechanism in which proton
transfer and formation of the-€S bond occur in a single step
(8).13b

Figure 5B shows that there is a linear correlation, with a slope
of 0.82, between the second-order rate constigptor direct
addition of nucleophiles t@ and the third-order rate constants
(knu)n for the corresponding specific-acid-catalyzed nucleophile
addition. The near unit slope of this correlation is difficult to
reconcile with a stepwise mechanism for the specific-acid-

On the basis of these results, we propose the following picture catalyzed reaction, because preequilibrium protonatioh tof

of the reaction coordinate profile for addition of neutral sulfur
nucleophiles td: (1) The bonding interactions betweérand

give H-1 is expected to result in a large increase in reactivity
and decrease in the nucleophilic selectivity of the electropiife.

the sulfur nucleophile in the transition state develop at a A less extensive correlation of data for the addition of halide
relatively long distance, which minimizes steric/electrostatic ions tol was presented in earlier work as one piece of evidence
interactions of the nucleophile with the-CF; groups. The to support a concerted reaction mechant3the correlation
developing positive charge at the sulfur nucleophile shows a in Figure 5B, which includes both halide and sulfur nucleophiles
normal interaction with electron-donating alkyl groups that are and spans a greater range of reactivity, is consistent with the
directly attached to sulfur. (2) The steric/electrostatic interactions conclusion that the concerted mechanism is preferred for
between ther-CF; groups and the incoming sulfide nucleophile
develop I_argelyaftgrthe trar_lsition state has been t_rgve_rsed on Wiley: New York 1975: pp 2948

the reaction coordinate. This requires that the stabilization from ™ 3y crampton, M. R. IThe Chemistry of the Thiol Groypatai, S.,
C—S bond formation obtained after the transition state has beengd.; John Wiley & Sons: New York, 1974; pp 37896.

passed be greater than the destabilization from developing steric/1 9§35)1§Z§1§v26i|§l§ié R. J.; Wharton, C. W.; White, Blochem. Soc. Trans.
electrostatic interactions. (3) The sulfonium idFSMe," is (3%6) Jarret, R. M.; Saunders, M. Am. Chem. S0d.985 107, 2648-
destabilized mainly by steric interactions between bonding and 2g54.

(37) Leichus, B. N.; Blanchard, J. Biochemistryl992 31, 3065-3072.

(38) Meot-Ner (Mautner), MJ. Am. Chem. S0d.984 106, 257-264.
Meot-Ner (Mautner), M.; Sieck, L. WJ. Phys. Chem1985 89, 5222-
5225.

(39) Arnett, E. M.; Jones, F. M., lll.; Taagepera, M.; Henderson, W. G.;
Beauchamp, J. L.; Holtz, D.; Taft, R. W. Am. Chem. So&972 94, 4724~
4726.

(33) Hine, J. InStructural Effects on Equilibria in Organic Chemistry

(29) Jencks, D. A.; Jencks, W. B. Am. Chem. Sod.977, 99, 7948~
7960.

(30) Bernasconi, C. FTetrahedron1985 41, 3219-3234.
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specific-acid-catalyzed addition of sulfur nucleophiled tout
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H-1-SMe and to relief of destabilizing interactions between the

does not rigorously exclude the stepwise reaction mechanism.charged sulfur and the twe-CF; groups in the reaction

The slope of 0.82 for this correlation is consistent with a
transition stat® in which the bonding between the nucleophilic
reagent andl is slightly greater than for direct nucleophile

addition and where there is modest stabilization by interaction

between HO™ and the developing phenoxide anion. This

transition state.
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interaction may resemble a simple hydrogen bond or involve a  Supporting Information Available: Figure S1, (A) depen-

larger degree of proton transfer to oxygen.

Methyl Group Transfer. Dimethyl sulfide reacts rapidly with
1 in acidic solution to form an equilibrium mixture df and
the sulfonium ionH-1-SMe;™ (Krsg = 60 M~2, Scheme 3).
The rate constant&psq (S71) for disappearance df decrease
with increasing [MeS], as a result of conversion dfto the
adductH-1-SMe,™. However konsqdoes not approach zero for
reactions in the presence of high [p8 where the concentration
of 1 is very low (Figure 4A). Product analyses show that the
major product of the reaction df in the presence of high
concentrations of M& is H-1-SMe, which we propose forms
by demethylation oH-1-SMe,*. This slow reaction oH-1-
SMe," results, effectively, in the disappearance of bbtand
H-1-SMe,™, because these species are in rapid equilibrium.
Figure 4B shows that the yield éf-1-SMe depends on [MsSP,
which requires that the transition state for formationHbfL-
SMe contain two molecules of M&. This provides strong
evidence thaH-1-SMe forms by methyl group transfer from
1-SMe" to Me;S rather than solvent watekr{ Scheme 8).

The value ofkr = 7.4 x 1073 M1 s71 (Results) determined
for methyl group transfer frorhl-1-SMe,* to Me;S at 25°C is
larger than that for the corresponding demethylation of
4-NO,CsH4CH,SMey™, which was monitored at the much higher
temperature of 78C.40 Again, we attribute the high reactivity
of H-1-SMe,™ to the weak basicity of the sulfide leaving group

dence of [krsHobsd— Krsfrg (M ~1 s71) for the addition of thiols
RSH to1 on the concentration of hydronium ion and (B) rate
constants for the uncatalyzed addition of neutral thiols RSH to
1 as a function of pH, and Figure S2, dependence of the ratio
of the concentrations dfi-1-SMe,™ and 1 at chemical equi-
librium on the concentration of M8. This material is available
free of charge via the Internet at http://pubs.acs.org.
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