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Abstract: The kinetics of reactions of the type Ph(LG)C=CPh(NO,) + RS~ — Ph(RS)C=CPh(NO;) + LG were measured
in 50% Me,SO-50% water (v/v) at 20 °C. Results on the following leaving group/nucleophile combinations are reported:
LG = I, Cl, 4‘CH3C6H40, CHSO, CH302CCH2CHZS, and CHSCHchzs with RS~ = HOCHZCHzS_; LG = CHSO with
RS = EtS", CH;0,CCH,CH,S", and CH;0,CCH,S™; LG = HOCH,CH,S with RS- = CH,CH,CH,S"; LG = CH,0,C-
CH,CH,S with RS™ = CH,CH,CH,S". Furthermore, the kinetics of reversible addition in the symmetrical systems LG =
HOCH,CH,S with RS” = HOCH,CH,S", and LG = CH;CH,CH,S with RS~ = CH,CH,CH,S", were determined. For the
combinations LG = CH;0 with various RS", LG = R’S with various RS~ and possibly LG = 4-CH,C¢H,O with HOCH,CH,S",
the intermediate, Ph(LG)(Nu)C-CPh(NO;)~, that is commonly postulated in nucleophilic vinylic substitution reactions could
be directly observed spectrophotometrically and the kinetics of its formation and its conversion to products were measured
separately in several cases. Three conditions must be met for the intermediate to be observable by our method. (1) The equilibrium
of intermediate formation from the reactants must be favorable, i.e., Kj[Nu™] > (3) 1. (2) The conversion of the intermediate
to products must be slower than its formation from reactants, i.e., k;[Nu’] > (3) k;. (3) The absolute magnitude of k, must
be low enough to allow detection of the intermediate by conventional or stopped-flow spectrophotometry. The reasons why
some of the systems described in this study meet these conditions, while none of the numerous systems reported previously

do, are discussed in detail.

Nucleophilic vinylic substitution reactions proceed by a mul-
titude of mechanisms.? The most common one is the addition—
elimination mechanism shown for an anionic nucleophile in eq
1. This two-step mechanism is favored by strongly electron

Ar
Ar\ /X K P X ke Ar\ /X
/C:C\ + N == LG'—-C——C\ — c—=c¢’ +LG"
LG Y - N Y Nu y M
1 2 3

withdrawing groups X and/or Y. In almost all cases known, even
with halogens as leaving groups, the addition—elimination mech-
anism is favored as long as X, Y, or both are strongly electron
withdrawing.2 However, with moderate or poor electron-with-
drawing X and/or Y a concerted substitution process is feasible,
although unequivocal evidence for it has never been presented.
In such a case, a poor leaving group may shift the mechanism
toward the two-step mode.

There exist several lines of evidence that support this mecha-
nism. Four of them are as follows. (1) Even though the inter-
mediate 2 has not been observed directly, carbanionic adducts
similar to 2, derived from 1-like olefins without a “real” leaving
group (e.g., LG = H, alkyl, aryl) have been detected under reaction
conditions conducive to nucleophilic vinylic substitution.? Note,
however, that the presence of a leaving group may change the
situation by opening a concerted pathway and bypassing the
intermediate 2. (2) The rate constant ratios with LG = Br, Cl,
and F are typically kg,/ke ~ 1 and kg/kc > 1.29¢ Such ratios
are consistent with rate-limiting nucleophilic attack without C-LG

bond cleavage, and with acceleration by electron withdrawal by
the highly electronegative fluorine atom. Note, however, that a
concerted mechanism for the chloro, and a two-step mechanism
for the fluoro, compound may also be consistent with kg/k¢ >>
1. (3) Partial or complete stereoconvergence has frequently been
observed, i.e., starting from either the E or Z precursor, the
reaction leads to both E and Z substitution products.2%* These
results indicate the presence of an intermediate (2) whose lifetime
is long enough for rotation around the C-C bond to occur before
leaving group expulsion. (4) Substitution of sluggish leaving
groups (LG = CN, F, RO) by amines occurs with amine catalysis,
which may be attributed either to (partly) rate-limiting depro-
tonation of 4 in eq 2 (k;) or to a fast proton-transfer equilibrium
followed by rate-limiting loss of the leaving group (k,).° Mild
catalysis has also recently been observed with NO, as the leaving
group.5f
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The most compelling evidence for the presence of an inter-
mediate (2, 4, §) would of course be its direct observation during
the substitution process. If the rates of its formation and de-
composition to products could be measured and shown to be
consistent with the overall substitution rate, this would serve as
compelling evidence that it is also on the reaction coordinate. It
seemed to us that the considerable body of structure-reactivity
data on nucleophilic vinylic substitution?% and nucleophilic
addition to olefins,*®" and general structure-reactivity principles
of physical organic chemistry, should be sufficient to allow the
design of some systems in which the intermediate is indeed de-
tectable. This is what we set out to do.

Three conditions must be met for the intermediate 2 in eq 17
to be observable. (1) The equilibrium of the first step must be
favorable, i.e., K;[Nu7] > () 1.8 (2) The conversion of the
intermediate to products must be slower than its formation, i.e.,
k;[Nu'] > () k.8 (3) The absolute magnitude of k, must be
low enough to allow detection of 2 by a suitable technique, e.g.,
by conventional UV /vis or stopped-flow spectrophotometry.

It appeared to us that 3-methoxy-a-nitrostilbene (6-OMe)’
would be an excellent choice as substrate for several reasons. (a)

Ph NO Ph NOS Ph ,;
Ne o C |t Vit
c=C¢C CHy0—C—C, RS—C—C
cHo”  ph L Nen L en
3 6-OMe SR " SR
7-(OMe,SR) 7-(SR,SR’)”

The combination (X, Y) = (Ph, NO,) is one of the best with
respect to inductive and resonance stabilization of the carbanionic
intermediate, particularly in a hydroxylic solvent.* This implies
a high K, value as well as a relatively low k,. (b) Nitronate ion
forming/consuming reactions have low intrinsic rate constants
(k when K = 1);519 this further depresses k, compared to a system
in which 2 may be of similar thermodynamic stability but which
is characterized by high intrinsic rate constants [e.g., (X, Y) =
(CN, CN)]. This feature is again particularly pronounced in
hydroxylic solvents. Even though a low intrinsic rate constant
may depress k; by an amount similar to k5, thereby leaving the
important k,/k; ratio relatively unaffected, the reduction in the
absolute value of k, may become crucial if this value is too high
for condition 3 to be met. (c) Methoxide ion is a very poor
nucleofuge,!! which should render &, very small.

As will be described in this paper, the intermediate 2 = 7-
(OMe,SR)™ 12 is indeed observed in the reaction of 6-OMe with
several alkylthiolate ions in 50% Me,SO-50% water (v/v). Other
intermediates that could be observed include 7-(SR,SR’)~ with
various combinations of R and R’. In contrast, the reactions of
HOCH,CH,S™ with 6-1 and 6-Cl lead to substitution without the
accumulation of an intermediate, while the results of the reaction
of 6-OAr with the same nucleophile are somewhat ambiguous.

Ph NO. Ph NO. Ph NO.
s NN N /2
=4 A= A=
I Ph Cl Ph 4-MeCgH,O Ph
6-1 6-Cl 6-OAr
Results

General Features. All kinetic experiments were run under
pseudo-first-order conditions, with the nucleophile in excess over

(6) (a) Rappoport, Z. In Nucleophilicity; Harris, J. M., McManus, S. P.,
Eds.; Advances in Chemistry 215; American Chemical Society: Washington,
DC, 1987; p 399. (b) Bernasconi, C. F. Ibid. p 115.

(7) The conditions for 4 and 5 to be observable (eq 2) will be described
in a future paper.

(8) It is assumed that [Nu~]g > [1],.

(9) Reactants of the type Ph(LG)C=CPh(NO,) and products of the type
Ph(Nu)C=CPh(NO,) will all be designated as 6-LG and 6-Nu, respectively.
They are shown as the E isomers although we have no definite proof of this,
except for 6-1, where both isomers are knowa. In some cases (see text) the
compound may be a mixture of the £ and Z isomers.

(10) (a) Bernasconi, C. F. Tetrahedron 1985, 41, 3219. (b) Bernasconi,
C. F. Acc. Chem. Res. 1987, 20, 301.

(11) (a) Stirling, C. J. M, Acc. Chem. Res. 1979, 12, 198. (b) Terrier,
F. Chem. Rev. 1982, 82, 77.

(12) Intermediates of structure Ph(LG)(Nu)C-CPh(NO,)~ will all be
designated as 7-(LG,Nu)~ in this paper.
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Table I. Reaction of Ph(MeO)C=CPh(NO,) with HOCH,CH,S" in
50% Me;SO-50% Water at 20 °C.% Kinetics of Breakdown of the
Intermediate

[HOCH,CH,SH},, [HOCH,CH,S7, K opeg(COTT)E,
M M Kopsds 7! s71
Spectrophotometric Determination®
0.5 0.05¢ 9.6 x10% 9.6x10%
HPLC Determination
0.0318 8.91 x 1044 2.34 X 10 1.76 X 10°°
0.0424 1.19 x 10734 2.09 X 10° 1.64 X 10°°
0.0530 1.49 x 10734 1.98 X 107 1.62 x 1073

7y = 0.5 M (KCl). ®By initial rate method; see text. “pH 9.60. 4pH
9.00. *See €q 9, with Kl =7.65X% 103 M_l, kHzO + kOHaOH_ A kHzO =237
X 1075 57! (ref 15).

Table II. Unsymmetrical Reactions of RS~ with
Ph(R’S)C=CPh(NO;) in 50% Me,SO-50% Water at 20 °C®

[RSH],q, [RST], kopsa(fast), kopsa(slow),
pH M M sl s
CH,CH,CH,S + 6-SCH,CH,0H"
12.70 0.106 0.100 2.96 0.350
0.149 0.141 3.47 0.341
0.158 0.150 3.84 0.348
0.199 0.189 4.34 0.339
0.211 0.200 4.73 0.354
0.249 0.236 5.26 0.353
CH,CH,CH,S" + 6-SCH,CH,CO,CH
12.66 0.122 0.115 3.96 0.371
0.180 0.170 5.39 0.370
0.244 0.230 7.00 0.375
HOCH,CH,S" + 6-SCH,CH,CO,CH»
10.54 0.30 0.15 2.26 0.260
0.40 0.20 2,67 0.282
0.50 0.25 3.13 0.287
HOCH,CH,S- + 6-SCH,CH,CH,*¢
10.54 0.020 0.010 0.482
0.050 0.025 0.546
0.125 0.0625 0.747
0.200 0.100 0.908
0.250 0.125 1.08
0.300 0.150 1.17
0.376 0.188 1.39
0.500 0.25 1.65

2y =0.5M (KCl). b[Substrate]o = (0.5-1.2) X 10* M. ¢\ = 360
nm. 9\ = 365 nm.

the substrate. The reaction conditions were 50% Me,SO-50%
water (v/v), 20 °C, and constant ionic strength of 0.5 M main-
tained with KCI.

Reaction of HOCH,CH,S™ with Ph(Cl)C=CPh(NO,) and
Ph(I)C=CPh(NO,). The reaction of (E)-Ph(Cl)C=CPh(NO,)
(6-Cl) with HOCH,CH,S™ leads directly to the substitution
product Ph(HOCH,CH,S)C=CPh(NO,) (6-SCH,CH,0H),
without any observable accumulation of an intermediate. There
is a clean isosbestic point at 300 nm, which also shows that there
is no cis—trans isomerization of the starting material during the
substitution. Rates were measured as a function of nucleophile
concentration in the range of 10-1072 M by monitoring product
formation at 360 nm. The results obtained at pH 10.54 are
summarized in Table S1 of the supplementary material!® (five
rate constants). Similar results, with [HOCH,CH,S™] = § X 1073
to 2.5 X 1072 M, were obtained with (E)-Ph(I)C=CPh(NO,)
(6-1); they are also reported in Table S1!3 (five rate constants).

In both reactions there is direct proportionality between the
observed pseudo-first-order rate constant and thiolate ion con-
centration. This is interpreted in terms of eq 3, which is the

kg = —k-‘ﬁ—[HocH CH,S] (3)
obsd k—l + k2 2 2

(13) See paragraph concerning supplementary material at the end of this
paper.



Thiolate Reactions with Substituted Stilbenes
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steady-state expression for eq 4. It is reasonable to expect that
Cl and | are much better nucleofuges than a thiolate, and hence,
ky > k_; so that eq 3 reduces to eq 5. The k, values are collected
in Table III.

Koa = k,[HOCH,CH,S"] (5)

Reaction of Ph(MeQ)C=CPh(NO,) with Various Alkyl Thi-
olate Ions. When a solution of 6-MeQ is mixed with a solution
of an alkylthiolate ion (CH3Cst_, HOCHzCHzS_, CH302CC‘
H,CH,S", CH;0,CCH,S"), a rapid reaction is observed, which
leads to an intermediate whose absorption spectrum is distinctly
different from that of 6-OMe or 6-SR. This is shown in Figure
1 for RS~ = HOCH,CH,S". The similarity of this spectrum to
that of a typical thiolate ion adduct of a-nitrostilbene, which is
included in Figure 1,14 and the fact that the intermediate slowly
converts to 6-SR, constitute strong evidence that the intermediate
has the structure 7-(OMe,SR)".

Ph
.« No. ok
Je=c{  +RST ==
MeO ka
8-OMe
Ph No; Ph NO
L %k N 2 -
MeO—C—C( —= c=c¢ + MeO™ (6)
éR Ph RS Ph
- 6-SR
7-(OMe SR)

The kinetics of intermediate formation and conversion to
products were measured separately. At the thiolate ion concen-
trations used (~2 X 1075 to ~4 X 1073 M), the former occurs
on a time scale of seconds, the latter has a half-life of several hours.
Rates of reversible formation of 7-(OMe,SR)™ were determined
in a stopped-flow apparatus by monitoring the loss of 6-OMe at
340 nm. The experiments were conducted in DABCO or tri-
ethylamine buffers; k.4 values are summarized in Table S2 of
the supplementary material'® (32 rate constants); they obey eq
7 as shown in Figure 2 for two representative examples. Rate
and equilibrium constants are reported in Table I11.

kowsa = k3[RS7] + &, Q)

The slow rate of conversion of 7-(OMe,SR)" to 6-SR caused
some problems in obtaining good kinetics for this reaction, which
we attribute to slow oxidation of the thiol or thiolate ion. Despite
our attempts to rigorously exclude oxygen, this oxidation could
not be completely suppressed and led to the buildup of small
amounts of absorbing products at high thiolate ion concentrations.
The problem was the least serious with RS- = HOCH,CH,S™ and
hence we focused our efforts on this reaction. The best and most
reproducible results were obtained at pH ~9.6 with [HOCH,C-
H,S™] = 0.05 M. By spectrophotometrically monitoring the first
10% of the reaction, a k, value of 9.6 X 1076 571 (Table I) was
obtained; repetitive HPLC analysis of the reaction mixture con-
firmed that 6-SR was the only product formed within this time
period.

Runs conducted at lower thiolate ion concentrations reduced
the interference from oxidation but suffered from a different
problem. In these experiments the equilibrium of the first step
does not favor 7-(OMe,SR)™ over 6-OMe as much as at higher
thiolate concentrations, leaving a high enough equilibrium con-
centration of 6-OMe for hydrolysis of 6-OMe to 8 to compete with

50(14) Bernasconi, C. F.; Killion, R. B, Jr. J. Am. Chem. Soc. 1988, 110,
7506.
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Figure 1. Absorption spectra of 6-OMe, 7-(OMe,SCH,CH,0H)", 7-
(H,SCH,CH,0H)", and 6-SCH,CH,0H in 50% Me,SO-50% water at
20 °C. [6-OMe] = [6-SCH,CH,0H] = 8.33 x 10 M. 7-(OMe,
SCH,CH,0H)~ was generated from 8.33 X 107 M 6-OMe by adding
0.5 M HOCH,CH,SH in a DABCO buffer at pH 9.0; 7-(H,-
SCH,CH,OH)" was generated in an analogous way from 6-H.

10°x[RS1. M

Figure 2. Reaction of 6-OMe with HOCH,CH,S™ (O, pH 10.51; ®, pH
9.00) and CH;0,CCH,S™ (a). Plots according to eq 7.

Scheme I
K,[RS” .k _
6-OMe —».'[] 7-(OMe,SR)” —2—» 6-SR + MeO
kH,0
ko 201
Ph NO;
e V4
7N
0 Ph
8

the k, process; i.e., Scheme I prevails. Hence, kg4 is given by
eq 8.

__KiRS] 1
I + K4[RST]) ° 1+ K,[RS]

Since K (Table I1I), ky,0,'* and koy'® are known, eq 8 can be
rearranged to

obsd (ka0 + kouaow) (8)

1

Kopeg(corr) = kopy ————————
osd (COTT) = Kotug | + K,[RS]

(kn,o + koudon) =
K,[RS7]

1 + K,[RS7]

Results at [HOCH,CH,S] = 8.91 X 107, 1.19 X 1073, and 1.49

ky (9)

(15) kyyo = 2.37 X 1075 571, kOH = 0.69 M~ s7!; Bernasconi, C. F,;
Killion, R. B., Jr.; Rappoport, Z., to be published.
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Table III. Summary of Rate and Equilibrium Constants for the Reaction of Nucleophiles with Ph(LG)C=CPh(NO,) in 50% Me,S0-50%
Water at 20 °C, u = 0.5 M (KCH)

ki (ky'), Ky = ki/k
no. LG (pK,'%) Nu~ (pK %) M5! koy (k') 87 (K) = ky'/k) M ky, 7!
1 1(«0) HOCH,CH,S™ (10.56) 7.78 = 0.20
2 Cl(x0) HOCH,CH,S™ (10.56) 37.8 = 1.00
3 4-CH,C,H, O HOCH,CH,S™ (10.56) 22.39 £ 0.064
(11.6)°
4 CH;0 (~17.2)% CH,CH,S™ (11.26) (4.21 £0.20) X 102 (7.85 £ 1.73) X 107 (5.36 = 1.21) X 10*
5 CH,0 (~17.2) HOCH,CH,S" (10.56) (3.90 £ 0.19) X 10 (5.10 £ 1.00) X 102 (7.65 % 1.55) X 10° (9.6 % 1.5) X 1078
6 CH;O (~17.2) CH;0,CCH,CH,S™ (10.40)  (3.60 & 0.16) X 102 (8.99 % 1.90) X 102 (4.00 % 0.90) X 10°
7 CH;0 (~17.2) CH,;0,CCH,S™ (8.83) (2.60 % 0.10) X 102 (5.38 + 0.10) X 107} (4.83 % 0.12) X 10?
8 HOCH,CH,S HOCH,CH,S™ (10.56) 6.42 £ 0.08 0.504 = 0.010 12.7 £ 0.5
(10.56)
9 CH;CH,CH,S CH,CH,CH,S™ (11.44)° 11.5 £ 0.1 0.131 £ 0.007 878+ 5.5
(11.44)°
10 HOCH,CH,S CH,CH,CH,S™ (11.44)¢ 177+ 1.7 est 0.045 est 3.9 X 102 ~0.35 + 0.05
(10.56)
It CH,;0,CCH,CH,S CH,;CH,CH,S™ (11.44)° 264 £ 2.6 est 0.04 est 6.60 x 102 ~0.37 £ 0.05
(10.40)
12 CH;0,CCH,CH,S HOCH,CH,S™ (10.56) 9.20 £ 0.90 est 0.20 est 46 ~0.28 £ 0.05
(10.40)
13 CH,CH,CH,S HOCH,CH,S™ (10.56) ~4,74 £ 0.50 ~0.45 % 0.10 9.48 + 2.0
(11.44)
14 H¢ CH,CH,S (11.26) 6.68 X 10* 3.49 x 107 1.91 x 107
15 H*¢ HOCH,CH,S" (10.56) 5.81 x 10* 7.02 x 107 8.16 x 108
16 H¢ CH,0,CCH,CH,S™ (10.40)  4.82 X 10* 9.47 x 107} 5.09 x 108
17 H¢ CH,0,CCH,S™ (8.83) 2.85 x 10* 1.37 % 107! 2.08 x 10°

4Based on the pX, of phenol in 50% Me,SO-50% water (11.35, ref 53) and the fact that in water the pX, of 4-CH,C¢H,OH is 0.27 unit higher
than the pK, of phenol: Chen, D. T. Y.; Laidler, K. J. Trans. Faraday Soc. 1962, 58, 480. ®Based on pK, = 15.5 in water (Ballinger, P.; Long, F.
A.J. Am. Chem. Soc. 1959, 81, 1050; 1960, 82, 795) and addition of 1.7 units in 50% Me,SO-50% water, the same as the increase in pX,, of water
(ref 53). <Based on pK, = 11.26 for CH;CH,SH and addition of 0.18 unit, the difference in pK, between CH;CH,SH and CH;CH,CH,SH in
water, ref 27a. ?1f k, > k_; number given corresponds to k;; if k; <(«)k_, number given corresponds to k k,/(k_, + k,); see text. *Reference 14.

Scheme 11

Ph NO; K [ N0 Ph_ N0
C=C_  +HOCHCH;S 4——% -t-MeC(,H.:o—C--—C\Ph — /C=C\ + 4-MeCeH4O'
4.MeCgH40 Ph ko HOCHCH3S Ph
HOCHCH,S
6-OAr 7.(0Ar,SCHCH20H)" 6-SCH2CH20H
Ph N _
“e=c’ * HOCHICHS  ——L g ]:J_f\ N
=C_ + 2CHy < OCH G
HOCHzCHzS/ Ph ey H 2CH2S C\ph

HOCH2CH,S

6-SCH2CH20H

X 1073 M obtained by following the rate of appearance of 6-SR
by HPLC analysis are summarized in Table I. They yield a &,
value of ~1.65 X 1075 571, in fair agreement with the spectro-
photometric value of 9.6 X 1076 57! obtained at 0.05 M thiolate
concentration.

Reaction of HOCH,CH,S™ with Ph(4-MeC,H,0)C=CPh-
(NO,). Since the conditions for the detection of the intermediate
are so amply met in the reaction of HOCH,CH,S™ with 6-OMe
(Ki=765X 103 M\, k; =390 X 10257], k, = 9.6 X 1078571),
it seemed reasonable to expect that the intermediate might also
be detectable in the reaction of HOCH,CH,S™ with 6-OAr, despite
the expected higher nucleofugality of the aryloxy leaving group.
Hence the reaction was studied over a wide range of thiolate ion
concentrations, from 1073 to 0.25 M. However, at high concen-
trations, reaction of the product 6-SCH,CH,0H with HOCH,-
CH,S™ to form the symmetrical adduct 7-(SCH,CH,0OH),"
(Scheme 1) introduced a complication that made the detection
of possibly small levels of 7-(OAr,SCH,CH,0OH)" difficult. At
low thiolate ion concentrations (<5 X 1073 M) the equilibrium
for the formation of 7-(SCH,CH,0H), is unfavorable (K, =
ki'/k.y’ = 12.7 ML see below) and hence no significant amounts
of 7-(SCH,CH,0H), are formed. The kinetics is strictly pseudo
first order [A = 360 nm, formation of 6-(SCH,CH,0H)] and k.
shows a linear dependence on thiolate ion concentration [Figure
3 and Table S3 of the supplementary material!® (10 rate con-
stants)]. As elaborated upon in the Discussion, for this reaction

7-(SCH2CH,0H)2
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Figure 3. Reaction of 6-OAr with HOCH,CH,S".

it is not clear whether k, > k_; and thus kgsq/ [HOCH,CH,S™]
= k; (eq 5) or whether k; S (&) k_;, and hence, kgpyq/
[HOCH,CH,S™] = kik;/(k.y + k) (eq 3) or Kopea/
[HOCH,CH,S™] = k ky/k_, (for k; & k_y).

At high thiolate concentrations the kinetics at 360 nm is strongly
biphasic and no interpretable rate constants were obtained. This
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Figure 4. Reactions of 6-SCH,CH,OH with HOCH,CH,S™ (a) and
CH,CH,CH,S™ (0).
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Figure 8. Reactions of 6-SCH,CH,CH, with CH,;CH,CH,S™ (0) and
HOCH,CH,S™ (4).

biphasic behavior may, at least in part, be attributed to coupling
of the reaction 6-OAr — 6-SCH,CH,OH to the reaction 6-
SCH,CH,0H = 7-(SCH,CH,0H), in Scheme II. The rate
constants for this latter process were determined to be k,” = 6.42
M 1sland k.’ = 5.04 X 107! 571 as described below, indicating
that the two coupled reactions in Scheme II occur on the same
time scale.

In an attempt to neutralize the effect of the coupling between
the two reactions, the kinetics was monitored around 285 nm,
which corresponds to an isosbestic region! of 6-SCH,CH,OH
and 7-(SCH,CH,0H),”. At this wavelength the reaction 6-
SCH,CH,0H = 7-(SCH,CH,0H),™ should be associated with
a minimal change in optical density (OD), and hence, first-order
behavior should be restored. The kinetic plots indeed became less
biphasic but the log AOD vs time plots still showed slight cur-
vature. This curvature could possibly be caused by some accu-
mulation of 7-(OAr,SCH,CH,OH)". The fact that a plot of
K psa'%® shows some downward curvature (Figure 3) is also con-
sistent with the notion of an accumulating intermediate.

Reactions of Ph(RS)C=CPh(NO,) with Thiolate Ions. A.
Symmetrical Reactions. The Kinetics of the symmetrical reactions
of eq 10, with R = HOCH,CH, and CH;CH,CH,, were deter-

Ph -
PR NO; e " No;
c=—c¢ + RS~ === RS—C—C (10)
rs” _ “ph k-o! L Nen
6-SR SR
74SR);

mined by monitoring the loss of 6-SR at 360 nm (HOCH,CH,S")
or 365 nm (CH;CH,CH,S"), respectively. Good first-order ki-
netics were obtained, with kg, obeying eq 11. The results are

kovsa = k)'[RS7] + Ky (11)
summarized in Table S4 of the supplementary material®® (20 rate
constants), while Figures 4 and 5 show plots according toeq 11.

The k,” and k_," values are reported in Table III. Note that the
symbols k;” and k_,’ (instead of k; and k_,, respectively) are only

(16) (a) Due to some absorption by HOCH,CH,S" there is no precise
isosbestic point. (b} Since the log AOD vs time plots showed slight curvature,
kosg» Which was obtained by least-squares analysis of these plots, suffers from
a systematic error of unknown magnitude.
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Scheme III
Ph NO. Ph  NO, Ph NO
G St 2y, N st -
/c=c\ RS == RS—C—C] —i» c=c +RS
R'S Ph Ky SR Ph RS h
6-SR’ 7.(SR,SR")" 6-SR
Ph NO, Ky Ph NO;
——— 7
c=c/ +RY RS—A{'<
-1
RS Ph SR Ph
6-SR 7-(SR)z

used to distinguish between the two nucleophilic addition processes
in Schemes 11 and III (see below); chemically they refer to the
same type of reactions as k; and k_;, and thus the k," and k_;
values in Table 111 are reported under the headings k; and k_,,
respectively.

B. Unsymmetrical Reactions. The unsymmetrical reactions
(LG = Nu) can be described by Scheme III. With R'S =
HOCH,CH,S and RS™ = CH,CH,CH,S" two kinetic processes,
both showing a decrease in absorbance at A, of 6-SR’ (360 nm),
were observed. At [RS™] of 0.1 M the rates of the two processes
differed by at least 10-fold and could easily be measured sepa-
rately. kg for the faster process showed a linear dependence
on thiolate concentration (Figure 4 and Table II), while the second
process was concentration independent (Table 1I). HPLC analysis
of the acidified reaction mixture showed 6-SR as the exclusive
product, although a second peak with very similar absorption
spectrum but slightly different retention time suggests formation
of small amounts of the Z isomer.

We offer the following interpretation of these results. On the
basis of K,” = 87.8 M~! for eq 10 with RS~ = CH;CH,CH,S",
and assuming that the K| value for the first step in Scheme 111
is at least twice as large because of a statistical advantage (more
on this in the Discussion), it seems clear that under our reaction
conditions ([RS™] = 0.1 M) we have k,;[RS™] » k_,. It is also
reasonable to assume that k, > (>>) k_, since ineq 10, k)’ =
0.50 57! for RS- = HOCH,CH,S and k_;’ = 0.13 571 for RS™ =
CH;CH,CH,S". Hence, the first kinetic process represents
formation of 7-(SR,SR’)~, and the slope of Figure 4 affords a good
approximation of k;.!” This &, value (17.7 M1 571) is close to
ky = 11.5 M1s7! for eq 10 with RS~ = CH,CH,CH,S", which
is a reasonable result. The second process, which is independent
of thiolate ion concentration, can be assigned to k,. The fact that
the second process is associated with a decrease rather than an
increase in absorbance at 360 nm is due to the rapid postequi-
librium in Scheme 111, which does not allow buildup of 6-SR under
the reaction conditions; however, after acidification 6-SR is the
observed product, as borne out by HPLC analysis. The &, value
(0.347 s71) is close to 0.5 k_,” = 0.25 s7! for eq 10 with RS™ =
HOCH,CH,S™ (factor of 0.5 is statistical correction), again a
reasonable result.

With R'S = CH302CCH2CH28 and RS- = CHSCHchzs_
the system of Scheme III behaves in a manner very similar to that
discussed above; this is not surprising since the nucleophiles are
the same and the pX, values of the leaving groups are very similar
(pK.S® = 10.56 for HOCH,CH,SH and 10.40 for
CH;0,CCH,CH,SH). The results are summarized in Table II,
they afford k, = 26.4 M s”! and k, = 0.37 57,

For the combination of R’S = CH3;0,CCH,CH,S with RS~
= HOCH,CH,S", it was more difficult to obtain good kinetics
because the two kinetic processes are closer and become only well
separated at [RS™] = 0.2 M. At these concentrations one may
take the slope of a plot of k.4 vs [RS™] as a reasonable ap-
proximation of k; (9.20 M s1) and the k4 value for the second
process as a reasonable approximation of k, (0.28 s7!). In contrast

(17) Note that the intercept of Figure 4 has no simple meaning because
at low [RS") 7-(SR,SR’)™ becomes a steady-state intermediate and there is
only one kinetic process with kg = k1ko[RS7}/(k_; + k).
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to the first two systems, the second process manifested itself as
an increase in absorbance at 360 nm because the postequilibrium
[6-SR = 7-(SR),7} with RS~ = HOCH,CH,S™ (K;’ = 12.7 M)
does not lie as strongly on the side of 7-(SR),” as with RS™ =
CH,CH,CH,S™ (K’ = 87.8 M),

The system with R’S = CH;CH,CH,S and RS~ = HOCH,-
CH,S is different from the three combinations discussed above
in that the reversal of the first step (k_;) must be significantly
faster than the k, step, if the k_," values in eq 10 can be used as
a guide (see above). This implies that a plot of k. (fast process)
vs [RS~] should not only provide k; from the slope, but also an
approximate value for k_; from the intercept, according to eq 7.
The results are summarized in Table 11 and Figure 5; they afford
ky =474 M5! and k_; ~ 0.5s™\. The second process was
associated with such a small change in OD that a kinetic deter-
mination was impractical.

Discussion

Detection of the Intermediate in Nucleophilic Vinylic Substi-
tution. The most significant result of this study is that inter-
mediates of the type 2 in the nucleophilic vinylic substitution
reaction of eq 1 have been observed for the first time. They are
7-(OMe,SR) in eq 6 and 7-(SR,SR’)" in Scheme III.

7-(OMe,SR)" is actually remarkably stable, both thermody-
namically (with respect to reactants) and kinetically (with respect
to product formation). For example, with CH;CH,S™ as the
nucleophile, the equilibrium constant for intermediate formation,
K,, is 5.36 X 10* M1, and even with the much less basic CH;-
0,CCH,S, K, is still 4.83 X 102 M, The rate constant for the
conversion of 7-(OMe,SCH,CH,0H)™ to products, k,, is 9.6 X
107¢ 571, which is many orders of magnitude slower than its rate
of formation, even at relatively low thiolate ion concentrations
(e.g., k;JHOCH,CH,S} = 0.39 51 at [HOCH,CH,S} = 103
M). It thus appears that when the three factors enumerated in
the introduction, i.e., strong stabilization of the carbanion by (X,
Y) = (Ph, NO,), low intrinsic rate constant for nitronate ion
forming/consuming reactions, and low nucleofugality of meth-
oxide, are combined with the strong nucleophilicity of thiolate
ions,3beShéa the necessary conditions for the intermediate to be
observable (K;[Nu™] 3> 1 and k;[Nu™] > k,) are amply met.

On the basis of the results obtained with 6-OMe, it seemed that
in the reaction of 6-OAr with HOCH,CH,S™ one might also be
able to observe the intermediate. If the change in the leaving group
from CH,;0 to 4-MeC¢H,O only affected k,, but not &, and K,
it is almost certain that the relationship k,[HOCH,CH,S"] »
k, would still hold. Even if 8); were as large as 1.0, k, would
only become ~3.8 s7! based on pK,(CH,OH) - pK,(4-
MeC¢H,OH) ~ 5.6. With k; = 3.90 X 10? we would have
k;[HOCH,CH,S]/k, = 10 at [HOCH,CH,S™] = 0.098 M. 1t
is likely that 3,, in our system would be less negative than -1.0.
For example, 8, for reaction 12 is —0.63,'® 8,, for reaction 13

4-N°z?sH4 COO_ CHy

H—C——C_{ — —_—
OAr COO  CHy
4NOCeHy /coo CH,
/c:c\ >< + A0 (12)
H cO0  CH,
Ph Nos Ph Ph
I 2 -
H—C—C\/ —_— >c:c< + RS (13)
‘l’h _X PR X
H—C—C/ — c=C¢C + RNH (14
Te N\ /
R,NH Y H Y
LG—CH,—CH—X — CH,=CHX + LG" (15)

is —0.68,1 B, for reactions of the type of eq 14 ranges from —0.50

(18) Bernasconi, C. F.; Leonarduzzi, G. D. J. Am. Chem. Soc. 1982, 104,
5133,

Bernasconi et al.

to —0.84,% while the k(C¢H;0)/k(CH;0) ratios of ~80 and 631
for reactions 152 with X = CN and X = PhSO,, respectively,
correspond to B, =~ —0.34 and 8, =~ —0.50, respectively, based on
the pK,(LG) values in Table I1I. This would imply a k, < (&)
3.8 57! for the reaction of 6-OAr with HOCH,CH,S™ and a
k,[HOCH,CH,S"] /k, > (>>) 10 at [HOCH,CH,S"] < () 0.1
M

The evidence for the observation of the intermediate is discussed
under Results. The slightly biphasic kinetic plots and the cur-
vilinear dependence of kg on [HOCH,CH,S™] in Figure 2 are
suggestive for some accumulation of the intermediate, but we do
not consider these findings to constitute compelling evidence. Even
if there is some accumulation, the k,[HOCH,CH,S"]/k, ratio
and/or K;[HOCH,CH,S] are (is) much smaller than the above
calculations imply. It is most likely that the difficulty in detecting
the intermediate is mainly a steric effect owing to the bulkiness
of the 4-CH;C¢H,O group. This steric effect, which can be clearly
seen with space-filling molecular models, probably reduces &, and
enhances k_; and k,, which results in lower K, and k,/k, values.

In the reactions where the leaving group is a thiolate (Scheme
111), the intermediate 7-(SR,SR’)™ was observable for all com-
binations of R and R’ studied, i.e., RS™ = Nu~ = CH,;CH,CH,S"
with R’S = LG = HOCH,CH,S and CH,;0,CCH,CH,S, and
RS~ = Nu~ = HOCH,CH,S" with R’'S = LG = CH,CH,CH,S
and CH;0,CCH,CH,S. However, inspection of Table III reveals
that k, and K, are considerably smaller and k, is considerably
larger than in the reactions of thiolate ions with 6-OMe, making
K,[RS7] and k,[RS]/k, much less favorable and, hence, requiring
much higher thiolate ion concentrations for the intermediates to
accumulate. For example, with Nu™ = CH;CH,CH,S™ and LG
= HOCH,CH.S a nucleophile concentration of 0.2 M is necessary
to make k;[RS7]/k; = 10, while with Nu~ = HOCH,CH,S™ and
LG = CH;0,CCH,CH,S, k;[RS7]/k,is ~6.6 at 0.2 M HOC-
H,CH,S".

Structure—Reactivity Relationships. The dependence on
structure of the rate and equilibrium constants summarized in
Table 111 is the result of a delicate interplay of a variety of factors.
A prominent factor mentioned previously is steric crowding in the
intermediate, which reduces k; and K, and enhances k,. One
manifestation of the steric effect is the low &, values for HOC-
H,CH,S" addition to 6-C1 (37.8 M1 s7!) and 6-1 (7.78 M!s71),
compared to the reaction of the same nucleophile with 6-OMe
(3.90 X 102 M1 571), and also the fact that k,(C1)/k,(I) = 4.86;
if electronic factors were dominant, 6-Cl should be more reactive
than 6-OMe.!” As discussed earlier, the reduced reactivity of
6-OAr compared to 6-OMe can also be traced, at least in part,
to a steric effect.

The finding that k, = 3.9 X 10> M1 57! for the reaction of
HOCH,CH,S™ with 6-OMe is 149-fold lower than for the reaction
with PACH=CPh(NO,)!* (6-H) (5.18 X 10* M1 s!) and K, =

Ph, NO Ph NO,
\ . / 2 // 2
/C__C\ *//C——C\
H Ph CH,0 Ph
6-H 9

7.65 % 10° M1 is 1.07 X 103 fold lower (K, = 8.16 X 106 M)
may again, in part, be due to a steric effect. However, resonance
stabilization of 6-OMe (9) is likely to be a major contributor to
the lowering of k; and K,. This notion is supported by a com-
parison of the intrinsic rate constants (ko = k; = k_; when K| =
1)2! for thiolate ion addition to 6-OMe and 6-H. A log ko = 2.16

(19) The stronger electron-withdrawing inductive effect of Cl is reflected
in the oy values, which are 0.48 for Cl and 0.34 for OMe.2®

(20) Exner, O. In Correlation Analysis in Chemistry; Chapman, N. B,,
Shorter, J., Eds.; Plenum: New York, 1978; p 439.

(21) As pointed out by a reviewer, this definition of &, creates a problem
of units because k, is in units of M~' s and k., in sl A possible solution
to the problem was suggested by Hine,22 but his solution suffers from the
disadvantage of having to assume the same equilibrium constant for encounter
complex formation between nucleophile and electrophile in all reactions.
When relative kg values are compared, little numerical difference exists be-
tween our and Hine's definition.

(22) Hine, J. J. Am. Chem. Soc. 1971, 93, 3701.
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Figure 6. Plots of log k; and log k_; vs log X, for the addition of thiolate
ions to 6-OMe (O, W) and 6-H (A, A), respectively. The points of

intersection of the lines for log &, and log k_; at log X, = 0 correspond
to log kg; see Discussion.

for 6-OMe is obtained by extrapolating a plot of log k, or log k_
vs log K| to log K| = 0 (Figure 6). This compares with log kg
= 3.43 for 6-H.!* Resonance effects typically lead to a lower kg
because their development (in a product) generally lags behind
bond formation, or their loss (in a reactant) is ahead of bond
formation.!® Thus, the decrease from log kq = 3.43 (LG = H)
to log kg = 2.16 (LG = CH;0) is consistent with a resonance effect
as shown in 9.

A reviewer has suggested that inasmuch as charge is already
delocalized by resonance in the starting material (9), this could
lead to an increase rather than a decrease in k3. Such a phe-
nomenon has indeed been observed in the addition of piperidine
to B-nitrostyrenes, where k, for the p-dimethylamino derivative
is higher than for the parent 8-nitrostyrene,?® presumably because
the negative charge is already partially delocalized into the nitro
group of the substrate (10). As discussed elsewhere,’>?? there

Me2ﬁ=<:>=0H—CH=No;

10

is a delicate balance between the k, increasing effect of this kind
of resonance and its kq decreasing effect; in the present case (9)
the net result of the two effects appears to be a decrease of k.

It is interesting to note that in the absence of steric and reso-
nance effects the addition intermediate derived from 6-OMe may
actually be thermodynamically somewhat more stable (relative
to the reactants) than that derived from 6-H, owing to two factors.
The first is hyperconjugative stabilization*- by the CH;0 group
(11); the second is an anomeric effect?26 caused by having an

CH;,O‘) o
NI CHa S 7
wg® c\ \o/u\s@
1 12

oxygen and a sulfur attached to the same carbon (12). It is
difficult to assess, without detailed calculation, whether these
factors would lead to a significant increase in the stabilization
of the adduct derived from 6-OMe, but if they do, this implies
that the steric and resonance effects may be even larger than the
differences in k, and K, suggest.

When both the nucleophile and the leaving group are thiolates,
k, and K are substantially smaller than for LG = MeO. For
example, for the symmetrical adduct 7-(SCH,CH,0H),", K, =

(23) Bernasconi, C. F.; Renfrow, R. A,; Tia, P. R. J. Am. Chem. Soc.
1986, 108, 4541.

(24) (a) Apeloig, Y.; Rappoport, Z. J. Am. Chem. Soc. 1979, 101, 5095.
(b) Apeloig, Y.; Karni, M.; Rappoport, Z. Ibid. 1983, 105, 2784. (c) Rap-
poport, Z.; Avramovitch, B.; Karni, M.; Apeloig, Y. Isr. J. Chem., in press.

(25) (a) Kirby, A. G. The Anomeric Effect and Related Stereocelectronic
Effects of Oxygen; Springer Verlag: Berlin, 1983. (b) Deslongchamps, P.
Stereoelectronic Effects in Organic Chemistry; Pergamon: Oxford, 1983.

(26) (a) Schieyer, P. v. R.; Jemmis, E. D.; Spitznagel, G. W. J. Am. Chem.
Soc. 1988, 107, 6393. (b) Harcourt, M. P.; More O’Ferrall, R. A. Bull. Soc.
Chim. Fr. 1988, 407.

J. Am. Chem. Soc., Vol. 112, No. 8, 1990 3175

Table IV. Bronsted 8 Values and log &, for the Addition of Thiolate
Tons to Ph(MeQ)C=CPh(NO,) and PhCH=CPh(NO,) in 50%
Me,SO-50% Water at 20 °C

Ph(MeO)C=CPh(NO,;} PhCH=CPh(NO,)”
)

parameter (6-OMe) (6-H
Boue = dlog 0.09 £ 0.01 0.16 £ 0.02
ky/dpK,RsH
Big = dlog -0.71 £ 0.14 -0.68 + 0.06
k-l/deaRSH
Beq = dlog 0.80 £ 0.13 0.84 £ 0.07
K, /dpK,RSH
e = Baue/Beg = 0.11 £ 0.02 0.19 = 0.03
dlog k,/dlog K,
B = Big/Beq = dlog -0.89 % 0.02 -0.81 % 0.10
k_/dlog K,
log &, 2.16 = 0.09 3.43 £ 0.10

aReference 14,

12.7 M1 is 602-fold lower than K, for HOCH,CH,S™ addition
to 6-OMe, while k, = 6.42 M™! 57! is reduced 61-fold. Again it
appears that steric crowding in the adduct is mainly responsible
for these reductions. Another factor that would tend to reduce
K, and k, for nucleophilic addition to 6-SR compared to 6-OMe
is the anomeric stabilization of the adduct, which should be weaker
with LG = RS compared to LG = MeQ.2%

The steric and anomeric effects are probably somewhat coun-
teracted by a stronger resonance stabilization of 6-OMe (9)
compared to 6-SR (13). That the = overlap with oxygen may

PR Noz PNOz?eW CN /o‘ /o‘
c—C’ ArG—C—C —C —C
/) N\ + N\ +
/4 ] \ \ \
RS Ph ¢l COOCH, OR SR
13 14 15 16

be stronger than with sulfur can be deduced from the observation
that CI” departure from 14 (G = O) appears to be faster than
from 14 (G = S).** In the breakdown of tetrahedral intermediates,
the “push” exerted by RO groups is also generally stronger than
that exerted by RS groups,?” suggesting that the resonance
structure 15 in an ester is more significant than 16 in a thiol ester.
This is in agreement with ab initio calculations,?® although it has
recently been claimed that the push exerted by ArS is stronger
than that exerted by an ArO group of comparable basicity.”® In
conclusion, if the resonance stabilization of 6-SR (13) is weaker
than that of 6-OMe (9),% this would enhance k, and K, for 6-SR.

Turning to the product-forming step, the k, values for RS
departure are [(3—-4) X 10%]-fold higher than the &, for the CH,O
departure. In the absence of more data it is difficult to assess
how much of this difference may be attributed to the lower basicity
of the thiolate leaving groups (see pX, values in Table III}, to the
greater steric strain in 7-(SR,SR’)", to a smaller anomeric effect
in 7-(SR,SR’)~, and to a higher intrinsic rate for thiolate vs
alkoxide ion departure.* It should be noted, though, that the
[(3-4) X 10%]-fold acceleration in k, actually underestimates the
combined influence of these factors. This is because thiolate ions
have stronger carbon basicities than oxyanions of the same pK,,3!2
and hence, for a given pK, of the leaving group, and in the absence
of steric and anomeric effects, the stability of 7-(SR,SR’)" relative

(27) (a) Hupe, D. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 451. (b)
Jensen, J. L.; Jencks, W. P. Ibid. 1979, 101, 1476. (c) Santry, L. J.;
McClelland, R. A, Ibid. 1983, 105, 3167.

(28) (a) Hayes, D. M.; Kenyon, G. L.; Kollman, P. A. J. Am. Chem. Soc.
1978, 100, 4331. (b) Santry, L. J.; Poirier, R. A.; McClelland, R. A.; Csiz-
madia, I. G. Theor. Chim. Acta 1984, 65, 139.

(29) Castro, E. A.; Ureta, C. J. Org. Chem. 1989, 54, 2153,

(30) Since MeO- is considerably more basic than RS, the arguments of
ref 29 probably do not apply.

(31) (a) Hine, J.; Weimar, R. D., Jr. J. Am. Chem. Soc. 1965, 87, 3387.
(b) Hine, J. Structural Effects on Equilibria in Organic Chemistry, Wiley:
New York, 1975; p 225. (c) Sander, E. G.; Jencks, W. P. J. Am. Chem. Soc.
1968, 90, 6154.

(32) (a) Pearson, R. G.; Songstad, J. J. Am. Chem. Soc. 1967, 89, 1827.
(b) Pearson, R. G. Surv. Prog. Chem. 1969, 5, 1.
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to products should be higher than that of 7-(OMe,SR)~ toward
MeO loss. This factor would reduce k, for the breakdown of
7-(SR,SR’Y".

Bronsted Relations. (,,., 8, and B, for the reaction of 6-OMe
with four thiolate ions, obtained from plots (not shown) of log
ki, log k_;, and log K, respectively, vs pK,*H, are summarized
in Table IV. As can be seen from the standard deviations of the
£ values, the scatter in the Bronsted plots is minor. Plots of log
k, and log k_, vs log K, (Figure 6), which yield the normalized
B values (8}, B%;). are of even better quality. These normalized
@ values are also included in Table IV, as are the corresponding
Brenlsted 8 values for the reaction of 6-H with the same thiolate
ions.1

Bruc and 8, are quite small, suggesting that charge transfer
from the nucleophile to the substrate, and with it C-S bond
formation, has probably made little progress at the transition
state.33 This is true for both substrates. The fact that 8,,. and

" for 6-OMe are even smaller than for 6-H is difficult to
interpret: a simplistic application of the reactivity-selectivity
principle3*3¢ (RSP) would have predicted that 8, (8L, for
6-OMe should be higher rather than lower. However, since the
two substrates differ so strongly with respect to steric, resonance,
and anomeric effects, the transition-state should probably not be
expected to conform to the predictions of the RSP.

When the leaving group is a thiolate (6-SR), 8,,. appears to
be significantly larger than when it is methoxide. From two-point
Bronsted plots (Nu™ = CH;CH,CH,S™ and HOCH,CH,S") one
calculates 8, = 0.44 £ 0.05 for LG = CH;CH,CH,S, 8, =
0.50 % 0.0S for LG = HOCH,CH,S, and 8, = 0.52 % 0.09 for
LG = CH;0,CCH,CH,S. Within experimental error, these 8.
values are all the same but much larger than for thiolate ion
addition to either 6OMe or 6-H. In this case the larger 8, values
could be rationalized by the RSP, but again in view of the diversity
of factors that are responsible for the reduced reactivity of 6-OMe,
there is probably no particular physical insight to be gained from
this apparent adherence to the RSP.

Inspection of Table 111 shows that the pK of the thiolate leaving
group also affects &, for a given nucleophile. For example, with
Nu~ = CH;CH,CH,S", k, increases from 11.5 to 17.7 to 26.4 M~!
s”! when LG is changed from CH,CH,CH,S to HOCH,CH,S
to CH;0,CCH,CH,S. In a similar way, with Nu~ = HOCH,-
CH,S", k, increases from 4.74 to 6.42 t0 9.20 for the same changes
in LG. This effect of the leaving group on k;, which corresponds
to an average By, (k,) = dlog k,/dpKi, = —0.27 % 0.11, may reflect
a decreasing contribution of the resonance form 13 as the basicity
of LG decreases, resulting in a destabilization of the olefin, and /or
simply an inductive effect (stabilization of the intermediate and
transition state by a more electron withdrawing LG). These
electronic effects also lead to a decrease in k_; with decreasing
basicity of LG, as shown by comparing entries 8 and 13 in Table
I11. Since k_, = 0.504 s7! for entry 8 is favored by a statistical
factor of 2 over entry 13, the statistically corrected k_, for the
loss of HOCH,CH,S™ from 7-(SCH,CH,OH), (0.252 57} is seen
to be significantly lower than k_, for the loss of HOCH,CH,S"
from 7-(SCH,CH,OH,SCH,CH,CH,)” (~0.45 571, entry 13),
corresponding to a 8y,(k_) = dlog k_,/dpKy; = 0.29.

By taking the leaving group effect on k_, into account, we have
estimated k_; and, hence, K, values for entries 10-12. For ex-
ample, k_; =~ 0.045 s7! for entry 10 was arrived at by first dividing
k_, of entry 9 (0.131) by the statistical factor of 2 and then by

(33) This is the traditional interpretation of By o 85u>* However, the
use of ﬁm or S, as measures of transition-state structure has been ques-
tioned.

(34) (a) Leffler, J. E.; Grunwald, E. Rates and Equilibria of Organic
Reaction; Wiley: New York, 1963; p 128. (b) Kresge, J. A. In Proton
Transfer Reactions;, Caldin, E. F., Gold, V., Eds.; Wiley: New York, 1975;
p 179. (c) Jencks, W. P. Chem. Rev. 1985, 85, 511.

(35) (a) Johnson, C. D. Tetrahedron 1980, 36, 3461. (b) Pross, A. J. Org.
Chem. 1984, 49, 1811. (c) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. Soc.
1985, 107, 4737. (d) Hammond, R. B.; Williams, I. H. J. Chem. Soc., Perkin
Trans. 2 1989, 59,

(36) (a) Pross, A. Adv. Phys. Org. Chem. 1977, 16, 69. (b) Isr. J. Chem.
1985, 26 (4), Reactivity—Selectivity issue.
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another factor of 1.45, which is the estimated correction for the
change from LG = CH;CH,CH,S to HOCH,CH,S; k_, for
entries 11 and 12 were estimated by using similar reasoning.

As one would expect, k, is affected by electronic effects in a
way similar to k_;. For example, the k, value of 0.35 5! for the
expulsion of HOCH,CH,S- from 7-(SCH,CH,0OH,-
SCH,CH,CH;)™ (entry 10) can be understood as follows. In the
absence of electronic effects, &, should be equal to 0.5k_; = 0.252
s7! for the breakdown of 7-(SCH,CH,OH),” (entry 8). The
enhanced value of 0.35 s! must therefore reflect the larger product
resonance effect in 6-SCH,CH,CH; compared to 6-SCH,CH,OH
and/or the reduced inductive stabilization of 7-
(SCH,CH,0H,SCH,CH,CH;)- compared to 7-
(SCH,CH,0H),". A similar conclusion is reached by comparing
k, for entries 11 and 12. Incidentally, &, in entry 10 and k_, in
entry 13 refer to the same process, i.e., loss of HOCH,CH,S™ from
7-(SCH,CH,0H,SCH,CH,CHjy"); it is rewarding that, within
experimental error, they have the same value.

Comparison with Other Systems and Concluding Remarks. Why
are 7-(OMe,SR)™ and 7-(SR’,SR)" the first intermediates reported
to accumulate to detectable levels during a nucleophilic vinylic
substitution? As we have seen, in the case of 7-(OMe,SR)", all
the factors known to make K;[Nu™] > 1 and &,[Nu™]/k; > 1,
and to lead to a low absolute value of k,, are simultaneously
present: (a) RS~ is a powerful nucleophile (high &, and K;); (b)
(X, Y) = (Ph, NO,) is an excellent stabilizer of negative charge
(high k, and K, low k,); (c) the intrinsic rate of carbanion
forming/consuming reactions is low with (X, Y) = (Ph, NO,)
(low k,); (d) CH;0 is a very poor leaving group (low k,). Re-
placement of CH;O for RS as leaving group still leads to de-
tectable intermediates, but only under conditions of high nu-
cleophile concentrations. When other factors become less than
optimal, the intermediate is no longer detectable. For example,
for the change in leaving group from CH;O to 4-MeC¢H,O, the
lowering of k, and K, (mainly steric effect) and the increase in
k, (mainly pK, and steric effect) are already sufficient to render
the intermediate spectrophotometrically undetectable, or perhaps
just marginally detectable. With much better leaving groups such
as Cl or I there is no expectation to even approach the conditions
necessary for detection, mainly due to very high &, values. The
same is true for the reaction of 4-CIC¢H,S™ with 6-Cl or 6-1 in
ethanol and methanol.’f

The change of nucleophile from RS to pyrrolidine or piperidine
is also sufficient to render the intermediate undetectable by
spectrophotometry, even when all the other features (b—d) are
preserved.3” This appears to be the consequence of a strongly
reduced k;, due to the lower nucleophilicity of amines and greater
steric congestion in the adducts, probably in combination with
an enhanced k,, due to the same steric hindrance, coupled with
a stronger resonance stabilization of the product (17).

Ph, . c//Noz
+/ — N\
RzN/ Ph
17

In the numerous other examples of nucleophilic vinylic sub-
stitution studied to date there are typically at least two of the
factors missing that would be conducive to detection of the in-
termediate. (1) The substrates have (X, Y) that are less effective
stabilizers of negative charge (especially in the nonaqueous solvents
commonly used), and/or lead to higher intrinsic rates than (Ph,
NO,), such as (COOR),,%+3¥ (COOR, CHO),“ (CN, COOR),*f
(Ph, CHO),* (Ph, CN),*? (CN),,%2<e3840 (H, NO,),*! and C,-
H,(CO0),.5 The pK, values of the carbon acids CH,XY 4243 or

(37) Bernasconi, C. F.; Fassberg, J.; Killion, R. B., Jr.; Rappoport, Z., to

be published.
¢ 7(38% Rappoport, Z.; Topol, A. J. Chem. Soc., Perkin Trans. 2 1972, 1823,

1975, 863.

(39) (a) Rappoport, Z.; Topol, A. J. Chem. Soc., Perkin Trans. 2 1975,
982. (b) Rappoport, Z. Ibid. 1977, 1000.

(40) Rappoport, Z.; Rav-Acha, C. Tetrahedron Lett. 1984, 25, 117.

(41) Rappoport, Z.; Hoz, S. J. Chem. Soc., Perkin Trans. 2 1975, 272.
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the equilibrium constants for nucleophilic addition to PhACH=
CXY?3 may be used as approximate guides to the stabilizing effect
of (X, Y), while the intrinsic rate constants for nucleophilic ad-
dition to PhACH=CX Y3510 may serve as a relative measure
of the intrinsic rate constant of the k, step for a given leaving
group. Except for 1,3-indanedione [(X, Y) = C¢H,(CO),] whose
pK, is 7.00,* all the other CH,XY are much less acidic than
phenylnitromethane [(X, Y) = (Ph, NO,)], whose aqueous pK,
is 6.88.4 However, the intrinsic rate constant for OH- addition
to benzylidene-1,3-indanedione* is ~ 10° fold higher than for OH~
addition to e-nitrostilbene,*” implying a higher k, value when (X,
Y) = CgH4(CO),.

(2) The leaving groups, with few exceptions (CN,5¢ EtO%),
are usually fairly good to excellent nucleofuges (halog-
ens, 4 115,038-4148 T3 438 CF,CH,0%¢), and/or the nucleophiles
are not as powerful as thiolate ions (RR/NH,4&5¢e:3839
AI‘NHZ,SS'd'SB"‘O'“ ArO’,‘c‘f'“ N3_v43-¢ SCN',“‘"“" CH30_,4b'°'°
EtO~3° AcO™). In those cases where thiolate ions, primarily
ArS~, have been used,*38539%248 the Jeaving group was invariably
too nucleofugic and/or (X, Y) was too weak.

Experimental Section

Materials. Ph(I)C=CPh(NO,) (6-1) was prepared according to
Stevens and Emmons*® and the configuration follows the assignment of
Freeman and Stevens,*® which is based on UV spectroscopy; mp 189 °C,
purification procedure and spectral properties are given in ref 5f. Ph-
(ClYC=CPh(NO,) (6-Cl) was synthesized according to Iwai et al.;' mp
144 °C, purification procedure and spectral properties are given in ref
Sf. Ph(MeO)C=CPh(NO,) (6-OMe) was prepared as described by
Rappoport and Gazit.* The product was a 6:4 Z/E mixture, mp 82 °C.
Ph(4-l5vr1eC6H4O)C=CPh(N02) (6-OAr) was available from a previous
study.

Ph(HOCH,CH,S)C=CPh(NO,) (6-SCH,CH,0H). To a solution of
0.0364 g (0.140 mmot) of 6-Cl in 5 mL of acetonitrile was added 0.098
mL (1.40 mmol) of HOCH,CH,SH, followed by 0.195 mL (1.40
mmoles) of triethylamine. The solution was stirred for 1.5 h, then poured
into 25 mL of dichloromethane, and washed with 3 X 25 mL of water.
After drying the dichloromethane layer with Na,SO, and evaporation
under reduced pressure, a yellow oil was obtained. Recrystallization from
95% ethanol gave 0.015 g (36% yield) of yellow crystals: mp 71-72 °C;
TH NMR (60 MHz, CDCl,) 5 7.43, 7.21 (ArH), 3.62 (CH,0, t), 2.50
(CH,S, t), 2.11 (OH, br, exchangeable with D,0), 1.98 (OH, ex-
changeable); MS, m/e = 301 (M*).

The 'H NMR analysis® suggests that the product, presumably the E
isomer,® contains a small amount of the Z isomer. The signal repre-
senting SCH, at & 2.50 appears to be two sets of triplets, a large one of
8 2.50 (J = 6 Hz) and a smaller one at  2.45 (J = 6 Hz). The signal
representing OCH, at & 3.62 appears to be a distorted quartet but is
actually two sets of triplets, a large one at 6 3.62 (J = 6 Hz) and a
smaller one at 6 3.52 (J = 6 Hz). The signals appearing at 6 2.11 (br,

(42) In water: (a) Pearson, R. G.; Dillon, R. L. J. Am. Chem. Soc. 1953,
75, 2439. (b) Jones, J. R. The Ionization of Carbon Acids; Academic Press:
New York, 1973; Chapter 5. (c) Reutov, O. A.; Beletskaya, I. P,; Butin, K.
P. CH-Acids, Pergamon Press: New York, 1978; Chapter 2.

(43) In Me,SO: Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456.

(44) In 10% Me;SO-90% water: Bernasconi, C. F.; Paschalis, P. J. Am.
Chem. Soc. 1986, 108, 2969.

(45) Bordwell, F. G.; Boyle, W. 1., Jr. J. Am. Chem. Soc. 1972, 94, 3907.

(46) Bernasconi, C. F.; Laibelman, A.; Zitomer, J. L. J. Am. Chem. Soc.
1985, 107, 6563.

(47) Bernasconi, C. F.; Fassberg, to be published.

(48) Avramovitch, B.; Weyerstahl, P.; Rappoport, Z. J. Am. Chem. Soc.
1987, 109, 6687.

(49) Stevens, T. E.; Emmons, W. D. J. Am. Chem. Soc. 1958, 80, 338.

(50) Freeman, J. P.; Stevens, T. E. J. Org. Chem. 1958, 23, 136.

(51) Iwai, L; Tomita, K.; Ide, J. Chem. Pharm. Bull. 1968, 13, 118.

o 8(852) Killion, R. B., Jr. Ph.D. Thesis, University of California, Santa Cruz,
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large) and 1.98 (small) both exchange with D,0 and are attributed to
the OH of the E and Z isomers, respectively.

The presence of two isomers was confirmed by HPLC analysis in 45%
acetonitrile-55% water (1.5 mL/min, 40 °C, reverse phase, ODS Hy-
persil, 4.6 X 100 mm column). Two peaks with very similar, though not
identical, UV spectra (Ap,; = 360 nm) were observed, with retention
times of 2.79 (major) and 3.23 min (minor), respectively.

Ph(CH,CH,CH,S)C=CPh(NO,) (6-SCH,CH,CHj3). To a solution
of 0.05 g (0.140 mol) of 6-1in 5 mL of acetonitrile was added 0.127 mL
(1.40 mmol) of propanethiol, followed by 0.195 mL (1.40 mmol) of
triethylamine. The solution was stirred for 10 h and then worked up and
recrystallized: mp 117-118 °C; 'H NMR (300 MHz, CD;CN) 6 7.20
(ArH, s), 2.17-2.22 (CH,S, 1), 1.40-1.47 (CH;CH,CH,, sextet),
0.75-0.80 (CH,, t); MS m/e = 299 (M*). The product was pure by
HPLC analysis.

Ph(CH,0,CCH,CH,S)C=CPh(NO,) (6-SCH,CH,CO,CH;). The
synthetic procedure was completely analogous to that for 6-
SCH,CH,CH;: mp 74-75 °C; '"H NMR (300 MHz, CD,CN) 6 7.20
(ArH, s), 3.50 (CH), 5), 2.39-2.45 (CH,CH, m); MS m/e = 343 (M™).
The product was pure by HPLC analysis.

Ethanethiol (bp 35 °C (760 mmHg), Aldrich), 2-mercaptoethanol (bp
55 °C (13 mmHg), Aldrich), methyl 3-mercaptopropionate (bp 54-55
°C (14 mmHg), Aldrich), and methyl mercaptoacetate (bp 4243 °C (10
mmHg), Aldrich) were distilled under vacuum and stored under nitrogen.
DABCO (1,4-diaza[2.2.2]bicyclooctane) was purified by sublimation or
recrystallization from hexane. Triethylamine was refluxed over calcium
hydride, distilled, and stored in the dark at 4 °C.

Solutions. All solutions were prepared in 50% Me,SO-50% water
(v/v) with potassium chloride added as a compensating electrolyte in
order to maintain a constant ionic strength of 4 = 0.50 M. The solutions
were purged with nitrogen or argon before adding the thiol. All pH
measurements were performed on an Orion Research 611 digital pH
meter calibrated for 50% Me,SO-50% water (v/v) with buffers described
by Hallé et al.®?

HPLC Analysis. The HPLC analyses were performed on a reverse-
phase, ODS Hypersil, 4.6 X 100 mm column using a Hewlett-Packard
1090M instrument with diode-array detection. Typical conditions were
40 °C, 1.5 mL/min, and acetonitrile (AN)-water mixtures ranging from
45% AN-55% H,0 to 65% AN-35% H,0.

Kinetics, The fast reactions were monitored in a Durrum-Gibson
stopped-flow spectrophotometer and the slow ones in a Perkin-Elmer
559A UV /vis spectrophotometer, both thermostated and equipped with
computerized data acquisition and analysis. The procedures were similar
to the ones described before.!* The method of initial rates was used in
measuring the kinetics of the k, step in the reaction of 6-OMe with
HOCH,CH,S". kg Was obtained according to eq 16, with ¢ being the

AOD 1

k = =
T AL o/ (e - 0.61¢y) (16)

initial concentration of 7-(OMe,SCH,CH,OH) and ¢, and ¢, being the
extinction coefficients of (7-OMe,SCH,CH,OH)™ and 6-SCI—§2CH20H,
respectively; the factor 0.61 corrects for the fact that under the experi-
mental conditions (0.05 M HOCH,CH,S") 39% of the product 6-
SCH,CH,0H is converted into 7-(SCH,CH,OH);™ according to eq 10.
At the wavelength chosen (360 nm), ¢, = 0 and ¢, = 7.56 X 10°.
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