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Physical Organic Chemistry of Transition Metal Carbene
Complexes. 22.1 Substituent Effects on the Reversible
Cyclization of Fischer Carbene Complexes
(CO)sW=C(SCH,;CH,;OH)CsH4Z in Aqueous Acetonitrile
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A Kinetic study of the reversible cyclization of (((2-hydroxyethyl)thio)arylcarbene)-
pentacarbonyltungsten(0) complexes, 2-SR(Z), in 50% MeCN—50% water (v/v) at 25 °C is
reported. The results are consistent with Scheme 1, which shows a pathway in basic solution
that involves rapid deprotonation of the OH group followed by rate-limiting cyclization and
a pathway in acidic solution that involves direct nucleophilic attack by the OH group. Rate
and equilibrium constants for the various elementary steps were determined as a function
of the phenyl substituent. They were found to correlate well with the Hammett equation.
The p values provide insights into (a) the reasons that the equilibrium constants are highly
sensitive to substituent effects despite the fact that the negative charge of the adducts is
strongly dispersed, (b) the mechanistic details of the cyclization pathway in acidic solution,
and (c) the extra stabilizing effect of soft—soft interactions in previously studied adducts
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between a soft thiolate ion and the extra-soft carbene complex (2-SR(Z2)).

Introduction

The study of substituent effects on rates and equilib-
ria is one of the classic tools used by physical organic
chemists to investigate structure—reactivity relation-
ships and probing transition state structure. In our
ongoing attempts at developing the physical organic
chemistry of Fischer carbene complexes,? we have
recently started to make use of this tool in reactions of
some selected carbene complexes with nucleophiles.
Specifically, we have investigated the effect of changing
the phenyl substituent of carbene complexes such as
1-OMe(Z), 2-OMe(Z), and 2-SR(Z) in the reactions of
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1-OMe(Z) and 2-OMe(Z) with OH™ 2 alkoxide ions,®
and n-butylamine* and the reactions of 2-SR(Z) with
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HOCH,CH,S~ and HOCH,CH,SH.? In general, the data
were found to obey the Hammett relationship very well
but relatively large differences in the p values for what
would appear to be similar reactions indicate that our
understanding of electronic effects governing these
processes is incomplete. For example, for the reversible
addition of HC=CCH,O~ to 2-OMe(Z) in 50% MeCN—
50% water (eq 1) p(k1) = 1.73 and p(K;) = 3.11.3 This is

OMe k
1
(CO)sW=C + HC=CCH,0~ =—=
o)
Z
2-0OMe(Z)
- ?Me
—r
(CO);W —(IZ Z )
OCH,C=CH

2-(0OMe,ORXZ) ~

in contrast with p(k;) = 0.78 and p(K;) = 1.45 for the
reaction shown in eq 2 in the same solvent;® it indicates

SCH,CH,0H .
(CO)W=C + HOCH,CH,S™ =—
k_y
v4
2-SR(Z)
_  SCH,CH,OH
—
(CO)sW —C z @
SCH,CH,OH
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that the rate and equilibrium constants of eq 2 are much
less sensitive to substituent effects than those of eq 1.

One easily identifiable difference between the two
reactions is that the first one involves an oxyanion
nucleophile and alkoxycarbene complex while in the
second there is a thiolate ion nucleophile adding to a
(alkylthio)carbene complex. Some insight as to why
these changes lead to such a strong reduction in the p
values may come from the study of the reactions of
(alkylthio)carbene complexes with an oxyanion nucleo-
phile or of an alkoxycarbene complex with a thiolate ion
nucleophile. A reaction of the former type is the cycliza-
tion process shown in Scheme 1; a recent study of this
reaction with Z = H® has shown that clean kinetic data
are more easily obtained for this process than for an
intermolecular reaction of alkoxide ions with a (alkyl-
thio)carbene complex. Herein we report results of a
kinetic study of Scheme 1 with Z = F, Cl, CF3;, Me, MeO,
MesN.

Results

General Features. The synthesis of the substituted
carbene complexes 2-SR(Z) was based on the reaction
of NaSCH,CH,OH with the corresponding 2-OMe(Z).
The general methodology for determination of rate and
equilibrium constants was quite similar to that de-
scribed before,® and hence, only a brief account is given
here. All data were obtained in 50% MeCN—50% water
(v/v) at 25 °C.

Two types of kinetic experiments were performed,
which were mostly carried out in a stopped-flow
spectrophotometer. In the first, 2-SR(Z) was mixed
with a KOH or triethylamine buffer solution. Under
these conditions the reaction favors the cyclic adduct
2-(SRO)(Z). In the second experiment, 2-(SRO)(Z)~
was first generated in a dilute KOH solution and then
immediately” mixed with HCI, chloroacetate, methoxy-
acetate, acetate, or N-methylmorpholine buffer solution.
Under these conditions the reaction favors 2-SR(Z). No
significant buffer catalysis by any of the buffers could
be detected at total buffer concentrations of up to 0.05
or 0.1 M.

Rate—pH profiles, with Kqpsg referring to the observed
pseudo-first-order rate constant, are shown in Figure 1
for X = F, Cl, CF3, and MeO, and the profile for Z =
Me2N is given in Figure 2; that for Z = H has been
reported before,® while that for Z = Me has been omitted

(4) Bernasconi, C. F.; Whitesell, C.; Johnson, R. A. Tetrahedron
2000, 56, 4917.

(5) Bernasconi, C. F.; Ali, M. J. Am. Chem. Soc. 1999, 121, 11384.

(6) Bernasconi, C. F.; Ali, M.; Lu, F. 3. Am. Chem. Soc. 2000, 122,
1352.

(7) On standing, solutions of 2-(SRO)(Z)~ decomposed to form
unidentified products with half-lives of several minutes to hours. For
more details on this problem see ref 6.
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Figure 1. Rate—pH profiles for the cyclization of
2-SR(Z) with Z = CF; (0), Cl (m), F (@), OMe (O). The
profile for Z = Me is very similar to that for Z = MeO and
has been omitted to reduce clutter in the figure.

to reduce clutter in Figure 1. For all carbene complexes
except 2-SR(MezN) (see below) kopsq IS given by eq 3.

Kobsa = KopKi[OH ]+ k_; +k, + Kk ,a,  (3)

The evaluation of Kopk; and kﬂz from the pH-depend-
ent portions of the rate—pH profiles was straightforward
and yielded the results summarized in Table 1.

The k, and k—; values were obtained by two indepen-
dent methods. One, the “kinetic method,” is based on
the plateaus in Figure 1. As shown previously,® k, >
k—; and, hence, the plateau can be approximated by ko.
In conjunction with k™, one obtains K, = ko/k", for the
equilibrium constant that refers to eq 4. From this one

2-SR(Z) == 2-(SRO)(Z)” + H* (4)

calculates KonK; = Ky/Ky, with Ky being the ionic
product of the solvent;® thus, k_; is obtained as
Konk1/KonKi1. In the second method, ko was determined
as ky, = szt'z, with K, being measured spectrophoto-
metrically (see Experimental Section); in this case
KonKi1 = Ku/Ky, was calculated using the spectrophoto-

(8) Kw (pKw)
at 25 °C and u

6.46 x 10716 (15.19) in 50% MeCN—50% water (v/v)
0.1 M (KCI).9
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Figure 2. Rate—pH profile for the cyclization of
2-SR(Me;N).

metric value of K,. The various KopKji, k-1, kz, and
Kz values obtained as described above are included in
Table 1.

The rate—pH profile for 2-SR(MezN) exhibits two
additional breaks in the acidic region. They can be
attributed to the protonation of the Me;N group, which
leads to Scheme 2; note that in this pH range the
equilibrium favors the reactants and only the break-
down steps are shown in the scheme. The expression
for Kkopsg is given by eq 5. Between pH ~9.5 and ~6.2

NH
a

Kobsa = (K—q T kﬂz aH+)K

NH
a + aHJr

an:

(K + K —
YU KN L a,

(5)

the situation is analogous to that for all the other
2-SR(Z) species; i.e., Kopsa is given by eq 6 (k™, apy+ >

kobsd = kﬂz a'H+ (6)

ko1, k7, apt > k'-y + Khlags, and K" > ay+). The
break at pH ~6.2 corresponds to the pK}" value of the
N-protonated adduct (2-SRO(Me,NH™)~; hence, at pH
<(x)6.2 eq 5 simplifies to eq 7, with the second term
becoming dominant at pH <4.1.

Kobsa = K K3 + Kh'ay, (7

Discussion

Mechanism. In our earlier paper® several lines of
evidence were presented in support of the mechanism
shown in Scheme 1 and against some plausible alterna-
tives. Hence, Scheme 1 will form the basis of the
discussion to follow.

With respect to the kz—kﬂ2 pathway, there exists a
potential ambiguity as to the nature of the transition

Organometallics, Vol. 20, No. 16, 2001 3385

state. One possibility is that the reaction is a one-step
concerted process where water acts as a general base
catalyst in the k; step and H3O" as a general acid
catalyst in the kt'z step, with the transition state 3.

& IS/\ 5+ 5- ?/\ 5+

(CO)sW ===C---0---H---OH,  (CO)sW ===C---OH

X
3 4

The failure to observe general acid—base catalysis by
acetate, N-morpholine, and triethylamine buffers ren-
ders this mechanism unattractive, although one cannot
rigorously exclude it. For the reactions of 1-OMe(H) and
2-OMe(H) with water,’® and for the acid-catalyzed
MeO~ loss from 5 and 6,11 general acid—base catalysis
by various buffers was observed and interpreted as an
indication that a concerted mechanism is operative.

". (|)Me - (I)Me
(CO)5Cr—(|2-—Ph (CO)SW—-(IZ—Ph
SR SR
5 6

The second possibility is that the reaction is stepwise,
as shown in eq 8, with the transition state 4. For this

SCH,CH,0H e S
2 2 k2 —A— I /\ . K:
(CO)sW=C (CO)sW —C—OH —
Kk H
2-SR(Z) Z (Z)
Z
S

— .
(CO)W —C—0 +H' (8

2-(SROXZ)
z

mechanism the observed k=, is given by k”,/KZ with
K§ being the acidity constant of the zwitterionic inter-
mediate 7(Z). Apart from the fact that the absence of
buffer catalysis is more easily accounted for by this
mechanism than by the concerted one, the Hammett p
values discussed below also support it. A potential
problem with eq 8 would occur if the pK; value of 7(Z)
were below —5.3. Since k", = k™, K and the highest
measured k", value is ~5 x 10’ M1 s 1 (Table 1, Z =
Me;N), pK: = —5.3 would require k", ~ 108 s1,
which corresponds to the rate of a molecular vibration.'?
If this were the case, 7(Z) could not exist as an
intermediate and the concerted mechanism would be
enforced.’2 However, it is unlikely that the pK; value

(9) Bernasconi, C. F.; Sun, W. J. Am. Chem. Soc. 1993, 115, 12526.

(10) Bernasconi, C. F.; Flores, F. X.; Kittredge, K. W. J. Am. Chem.
Soc. 1997, 119, 2103.

(11) Bernasconi, C. F.; Kittredge, K. W.; Flores, F. X. J. Am. Chem.
Soc. 1999, 121, 6630.

(12) (a) Jencks, W. P. Acc. Chem. Res. 1976, 9, 425. (b) Jencks, W.
P. Acc. Chem. Res. 1980, 13, 161. (c) Jencks, W. P. Chem. Soc. Rev.
1981, 10, 345.
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Table 1. Rate and Equilibrium Constants for the Reactions of Scheme 1 in 50% MeCN—-50% Water (v/v) at
25°Cand u = 0.1 M (KCI)

K2,2M

KonK1,2M™1

k»,2 s

z Konks, Mt st K", M-1s71 kog,2s7t
CF3 (1.83 £0.03) x 10% (3.14 + 0.02) x 105 (1.38 4 0.07) x 106
(1.39 +0.11) x 1076
cl (1.12 £ 0.02) x 10% (1.01 4 0.01) x 10° (5.10 4 0.15) x 1076
(5.13 £ 0.23) x 1076
F (9.07 £ 0.15) x 10?2 (2.26 & 0.01) x 106 (1.32 4 0.04) x 105
(1.20 + 0.08) x 1075
Hb (4.26 +0.11) x 10? (4.74 +0.08) x 106 (1.55 4 0.11) x 1075
(1.84 £ 0.12) x 1075
Me (3.67 £ 0.08) x 102 (7.70 & 0.05) x 106 (3.26+ 0.10) x 10°5
(3.81 +0.30) x 1075
MeO (4.76 £ 0.06) x 102 (1.07 & 0.10) x 107 (5.88 + 0.13) x 105
(6.69 + 0.47) x 1075
MeoN  (8.90 + 0.10) x 101 (4.43 +0.07) x 107 (2.83 & 0.30) x 1074
(1.78 £ 0.53) x 1074
Me,N*+H (2.34 +0.03) x 10°

(8.50) £ 0.20) x 1077
(8.49 £ 0.45) x 107
(1.42 £ 0.02) x 107
(1.42 £ 0.04) x 107
(4.47 £ 0.05) x 1078
(4.88 £ 0.26) x 1078
(1.77 £ 0.08) x 1078
(1.50 £ 0.06) x 10~8
(7.27 £ 0.06) x 1079
(6.22 & 0.35) x 109
(5.23 £ 0.05) x 109
(4.60 £ 0.27) x 1079
(2.03 £ 0.20) x 1010
(2.49 £ 0.72) x 10710

(1.32 £ 0.03) x 10°
(1.31 £ 0.07) x 10°
(2.20 £ 0.03) x 108
(2.20 £ 0.06) x 108
(6.92 £ 0.08) x 107
(7.55 £ 0.40) x 107
(2.74 £ 0.12) x 107
(2.32 £ 0.09) x 107
(1.13 £ 0.01) x 107
(9.63 & 0.54) x 106
(8.10 & 0.08) x 106
(7.12 £ 0.42) x 106
(3.14 £ 0.31) x 105
(3.86 &+ 1.11) x 10°

(2.67 £ 0.08) x 101
(2.67 £0.12) x 101
(1.43 £ 0.03) x 101
(1.43 £ 0.05) x 101
(1.01 £ 0.02) x 101
(1.10 £ 0.06) x 101
(8.40 & 0.52) x 1072
(7.17 £ 0.41) x 102
(5.60 + 0.10) x 1072
(4.79 £ 0.29) x 1072
(5.60 & 0.56) x 102
(4.92 £ 0.74) x 102
(9.00 £ 1.04) x 10-3
(1.43 £ 0.26) x 1072

a The first number given is from the kinetic method, and the second number given (in italics) is from the spectrophotometric method.
b Reference 6.

Scheme 2
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of 7-Z is below —5.3. Protonated ethers have pK, values
~—3.5;13 the potentially acidifying effect of the sulfur
in 7-Z is expected to be largely offset by the negative
charge on the (CO)sW moiety.

Rate and Equilibrium Constants. All rate and
equilibrium constants extracted from our kinetic and
equilibrium measurements are summarized in Table 1.
For k-1, K2, KonK1, and kz there are two sets; the first
set relies on rate measurements only, while the second
set (numbers in italics in Table 1) is based on a
combination of kinetic data (k",) with a spectrophoto-
metric determination of K,. The agreement between the
two sets is excellent and lends confidence to our results.
In view of the mostly lower standard deviations for the
purely kinetic set and its slightly better correlation by
the Hammett equation (see below), we will focus our
discussion on these parameters; note, however, that

(13) Streitwieser, A.; Heathcock, C. H.; Kosower, E. M. Introduction
to Organic Chemistry, 4th ed.; Macmillan: New York, 1992; Appendix
V.

none of the conclusions to be drawn depend on which
set is chosen.

The Kon values for the deprotonation of 2-SR(Z) by
OH~ could not be determined experimentally, because
no appreciable ionization occurs within the pH range
accessible to our measurements. However, a Kon value
of ~7.7 M~ was previously estimated for 2-SR(H)® on
the basis of the measured Koy value of the oxygen
analogue of 2-SR(H). Since the influence of Z on Koy
should be minimal due to the large distance between
the phenyl ring and the OH group, we shall assume
that Koy = 7.7 M~ for 2-SR(H) is applicable to all
2-SR(Z) species. The K; and k; values calculated on
the basis of Koy = 7.7 M1 are summarized in Table 2
along with the “kinetic” k—; values. Also included in
Table 2 are the k™, values and the “kinetic” k. and K,
values.

Hammett plots are shown in Figures 3 and 4. The p
values, including normalized p values obtained directly
from plots (not shown) of log k; vs log K, log ks vs log
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Table 2. Rate and Equilibrium Constants for the Cyclization/Ring-Opening Steps and Hammett p Values

z 1% ki(sh) k-1 (s7Y) K1 ka2 (s71) k™, (M-1s7Y) Kz (M)
Me,N+H 0.742 2.34 x 10°
CF; 0.54 ca. 2.38 x 102 1.83 x 107 1.72 x 108 2.67 x 1071 3.14 x 10° 8.50 x 1077
Cl 0.23 ca. 1.45 x 102 5.10 x 10°¢ 2.84 x 107 1.43 x 1071 1.01 x 106 1.42 x 1077
F 0.06 ca.1.18 x 102 1.32 x 1075 8.93 x 106 1.01 x 1071 2.26 x 106 447 x 1078
H 0.00 ca.5.53 x 10! 1.55 x 1073 3.57 x 106 8.40 x 102 4.74 x 106 1.77 x 1078
Me —-0.17 ca. 4.77 x 10! 3.26 x 105 1.46 x 10° 5.60 x 102 7.70 x 106 7.27 x 107°
MeO —-0.27 ca. 6.18 x 10! 5.88 x 105 1.05 x 106 5.60 x 102 1.07 x 107 5.23 x 107°
Me,;N —-0.83 ca. 1.16 x 10t 2.83 x 1074 4.10 x 104 9.00 x 1073 4.43 x 107 2.03 x 10710
,Ob ca.0.96 + 0.11 —1.65 4+ 0.09 ca.2.67 +0.11 1.06 4+ 0.07 —-1.59 4+ 0.11 2.67 +0.11
—-1.67 £ 0.15 ca.2.55+0.19 0.95 + 0.08 2.55 +0.19

a Estimated on the basis of ¢ = 0.60 for Z = NH3 and ¢ = 0.82 for Z = NMe}.2” ? The first number given is from the kinetic method,

and the second number given (in italics) is from the spectrophotometric method.

9

Figure 3. Hammett plots for k; (O), k—; (»), and K; (®)
(Scheme 1).

14 ! ! 1
-1 -0.5 0 0.5 1

o]

Figure 4. Hammett plots for k, (O), k", (a), and K; (®)
(Scheme 1). The a symbol refers to kt'z for 2-SR-
(Me;N*H).

K,, etc., are summarized in Table 3. Also included in
Table 3 are p values for the reactions of eqs 1 and 2.
Reaction through the k;—k_; Pathway. The sys-
tems listed in Table 3 include a reaction of a thioalkyl
complex with an oxyanion nucleophile (entry 1), a
reaction of an (alkylthio)carbene complex with a thiolate

ion nucleophile (entry 3), and a reaction of a methoxy-
carbene complex with an oxyanion (entry 2). With
respect to the issue raised in the Introduction, i.e., the
much lower p(ki) and p(Kj;) values for eq 2 (entry 3)
compared to eq 1 (entry 2), a comparison with p(K3) for
the cyclization reaction (entry 1) is revealing. It shows
that it is the nature of the nucleophile rather than the
identity of the group attached to the carbene carbon that
dramatically changes the response to substituent effects.
In other words, p(Kj) is only modestly affected by the
change from a methoxy (entry 2) to a thioalkyl group
(entry 1) in the reactions with an oxyanion, but p(K3) is
much smaller in the reaction of a thiolate ion (entry 3)
than in the reaction of oxyanions with the same carbene
complex.

These results may be understood in the context of
soft—hard acid—base theory.* The Fischer carbene
complexes can be regarded as soft electrophiles, espe-
cially the alkylthio complexes (2-SR(Z) and 2-SR~(2)).
Hence, the adducts 2-(SR)2(Z)~ formed by the reaction
of 2-SR(Z) with a thiolate ion nucleophile enjoy en-
hanced stability due to the symbiotic effect'* of adding
a soft nucleophile. This extra stability is reflected in the
Ky values for eq 2, e.g., Ky =3.87 x 10° M~ (Z=H)}
which is significantly larger than K; = 4.33 x 103 M1
for the reaction of HOCH,CH,S~ with 2-OMe(H).1%15
The stabilization from the multiple soft—soft interac-
tions apparently reduces the need for additional stabi-
lization by the phenyl substituent, which translates into
a reduced p(K;) value.

Before discussing the p(k;) and p(k-;) values, a
comment about the absolute magnitude of the p(Kj)
values is in order. In view of the strong stabilization of
the adducts by the (CO)sM moiety which allows disper-
sion of the negative charge into the CO ligands, the p-
(K1) values for entries 1 and 2 seem unusually large,

(14) Pearson, R. G.; Songstad, J. J. Am. Chem. Soc. 1967, 89, 1827.

(15) There are additional factors that affect the relative K; values
for the addition of HOCH,CH,S~ to 2-SR(H) (eq 2) and 2-OMe(H).
One is the stronger reactant stabilizing zz-donor effect of the MeO group
compared to the HOCH,CH,S group,’® which reduces K; for
2-OMe(H) relative to K; for 2-SR(H). This effect is counteracted by
the greater steric crowding in the adduct derived from 2-SR(H),8
which lowers K; for 2-SR(H) relative to that for 2-OMe(H), and also
by the larger electron-withdrawing inductive effect of the MeO group,2°
which enhances K; for 2-OMe(H) relative to K; for 2-SR(H). In an
earlier paper® the symbiotic effect of adding a soft nucleophile to the
soft 2-SR(H) was not taken into consideration, and hence it was
concluded that the larger K; value for 2-SR(H) is the result of the
s-donor effect being the dominant factor. In light of our present results
this conclusion is no longer tenable; i.e., the symbiotic effect is likely
to contribute significantly to the enhanced K; value for 2-SR(H)
relative to 2-OMe(H). This implies that the steric factor is more
important than previously® assumed, in agreement with its large effect
on the intrinsic barrier of the reaction. 5>
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Table 3. Hammett p Values?

entry no. reacn o(K) o(K) o(K) on(K) on(K)
1 2-SR(Z)” kk= 2-(SRO)(Z)~ (Scheme 1)  ca. 096 —1.65 ca.267 036  —0.64
2 2-OMe(Z) + HC=CCH,0O"~ kf—— 2-(OMe,OR)(Z)"  (eq1) 1.73 -1.38 311 056  —0.44
3 2-SR(Z) + HOCH,CH,S~ :: 2-(SR),(2)” (eq 2) 0.78 -0.67  1.45 054  —0.46
4 2-SR(Z) kki 2-(SRO)(Z)” + H" (Scheme 1)  1.06 ~159  2.67 039  —0.61

ak =ky or ky; k =k_y or K™; K = Kj or K,. All p values were determined in 50% MeCN—50% water, at 25 °C.

i.e., about as large as p(K;) = 2.7 for OH~ addition to
substituted benzaldehydes,?! even though there is no
charge dispersion in the aldehyde adducts. This com-
parison suggests that the large p(K;) values for the
carbene complexes reflect not only the stabilization of
the anionic charge of the adducts by electron-withdraw-
ing substituents but also a significant destabilization
of the carbene complex itself. This destabilization is
related to the strong sz-donor effect of the RX groups
(8b). Since the negative charge in 8b is more dispersed

_ +
— /XR
IV 2
(CO);W =C\ -« (CO);W —C\ X=0o0rS)
8a Ar 8b Ar

than its positive charge, the net effect of an electron-
withdrawing substituent is a destabilization of 8b. The
still larger p(K;) value for the reaction of 2-OMe(Z)
with HC=CCH,0O~ (3.11) than for the cyclization of
2-SR(Z)~ (2.67) is consistent with the stronger z-donor
effect of RO compared to RS.1® Similar conclusions
regarding the destabilization of 8b by electron-with-
drawing substituents were reached on the basis of a
recent study of the rates of reactions of amines with
1-OMe and 2-OMe.??

Turning to p(ky) and p(k-1), we note that the normal-
ized values for entries 2 and 3 are very similar, because
p(kq) for entry 3 is reduced by a factor similar to that
for p(Ky) relative to entry 2. This suggests that bond
formation at the transition state has made similar
progress in the two reactions. This is in contrast with
entry 1, where pp(ki) is much smaller and pn(k-1) much
larger than for the other reactions. Since entry 1 is an
intramolecular process, one would not necessarily expect
equal progress of bond formation at the cyclic transi-
tion state as in intermolecular reactions. We there-
fore refrain from offering an explanation. Nevertheless,
we note that the intramolecular reaction is thermody-
namically much more favorable (K; = 3.57 x 108 for
2-SR(H)™) than the reaction of 2-OMe(H) with

(16) or = —0.43 and —0.15 for MeO and MeS, respectively.'”

(17) Hansch, C.; Leo, A,; Taft, R. W. Chem. Rev. 1991, 91, 165.

(18) Taft's!® steric substituent constants Es are —0.55 for MeO and
—1.07 for MeS, respectively.

(19) Unger, S. H.; Hansch, C. Prog. Phys. Org. Chem. 1976, 12, 9.

(20) or = 0.30 and 0.20 for MeO and MeS, respectively.”

(21) (a) Bover, W. J.; Zuman, P. J. Chem. Soc., Perkin Trans. 2 1973,
786. (b) Bover, W. J.; Zuman, P. 3. Am. Chem. Soc. 1973, 95, 2531.

(22) The p(ky) values for nucleophilic attack of n-butylamine on
1-OMe and 2-OMe are 2.25 and 1.79, respectively:*i.e., similar to the
p(ky) values for the reactions with anionic nucleophiles. If only
substituent effects on the transition state were important, much
smaller (possibly negative) p(ki1) values would be expected for the amine
reaction because, besides the partial negative charge on the (CO)sM
moiety, there is a partial positive charge on the nitrogen.
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HC=CCH,0~ (K; = 3.40 x 102 M71),2 and hence a
transition state with less bond formation is consistent
with the Hammond?3—Leffler?* postulate.

Reaction through the kz—kT2 Pathway. In com-
paring the substituent dependence of the kz—kﬂ2 path-
way with that of the k;—k_; pathway, we note that the
o(k2) and p(k'jz) values are quite similar to the corre-
sponding values for the k;—k_; pathway (Table 3). Since
o(K2) = p(Kj), this means that we also have pn(kz) ~
pn(k1) and pn(k",) & pn(k-1), suggesting that the transi-
tion states of both pathways are about equally advanced.
This seems surprising because, on the basis of the
Hammond23—Leffler?* postulate, the reaction with the
weaker nucleophile (OH group) should have a more
advanced transition state (larger pn(k2)) than the reac-
tion with the much stronger oxyanion nucleophile.
Examples of reactions that are similar to the ones
discussed here and where this expectation, i.e., pn(K2)
>(>) pn(k1), is met are shown in Schemes 3 and 4. Both
systems were studied in water at 25 °C and yielded the
following normalized p values: Scheme 3,%° pn(ky) =
0.58, pn(k2) = 0.70; Scheme 4,26 p,(ky) = 0.47, pn(k2) =
0.63. In both systems pn(K2) is significantly larger than
pn(K1), consistent with the Hammond—Leffler postulate.

The key to the understanding of the differences
between the reactions of Scheme 1 and those of Schemes

(23) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334.

(24) Leffler, J. F.; Grunwald, E. Rates and Equilibria of Organic
Reactions; Wiley: New York, 1963; p 128.

(25) Bernasconi, C. F.; Howard, K. A. 3. Am. Chem. Soc. 1983, 105,
4690.

(26) Bernasconi, C. F.; Gandler, J. R. 3. Am. Chem. Soc. 1978, 100,
8117.
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3 and 4 is that the latter show significant buffer
catalysis while the former does not. This implies that
the kz—kﬂ2 pathway in Schemes 3 and 4 involves gen-
eral base catalysis by water/general acid catalysis by
H3O™, suggesting transition states such as 9 and 10,

Me
O_ ..0---H of, ! o
.-0-1-H---OH, MeO. .O---H---OH
O)N @ NO, O,N E NO,  ?
X X
9 10

while for the kz—kt'2 pathway in Scheme 1 it was
concluded above that the transition state is best repre-
sented by 4. The important difference between 4 and 9
or 10 is that in 4 the partial positive charge is on the
attacking oxygen, i.e., much closer to the X substituent
than in 9 or 10. Hence, the rate-enhancing effect of
electron-withdrawing substituents—due to stabilization
of the negative charge at the transition state combined
with the destabilization of the reactant state (see
above)—is partially offset by the destabilization of the
positive charge on the oxygen at the transition state.
This results in a reduction in pn(k2) and is probably the
principal reason pn(k) is not substantially larger than

pn(Ka).

Conclusions

(1) The rate—pH profiles are consistent with Scheme
1. As to the details of the kz—kt'2 pathway, the absence
of buffer catalysis and the fact that pn(kz) does not
substantially exceed pn(ki) are more easily accounted
for by the stepwise process of eq 8, with transition state
4, than by a concerted reaction with transition state 3.

(2) The p(K1) values for the reactions summarized
in Table 3 show that K; for addition of the soft
HOCH,CH,S™ nucleophile to the soft 2-SR(Z) is much
less sensitive to substituent effects than K for addition
of the hard oxyanion nucleophiles to the soft 2-SR(Z)
or to the somewhat less soft 2-OMe(Z). These results
indicate that the extra stabilization of the 2-(SR)»(Z)~
adduct by multiple soft—soft interactions reduces the
need for additional stabilization by the phenyl substit-
uents.

(3) The fact that p(K;) for the cyclization as well as
for the reaction of 2-OMe(Z) with H=CCH,O~ is about
as large as p(K;) for OH~ addition to substituted
benzaldehydes indicates that a major source of the
substituent effect on K; is the destabilization of the
carbene complex by electron-withdrawing substituents
due to the partial positive charge on X (8b).

(4) Despite the much weaker substituent effect on K;
for the reaction of HOCH,CH,S~ with 2-SR(Z) than for
the reaction of HC=CCH,O~ with 2-OMe(Z), the nor-
malized p values are about the same, indicating that
bond formation at the transition state has made similar
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progress in both reactions. On the other hand, the
normalized p values for the cyclization reaction are
significantly lower than for the other oxyanion reaction
(eq 2); this is consistent with the Hammond—Leffler
postulate, although the fact that the comparison is
between an intramolecular and intermolecular reaction
may render this a fortuitous result.

Experimental Section

Materials. The carbene complexes 2-SR(Z) were available
from a previous study.® Triethylamine and N-methylmorpho-
line were refluxed and distilled over Na/CaH, prior to use.
Reagent grade acetic acid was used without further purifica-
tion. Acetonitrile was purchased from Fisher Scientific and
used as received. KOH and HCI solutions were prepared using
“Dilut it” from Baker Analytical. Water was taken from a
Milli-Q purification system.

Instrumentation. UV—vis spectra were obtained on a
Hewlett-Packard 8452A diode array spectrophotometer. Ki-
netic experiments were performed on an Applied Photophysics
DX.17MV stopped-flow apparatus (fast reactions) or a Hewlett-
Packard 8452A spectrophotometer (slow reactions).

Kinetic Measurements. All kinetic runs were conducted
under pseudo-first-order conditions ensured by a large ex-
cess of KOH, HCI, or buffer over the substrate. The reactions
were monitored at or near Amax Of the neutral carbene complex
(2-SR(H), 452 nm; 2-SR(F), 2-SR(CI), 2-SR(CF3), and
2-SR(Me), 454 nm; 2-SR(MeO), 458 nm; 2-SR(Me:N), 504
nm); at these wavelengths there is no significant absorption
by the cyclic adducts.®

Equilibrium Measurements. The pseudo-acidity con-
stants (Kz in eq 4) were determined spectrophotometrically.
The K; values were obtained by a nonlinear least-squares fit
of A vs ay+ according to eq 9 with A being the absorbance in

AmaxaH+ + AminKZ

A= K, + ag. ©)

N-methylmorpholine buffers, Amax the absorbance in 0.1 M HCI
(100% 2-SR(Z)), and Anin the absorbance in 0.1 KOH (100%
2-(SRO)(Z2)7). A was measured after equilibrium between
2-SR(Z) and 2-(SRO)(Z)~ was complete but before significant
decomposition of 2-(SRO)(Z)~ could occur. Since some small
degree of decomposition could not be avoided, A was deter-
mined by extrapolation to “zero time.”

pH Measurements. The pH in 50% MeCN—50% water was
determined according to eq 10%” with pHmeas referring to the
reading of the pH meter calibrated with standard buffers. All

pH = pH,casq T 0.18 (20)

pH measurements were done on an Orion 611 pH meter
equipped with a glass electrode and a “Sure Flow” (Corning)
reference electrode. The pH of reaction solutions for stopped-
flow experiments was adjusted in mock-mixing experiments
that mimicked the stopped-flow runs.
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