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Abstract: Rate constants for the reversible deprotonation of (CO)5CrdC(SCH3)CH3 (9-Cr) and (CO)5Wd
C(SCH3)CH3 (9-W) by OH-, water, a number of primary aliphatic and secondary alicyclic amines, and a
series of carboxylate ions have been determined in 50% MeCN-50% water at 25°C. This represents the first
such study of Fischer carbene complexes stabilized by a thioalkoxy group. Comparison of our results to those
of the corresponding methoxy derivatives (CO)5CrdC(OCH3)CH3 (2-Cr) and (CO)5WdC(OCH3)CH3 (2-W)
reveals that the change in theπ-donor group from MeO to MeS leads to (1) a strong increase in the
thermodynamic acidity, (2) an increase in the dependence of the pKa on the nature of the metal, (3) a decrease
in the intrinsic rate constants for proton transfer, and (4) a decrease in the dependence of the intrinsic rate
constant on the metal. Observations 1, 2, and 4 can be attributed to the weakerπ-donor capability of the MeS
group while observation 3 is the combined result of a steric effect due to the larger size of the MeS group and
of the weaker electron-withdrawing inductive/field effect of the MeS group.

Introduction

The discovery that the protons on theR-carbon of transition
metal carbene complexes of the Fischer type2 are acidic goes
back to a 1968 paper by Kreiter.3 This discovery stimulated
numerous studies of the chemistry of anions generated from
acidic carbene complexes such as1-M.4,5 There were also a

few quantitative studies aimed at measuring the acidity of
Fischer carbene complexes such as2-Cr and3 (R ) H and
CH3) in THF.6

Very little additional quantitative work on acidities was
performed until 1989, when we published the first kinetic
proton-transfer study on a Fischer carbene complex (2-Cr).7

Over the past few years a growing body of data on thermody-
namic and kinetic acidities of Fischer carbene complexes has
now been generated.8,9 Most of these data have been obtained
in 50% MeCN-50% water, a solvent chosen because it is
essentially aqueous but allows the carbene complexes to be
soluble enough for such determinations. Virtually all carbene
complexes investigated so far are of the general structure1-M
where M) Cr, W, and, in one case, Mo; R was either Me or
Et while R′ and R′′ included H, Me,n-Pr, and Ph. Two cyclic
complexes (3 with R ) H and Me) were also investigated. The
pKa values for these compounds range from 10.18 (1-M with
M ) W, R ) CH3, R′ ) Ph, R′′) H) to 14.47 (3, R ) H).

A limited study of thermodynamic acidities in pure acetoni-
trile of some1-M type complexes, of3 (R ) H and Me) as
well as of4 (R ) n-Bu and Ph),5, and6 has also been reported.1

In this solvent, the pKa values span a range from 22.2 (2-Cr) to
27.6 (5) while for 610 pKa g 32.5.
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Conspicuously absent from this list are thioalkoxy carbene
complexes, e.g., of the type7-M. That the nature of theπ-donor
group (OR, NR2, SR) has a strong influence on thermodynamic
acidities is best appreciated by comparing the pKa value, in pure
acetonitrile, of2-Cr (22.2) with that of6 (g32.5).1 The stronger
π-donor effect (8() of the Me2N group compared to the MeO

group leads to a greater stabilization of the amino carbene
complex and hence to a lower acidity. Since RS groups are
weaker π-donors than RO groups, one would expect that
thioalkoxy carbene complexes should be more acidic than the
corresponding alkoxy complexes. This paper reports a study of
the thermodynamic and kinetic acidities of9-Cr and9-W which

confirms this expectation. We also show that the reduced
π-donor ability of the MeS group gives rise to other important
differences in the reactivity of methoxy and thiomethoxy carbene
complexes.

Results

General Features.When9-Cr or 9-W is placed into a KOH
solution or an amine buffer such as piperidine orn-butylamine,
a rapid conversion to the respective anion is observed. This is
shown in Figure 1 for9-Cr. Addition of a few drops of 1 M
HCl to the solution of the anion leads to virtually quantitative
recovery of the starting material. The reaction scheme that
represents the reversible reaction of9-M with various bases (B
and BH buffers) and is consistent with the kinetic experiments
described below is shown in eq 1. These kinetic experiments

were all conducted under pseudo-first-order conditions with
9-M/9-M- as the minor component and hence the general
expression for the pseudo-first-order rate constant is given by
eq 2.

Reaction with KOH. Rates of deprotonation of9-M by OH-

were measured in the range [KOH]) 0.001-0.1 M. Plots of
kobsdvs [KOH] were linear. From the slopesk1

OH was obtained;
the intercepts were too small to yield an accuratek1

H2O value.11

Reaction with Morpholine Buffers. Rates of the reaction
of 9-M with morpholine buffers were determined in the pH
range 7.73-9.42. Most experiments were run in the “reverse

direction”, i.e., by first generating the respective anions,9-M-,
in an 0.004 M KOH solution which then was mixed with various
morpholinium ion buffers. Plots ofkobsd vs morpholinium ion
concentration ([BH]) determined at pH 7.74, 8.00, 8.25, 8.69,
8.97, 9.19, 9.26, and 9.42 were all linear with negligible
intercepts. This means that eq 2 can be approximated by eq 3

with Ka
BH being the acidity constant of BH andKa

CH the acidity
constant of9-M. The slopes of the plots ofkobsd vs [BH] are
thus given by eq 4. These slopes are plotted vsaH+

-1 in Figure 2.

They yield thek-1
BH andKa

CH values reported in Table 1;k1
B was

obtained ask-1
BH Ka

CH/ Ka
BH.

(11) According to eq 2, the intercept is given byk1
H2O + k-1

H2O but, as will
become apparent below,k1

H2O . k-1
H2O.

(1)

kobsd) k1
OH[OH-] + k-1

H2O + k1
H2O + k-1

H aH+ +

k1
B[B] + k-1

BH[BH] (2)

Figure 1. Conversion of9-Cr (∼10-4 M) to 9-Cr- in the presence of
∼5 × 10-4 M KOH. First spectrum taken in the absence of KOH;
subsequent spectra taken at 4-s intervals.

Figure 2. Slopes vsaH+
-1 according to eq 4 for the reactions of9-Cr

(O) and9-W (b) with morpholine buffers.

kobsd) k1
B[B] + k-1

BH[BH] ) (( k1
B Ka

BH/aH+ ) + k-1
BH )[BH] )

k-1
BH(( Ka

CH/aH+ ) + 1)[BH] (3)

slope) k-1
BH((Ka

CH/aH+) + 1) (4)
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Spectrophotometric pKa
CH Determination. In contrast to

the situation with most alkoxy carbene complexes, the anions
of 9-M were stable for a long enough time to allow a spec-
trophotometric pKa

CH determination according to eq 5 withACH

being the absorbance at pH, pKa
CH, A the absorbance at pH∼

pKa
CH, andAC- the absorbance at pH. pKa

CH. Plots according
to eq 5 in phosphate and borate buffers spanning a pH range
from 7.0 to 10.45 showed good linearity with slopes of 1.00(
0.02 (9-Cr) and 0.99( 0.02 (9-W), respectively, yielding
pKa

CH ) 9.00 ( 0.21 (9-Cr) and 8.43( 0.19 (9-W), respec-
tively. These pKa

CH values are in excellent agreement with the
kinetically determined values 9.03( 0.03 for9-Cr and 8.37(
0.06 for 9-W, respectively. In view of the smaller standard
deviations of the kinetically determined pKa

CH these latter ones
will be adopted.

Reactions with Various Amine and Carboxylate Buffers.
Additional kinetic data were obtained with a series of primary
aliphatic amines, secondary alicyclic amines, and carboxylate
buffers. Depending on the pKa

BH, reactions were either run in
the forward direction (9-M + B f 9-M- + BH) or the reverse
direction (9-M- + BH f 9-M + B). For any given base, these
experiments were performed at one pH only. In all cases, the
plots of kobsd vs [B], or kobsd vs [BH], were linear, with slopes
given by eq 6 (plots vs [B]) or eq 4 (plots vs [BH]), respectively.

k1
B and k-1

BH values were obtained from the slopes in conjunc-
tion with the known pKa

CH.
For the reaction with most of the amines, the intercepts of

the plots ofkobsd vs [B] or [BH] were negligible, but for the
reactions with the carboxylate buffers, they were significant and
showed an increase with decreasing pH. This is consistent with
eq 7. Plots of these intercepts vsaH+ are shown in Figure 3.

They yield k-1
H values from the slopes; the intercepts are too

small for a determination ofk-1
H2O but k-1

H2O can be obtained as
k-1

H2O ) k1
OHKw/ Ka

CH 12 while k1
H2O was calculated ask1

H2O )
k-1

H Ka
CH

.

Discussion

Mechanism. In view of the high electrophilic reactivity of
the carbene carbon of Fischer carbene complexes,2 the possibility
that the reactions of9-M with bases represent nucleophilic
additions or substitutions needs to be considered. Nucleophilic
substitution, to form10-M (reaction with OH-) or 11-M

(reactions with R′R′′NH) can be excluded based on the fact that,
after reaction with base, acidification of the solution leads to
virtually quantitative recovery of9-M. Nucleophilic substitution
with aminesdoes occur but on a slower time scale and is
observable as a second kinetic process; a detailed account of

(12) pKw ) 15.19 in 50% MeCN-50% water.13

Table 1. Summary of Rate Constants and pKa Values in 50% MeCN-50% Water at 25°Ca

(CO)5CrdC(SCH3)CH3 (9-Cr, pKa
CH ) 9.05( 0.03)b (CO)5WdC(SCH3)CH3 (9-W, pKa

CH ) 8.37( 0.06)b

B pKa
BH k1

B, M-1 s-1 k-1
BH, M-1 s-1 k1

B, M-1 s-1 k-1
BH, M-1 s-1

OH- 16.64 (1.20( 0.08)× 103 (8.30( 0.08)× 10-4 c (8.37( 0.09)× 102 (1.21( 0.09)× 10-4 c

H2O -1.44 1.61× 10-2 c (1.73( 0.08)× 107 5.23× 10-2 c (1.17( 0.05)× 107

piperidine 11.01 (5.25( 0.15)× 103 55.0 (1.07( 0.03)× 104 24.7
piperazine 9.97 (1.40( 0.03)× 103 160 (2.95( 0.03)× 103 74.3
HEPAd 9.33 793( 13 398 (1.06( 0.02)× 103 117
morpholine 8.70 441 946( 30 927 414( 55
n-BuNH2 10.40 (1.05( 0.03)× 103 45 (2.29( 0.02)× 103 20.4
MeOCH2CH2NH2 9.39 380( 7 166 729( 28 66.4
H2NCOCH2NH2 8.14 141 240( 12
EtOCOCH2NH2 7.43 39.9 (1.62( 0.02)× 103 124 (1.08( 0.02)× 103

NCCH2NH2 5.29 3.81 (2.09( 0.03)× 104 8.88 (1.02( 0.01)× 104

PhNH2 4.21 50.8 (7.01( 0.25)× 104

CH3CO2
- 5.93 5.84 (7.36( 0.15)× 103 16.3 (4.27( 0.06)× 103

ClCH2CH2CO2
- 5.44 4.43 (1.72( 0.10)× 104 13.9 (1.13( 0.03)× 104

MeOCH2CO2
- 4.73 1.47 (2.95( 0.02)× 104 4.22 (1.76( 0.08)× 104

ClCH2CO2
- 4.03 1.05 (9.58( 0.05)× 104 2.97 (6.20( 0.12)× 104

a Standard deviation given for rate constants determined directly, i.e.,k1
B for strongly basic andk-1

BH for weakly basic buffers.b Kinetically
determined pKa

CH. c In units of s-1. d HEPA, 1-(2-hydroxyethyl)piperazine.

log(ACH - A)/(A - AC-) ) pH - pKa
CH (5)

slope) k1
B(1 + (aH+/ Ka

CH)) (6)

intercept) k-1
H2O + k-1

H aH+ (7)

Figure 3. Intercepts vsaH+ according to eq 7 for the reactions of9-Cr-

(O) and9-W- (b) with carboxylate buffers.
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these reactions will be given later.14 Reversible nucleophilic
addition, to form adducts such as12-M or 13-M can also be

excluded as the source of the observed process because these
adducts represent intermediates in the substitution reactions and
no accumulation of such intermediates is observed in the
substitution reactions.14 Furthermore, in the case of13-M, the
rate law for the conversion of13-M back to reactants would be
inconsistent with the observed rate law (eq 2). Additional
arguments against a substitution mechanism have been presented
for the reactions of2-M with amines where an analogous
situation exists.13

One feature that distinguishes9-M from 2-M, or 1-M in
general, is that the anions9-M- do not decompose as rapidly
as2-M-.13,15 In the case of2-M-, the decomposition leads to
(CO)5MOH- and CH3CHdO as end products.15 The decom-
position reaction of9-M- will be the subject of a future
publication.14 A practical consequence of the relatively slow
decomposition of9-M- is that it facilitated the kinetic study of
the reactions of9-M- with acidic buffers and also allowed
spectrophotometric pKa

CH determinations. With2-M-, its life-
time was so short that the reaction with acidic buffers had to
be carried out in a double-mixing stopped-flow apparatus and
no spectrophotometric pKa

CH determination was possible.13,16

pKa
CH Values.For 9-Cr we have determined a pKa

CH ) 9.03
and for9-W a pKa

CH ) 8.37. This compares with pKa
CH ) 12.50

for 2-Cr13 and pKa
CH ) 12.36 for 2-W.16 Two features are

noteworthy. (1) The thiomethoxy complexes are 3.5-4.0 pKa

units more acidic than the corresponding methoxy complexes.
(2) The effect of the metal is significantly larger on the pKa

CH

of the thiomethoxy complexes (∆pKa
CH ) 0.66) than on the

pKa
CH values of the methoxy complexes (∆pKa

CH ) 0.14), with
the W complex being more acidic in both cases.

The increased acidity of the MeS complexes is reminiscent
of the enhanced acidity of CH3COSEt (pKa ) 21.0)17acompared
to that of CH3COOEt (pKa ) 26.5).17b It can be mainly attributed
to the smallerπ-donor effect of the MeS group compared to
the MeO group, as elaborated upon in the Introduction. A
possible contributing factor may be an enhanced stabilization
of the anion (9-M-) by the MeS group. Such carbanion
stabilization is known to be important when the sulfur substituent
is on anR-carbon and has been attributed to a polarizability
effect and/or negative hyperconjugation;18-24 an earlier view

that anion stabilization is the result of d-p π-resonance25-28 is
no longer advocated. In the present case, the MeS group is not
on theR-carbon and hence probably too far removed from the
anionic charge to have a significant effect; if there is an effect
at all it may be offset by the stronger field/inductive effect of
the MeO group.

The notion that the reducedπ-donor effect of the MeS group
is the main factor is supported by the fact that the pKa

CH

difference between2-Cr and 9-Cr (3.47 pKa units) and the
pKa

CH differences between6 and 2-Cr(g10.3 pKa units)1 give
an excellent correlation with the R+ substituent constants29 of
MeS (-0.83), MeO (-1.07), and Et2N (-2.08).

The larger effect of the metal on the pKa
CH values of the MeS

complexes than on the MeO complexes may also be related to
the reducedπ-donor strength of the MeS group in the following
way. The higher acidity of the tungsten complexes implies that
the (CO)5W moiety stabilizes the anionic charge more ef-
fectively than the (CO)5Cr moiety. For the MeO complexes,
this effect is largely offset by a similarly enhanced stabilization
of the neutral tungsten carbene complex because of a major
contribution of the resonance structure8( which places a
substantial negative charge onto the (CO)5M moieties of2-M.
For the MeS complexes, the contribution of8( is smaller,
placing less negative charge onto the (CO)5M moieties of9-M.
Hence the difference in the stability of9-Cr and9-W is relatively
small and the pKa

CH difference between9-Crand9-W is a more
accurate reflection of the different stabilities of the respective
anions. The situation is shown schematically in Figure 4.

Rate Constants.All proton-transfer rate constants determined
in this study are summarized in Table 1. The range of buffers

(13) Bernasconi, C. F.; Sun, W.J. Am. Chem. Soc.1993, 115, 12526.
(14) Bernasconi, C. F.; Ali, M., to be published.
(15) Bernasconi, C. F.; Flores, F. X.; Sun, W.J. Am. Chem. Soc.1995,

117, 4875.
(16) Bernasconi, C. F.; Sun, W.Organometallics1997, 16, 1926.
(17) (a) Amyes, T. L.; Richard, J. P.J. Am. Chem. Soc.1992, 114, 10257.

(b) Amyes, T. L.; Richard J. P.J. Am. Chem. Soc.1996, 118, 3129.
(18) Streitwieser, A., Jr.; Williams, J. E.J. Am. Chem. Soc.1975, 97,

191.
(19) Lehn, J.-M.; Wipff, G.J. Am. Chem. Soc.1976, 98, 7498.
(20) Bernardi, F.; Csizmadia, I. G.; Mangini, A.; Schlegel, H. B.;

Wangbo, M.-H.; Wolfe, S.J. Am. Chem. Soc.1975, 97, 2209.
(21) (a) Schleyer, P. v. R.; Kos, A. J.Tetrahedron1983, 39, 1141. (b)

Schleyer, P. v. R.; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde, C.;
Arad, D.; Houk, K. N.; Rondan, N. G.J. Am. Chem. Soc.1984, 106, 6467.

(22) Hopkinson, A. C.; Lien, M. H.J. Org. Chem.1981, 46, 998.
(23) Wiberg, K. B.; Castejon, H.J. Am. Chem. Soc.1994, 116, 10489.
(24) Bernasconi, C. F.; Kittredge, K. W.J. Org. Chem.1998, 63, 1944.

(25) Eliel, E. L.; Hartmann, A. A.; Abatjoglou, A. G.J. Am. Chem. Soc.
1974, 96, 1807.

(26) Wolfe, S.; LaJohn, L. A.; Bernardi, F.; Mangini, A.; Tonachini, G.
Tetrahedron Lett.1983, 24, 3789.

(27) Bernardi, F.; Mangini, A.; Tonachini, G.; Vivarelli, P.J. Chem.
Soc., Perkin Trans. 21985, 111.

(28) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; Drucker, G. F.;
Gerhold, J.; McCollum, G. J.; Van der Puy, M.; Vanier, N. R.; Matthews,
W. S. J. Org. Chem.1977, 42, 326.

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

Figure 4. Schematic representation of energy levels of the various
species involved in the ionization of9-M and 2-M. It explains why
the tungsten complexes are more acidic than the chromium complexes
(anions more stable) but the pKa

CH difference between the chromium
and tungsten complex is larger for the MeS than for the MeO derivatives
(less stabilization of the neutral carbene complexes byπ-donation for
the MeS derivatives).
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for which rate constants could be obtained is much larger than
for 2-Cr and 2-W. For 2-Cr and 2-W, the k-1

BH values for
buffers with a pKa

BH below that ofN-(2-hydroxyethyl)pipera-
zine (pKa

BH ) 9.53) were too high to allow determinations by
the stopped-flow method.13,16 With 9-Cr and 9-W, the k-1

BH

values are much lower and within experimental reach for buffers
as acidic as ClCH2CO2H (pKa

BH ) 4.03). This is mainly the
result of the lower pKa

CH values; a contributing factor is the
lower intrinsic rate constant30 for the reactions of9-Cr and9-W,
as discussed below.

Comparison between9-Cr and9-W shows that for9-W the
k1

B values are higher and thek-1
BH values are lower than for

9-Cr; i.e., both thek1
B andk-1

BH contribute to the higher acidity
of 9-W. There is, however, a shift in thek1

B(W)/ k1
B(Cr) ratios

from values of∼3 for weakly basic buffers, including water,
to ∼2 for highly basic ones; for thek-1

BH(W)/k-1
BH(Cr) ratios the

shift is from∼0.6 for weakly basic buffers to∼0.4 for highly
basic ones. These shifts suggests a change in transition-state
structure toward a more reactant-like character in thek1

B direc-
tion, in accordance with the Hammond-Leffler postulate.32,33

For OH- as the base, thek1
OH(W)/ k1

OH(Cr) ratio is actually
slightly smaller than unity (0.70) andk-1

H2O(W)/ k-1
H2O(Cr) )

0.146. This implies not only a continuation of the trend seen
with the other bases but the operation of some additional factor
that leads to a reversal of the reactivity of9-Cr and9-W. At
this point, it is unclear what this factor is but it may be related
to the unusually strong solvation of OH-.34 This solvation
manifests itself ink1

OH values that are much lower than one
would expect based on the basicity of OH-, a well-known
phenomenon in proton transfers or nucleophilic reactions
involving OH-.34,35 This is because the partial desolvation of
OH- required for the reaction to occur contributes substantially
to the reaction barriers, and subtle differences in the degree of
desolvation at the transition state for the reactions of9-Cr and
9-W may be responsible for the observed reversal in reactivity.

Brønsted Plots and Intrinsic Rate Constants.Brønsted plots
for the reaction of9-W with the primary aliphatic amines, the
secondary alicyclic amines, and the carboxylate ions are shown
in Figure 5; the corresponding plots for9-Cr (not shown) are
quite similar. BrønstedR- andâ-values as well as logko values
for the intrinsic rate constants30 are summarized in Table 2, along
with the corresponding parameters for the deprotonation of2-Cr
and2-M.

The BrønstedR- andâ-values (Table 2), which are all within
the usual range for proton transfers from Fischer carbene
complexes13,16 and many other carbon acids,36,37 require little

comment. The focus of our discussion is on the intrinsic
constants.30 The intrinsic rate constants for the deprotonation
of Fischer carbene complexes are typically quite low when
compared with logko values for the deprotonation of other
carbon acids;8 only proton transfers involving nitroalkanes have
significantly lower intrinsic constants. The logko for the
reactions of9-Cr and9-W (Table 2) are well within the range
of log ko ≈ 1.4-3.7 found for the deprotonation of other Fischer
carbene complexes by amines.8,38

The low intrinsic rate constants have been attributed to the
extensive resonance stabilization of the respective anions by
charge dispersion into the (CO)5M moiety.8,13,16As is true for
all reactions that lead to resonance-stabilized products,40 the
development of this resonance effect can be assumed to lag
behind charge transfer at the transition state (eq 8).41 As a

consequence, the resonance stabilization of the transition state
is disproportionately small relative to its effect on the anion,
which results in a high intrinsic barrier or low intrinsic rate
constant.40

Effect of π-Donor Group on the Intrinsic Rate Constants.
The logko values for the MeS derivatives are substantially lower
than for the MeO derivatives; the difference is∼1.0 log unit
for the chromium complexes and∼0.6-0.7 log unit for the

(30) The intrinsic rate constant is the rate constant in the absence of a
thermodynamic driving force.31 To correct for statistical factors, one usually
defines the intrinsic rate constant for proton transfer asko ) k1

B/q ) k-1
BH/p

when pKa
BH - pKa

CH + log(p/q) ) 0 with q being the number of equivalent
basic sites on B andp the number of equivalent protons on BH.

(31) (a) Marcus, R. A.Annu. ReV. Phys. Chem.1964, 15, 155. (b) Marcus,
R. A. J. Phys. Chem.1968, 72, 891.

(32) Hammond, G. S.J. Am. Chem. Soc.1955, 77, 334.
(33) Leffler, J. E.; Grunwald, E.Rates and Equilibria of Organic

Reactions; Wiley: New York, 1963; p 156.
(34) Kresge, A. J.Chem. Soc. ReV. 1973, 2, 475.
(35) (a) Hupe, D. J.; Jencks, W. P.J. Am. Chem. Soc.1977, 99, 451. (b)

Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura, C.J.
Am. Chem. Soc.1982, 104, 7045.

(36) (a) Bell, R. P.The Proton in Chemistry, 2nd ed.; Cornell University
Press: Ithaca, NY, 1973; Chapter 10. (b) Kresge, A. J. InProton-Transfer
Reactions; Caldin, E. F., Gold, V.; Eds.; Wiley: New York, 1975; p 179.
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(c) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, X.J. Org. Chem.
1988, 53, 3342.

(38) An exceptionally low logko ) -0.11 has been found for the
deprotonation of1-M (R ) R′ ) R′′) CH3, M ) Cr).39

(39) Bernasconi, C. F.; Sun, W.; Garcı´a-Rı́o, L.; Yan, K.; Kettridge, K.
J. Am. Chem. Soc.1997, 119, 5583.

(40) (a) Bernasconi, C. F.Acc. Chem. Res.1987, 20, 301. (b) Bernasconi,
C. F. Acc. Chem. Res.1992, 25, 9. (c) Bernasconi, C. F.AdV. Phys. Org.
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(41) For emphasis, the negative charge of the transition state (14) is
shown completely localized on theR-carbon, which is probably an
exaggeration. At the same time, the representation of the negative charge
of the anion (15) emphasizes its delocalization into the CO ligands.

Figure 5. Brønsted plots for the reaction of9-W with primary aliphatic
amines (b), secondary alicyclic amines (O), and carboxylate ions (0).
Points of intersection between Brønsted lines and the vertical line at
pKa

BH - pKa
CH + log(p/q) ) 0 correspond to logko; p is the number of

equivalent protons on BH andq the number of equivalent basic sites
on B.
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tungsten complexes. There are several factors that may con-
tribute to these differences.

(1) The MeO and MeS groups being closer to the negative
charge at the transition state (14) than in the anion (15), their
electron-withdrawing inductive/field effect should result in a
transition-state stabilization that is disproportionately strong
relative to their stabilization of the anion. This will reduce the
intrinsic barrier of the reaction or increase the intrinsic rate
constant, as discussed in more detail elsewhere.40 Since the MeO
group exerts a stronger inductive/field effect than the MeS
group,29 the increase inko for the MeO complexes will be
greater.

(2) The larger size of the MeS group may lead to more steric
crowding at the transition of the reactions of the MeS deriva-
tives, thereby loweringko for the MeS relative to the MeO
complexes. In general, steric effects on proton transfers from
carbon acids are only significant when theR-carbon is highly
substituted, e.g., HCXYZ or H2CXY but not H3CX.42 However,
in view of the large size of the (CO)5M groups, a steric effect
on the proton transfer even from methyl carbene complexes
cannot be dismissed. An indication that steric effects are indeed
not negligible comes from the comparison of logko for sec-
ondary alicyclic amines (R2NH) with log ko for primary aliphatic
amines (RNH2). A difference of∆log ko ) log ko(R2NH) -
log ko(RNH2) in the order of 0.8-1.0 is considered normal for
sterically unhindered proton transfers while smaller differences
imply the operation of a steric effect.43 In the present situation,
the ∆log ko values are 0.52( 0.18 for 9-Cr, 0.33( 0.23 for
9-W, 0.66 ( 0.24 for 2-Cr, and 0.45( 0.09 for 2-W,
respectively, i.e., significantly below the normal values of 0.8-
1.0. They indicate the operation of a steric effect in the reactions
of both the MeO and the MeS complexes, but the lower∆log
ko values for the MeS complexes are consistent with a stronger
steric reduction ofko for the MeS complexes.

(3) The π-donor effect of the MeO and MeS groups may
also affect the intrinsic rate constants although it is more difficult
to predict whether the net result would be an increase or a
decrease inko. This is because there are two opposing factors.
One is the loss of the resonance stabilization of the neutral
carbene complexes (8(), which must follow the general rule
that applies to resonance effects, i.e., its loss must be ahead of
proton transfer at the transition state.40 This reducesko and more
so for the MeO complex for which the resonance stabilization
is stronger. The other factor is an attenuation of the lag in
carbanion resonance development (14) by the π-donors. This
comes about because the contribution of8( to the structure of
the carbene complex leads to a preorganization of the (CO)5M

moiety toward its electronic configuration in the anion. This
should result in more charge being delocalized into the (CO)5M
moiety at the transition state, leading to a lowering of its energy.
The MeO group being a strongerπ-donor than the MeS group,
this will lead to a greater preorganization and hence to a lower
intrinsic barrier (higherko) for the deprotonation of the MeO
complexes.

Which of the two effects will prevail? There exist precedents
for either situation. For example, in the reaction of nucleophiles
with p-Me2N- andp-MeO-substitutedâ-nitrostyrenes, the pre-
organization effect of16( is dominant and leads to an increase

in the intrinsic rate constant for formation of17.45 On the other
hand, in the reaction of nucleophiles with thep-Me2N and
p-MeO derivatives of benzylidene Meldrum’s acid,46 ben-
zylidenemalononitrile,47 and benzylidenemalonaldehyde,48 the
effect of the early loss of resonance is dominant, leading to a
decreasein ko for nucleophilic addition.

On the basis of these results, it was argued that theπ-donor
leads to an increase inko for electrophiles activated by the
strongestπ-acceptor (NO2) but to a decrease inko for electro-
philes with weakerπ-acceptors.45-48 Regarding the Fischer
carbene complexes, theπ-acceptor strength of the (CO)5M
moieties appears to be lower than that of a nitro group, as judged
from the fact that typical values forko for the deprotonation of
Fischer carbene complexes are higher than for the deprotonation
of nitroalkanes.13 This would suggest that theπ-donor group
should lowerko, a notion that is consistent with the dependence
of ko on the metal, as discussed below. Note that since
experimentallyko for the MeO derivatives is higher than for
the MeS derivatives, theπ-donor effect that lowers theko(MeO)/
ko(MeS) ratio is apparently more than offset by theko(MeO)/
ko(MeS) ratio enhancing inductive/field and steric effects.

Effect of Metal on the Intrinsic Rate Constants. For the
MeS derivatives the logko values are, within experimental error,
independent of the metal while for the MeO derivatives logko

(42) For a recent review, see: Reference 40c.
(43) The higherko values for secondary amines is a well-known

phenomenon caused by differences in the solvation energies of the respective
protonated amines and the fact that at the transition state solvation of the
incipient protonated amine lags behind proton transfer.36a,40c,44

(44) Jencks, W. P.Catalysis in Chemistry and Enzymology; McGraw-
Hill: New York, 1968; p 178.

(45) (a) Bernasconi, C. F.; Renfrow, R. A.; Tia, P. R.J. Am. Chem. Soc.
1986, 108, 4541. (b) Bernasconi, C. F.; Zitomer, J. L.; Schuck, D. F.J.
Org. Chem. Soc.1992, 57, 1132.

(46) Bernasconi, C. F.; Panda, M.J. Org. Chem.1987, 52, 3042.
(47) Bernasconi, C. F.; Killion, R. B., Jr.J. Org. Chem.1989, 54, 2878.
(48) Bernasconi, C. F.; Flores, F. X.; Claus, J. J.; Dvorˇák, J. J. Org.

Chem.1994, 59, 4917.

Table 2. Summary of BrønstedR- andâ-Values and of logko for the Intrinsic Rate Constants in 50% MeCN-50% Water at 25°C

carbene complex base type â R log ko

(CO)5CrdC(SCH3)CH3 (9-Cr)a RNH2 0.48( 0.04 0.52( 0.04 2.09( 0.08
R2NH 0.45( 0.06 0.55( 0.06 2.61( 0.10
RCOO- 0.44( 0.06 0.56( 0.06 2.17( 0.24

(CO)5WdC(SCH3)CH3 (9-W)a RNH2 0.47( 0.03 0.53( 0.03 2.17( 0.05
R2NH 0.49( 0.09 0.51( 0.09 2.50( 0.18
RCOO- 0.43( 0.08 0.57( 0.08 2.27( 0.27

(CO)5CrdC(OCH3)CH3 (2-Cr)b RNH2 0.61( 0.06 0.39( 0.03 3.04( 0.17
R2NH 0.62( 0.03 0.38( 0.03 3.70( 0.07

(CO)5WdC(OCH3)CH3 (2-Cr)c RNH2 0.64( 0.03 0.36( 0.03 2.73( 0.07
R2NH 0.49( 0.01 0.51( 0.01 3.18( 0.02

a This work. b Reference 13.c Reference 16.
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for the chromium complex is somewhat higher than for the
tungsten complex. This pattern appears to be related to the
“inverse” pattern for the pKa

CH values which show a greater
dependence on the metal for the MeS derivatives than for the
MeO derivatives. It is consistent with the notion that the effect
of the π-donor groups is to lower the intrinsic rate constants
because of the requirement that the loss of the resonance
stabilization of the carbene complexes8( is ahead of the proton
transfer at the transition state. For the MeO derivatives, the
resonance stabilization of the neutral tungsten complex is
substantially stronger than for the chromium complex (Figure
4). This implies that the reduction inko arising from the
resonance loss at the transition state is also more pronounced
for the tungsten complex than for the chromium complex,
leading to logko(W) < log ko(Cr). For the MeS derivatives, the
difference in the resonance stabilization of the chromium and
tungsten complex is small (Figure 4), and so is the difference
in the reduction ofko; hence logko(W) ≈ log ko(Cr).

Conclusions

(1) The MeS carbene complexes are 3.5-4.0 pKa units more
acidic than the corresponding MeO carbene complexes. The
main reason is the reduced stabilization of the neutral MeS
carbene complexes due to the weakerπ-donor effect of the MeS
group.

(2) The pKa
CH values of the MeS carbene complexes show a

stronger dependence on the metal than the MeO carbene
complexes. This, again, can be attributed to the weakerπ-donor
effect of the MeS group. For the MeO carbene complexes, the
strongπ-donor effect places a large fraction of negative charge
on the (CO)5M-moiety so that the greater stabilization of the
negative charge by the (CO)5W moiety compared to the (CO)5Cr
moiety in the anion is largely compensated by a similar effect
in the neutral carbene complex. For the MeS carbene complexes,
this compensating effect is smaller (Figure 4).

(3) The k1
B(W)/ k1

B(Cr) ratios tend to become smaller with
increasing basicity of the buffer base, suggesting a shift toward
a more reactant-like transition state. This is consistent with the
Hammond-Leffler postulate.

(4) The intrinsic rate constants for proton transfer are quite
low, as is typical for reactions that lead to highly resonance
stabilized anions.

(5) The intrinsic rate constants for deprotonation of the MeS
carbene complexes are substantially lower than for deprotonation
of the MeO carbene complexes. This is attributed to a combina-
tion of a decrease inko for the MeS derivatives by a steric effect
and an increase inko for the MeO derivatives by the stronger
electron-withdrawing inductive/field effect of the MeO group.
There may be a small opposing effect on theko(MeO)/ko(MeS)
ratios due to the strongerπ-donation by the MeO group, but
the first two factors are clearly dominant.

(6) The ko values for the MeS carbene complexes are
independent of the metal while for the MeO complexesko(Cr)
> ko(W). This may be attributed to the strongerπ-donor effect
of the MeO group which leads to a larger reduction ofko(W)
than of ko(Cr) from the loss of resonance stabilization at the
transition state.

Experimental Section

Materials. The (thiomethoxymethylcarbene)pentacarbonyl com-
plexes of chromium and tungsten (9-Cr and9-W) were prepared by
reaction of the corresponding methoxy complexes (2-Cr and2-W) with
NaSMe, using the procedure of Lam and Senoff.49 The products were
identified by NMR (250 MHz, CDCl3) as follows: For9-Cr, 1H NMR
δ 2.68 (s, 3H, CH3S) and 3.53 (s, 3H, CH3);50 13C NMR δ 26.87 (CH3S),
46.03 (CH3), 216.0 (CO, cis), 227.4 (CO, trans), 366.9 (C)). For9-W,
1H NMR δ 2.54 (s, 3H, CH3S) and 3.34 (s, 3H, CH3);50 13C NMR δ
27.46 (CH3S), 48.07 (CH3), 197.8 (CO, cis), 207.6 (CO, trans), 332.6
(Cd). UV/visible (50% MeCN-50% water): 9-Cr, λmax 448 nm (ε
8450);9-W, λmax 432 nm (ε 13 300). Mp 30-30.5°C (lit.51 34 °C) for
9-Cr and 33-34 °C (lit.51 34 °C) for 9-W.

All reagents were Analar Grade (Aldrich). Liquid amines (piperidine,
1-(2-hydroxyethyl)piperazine,n-butylamine, morpholine) were refluxed
over Na/CaH2 and freshly distilled. Piperazine was recrystallized from
water. The other amines were in their HCl salt form and were
recrystallized from water or water-ethanol. Chloroacetic acid and
3-chloropropionic acid were recrystallized from water; acetic and
methoxyacetic acid were used as received. Acetonitrile (Fisher Scien-
tific) was used as received. KOH and HCl solutions were prepared
using Dilut It from Baker Analytical. Water was taken from a Milli-Q
purification system.

Kinetic Runs and Spectra.Stock solutions of the carbene complexes
were relatively stable in pure acetonitrile and were used to make
appropriate solutions in 50% MeCN-50% water prior to use. Typical
concentrations of9-Cr and9-W for kinetic runs were (5-9) × 10-5

M. All kinetic experiments were performed in an Applied Photophysics
DX.17MV stopped-flow apparatus. The ionic strength was maintained
at 0.1 M with KCl. Kinetics were followed at theλmax of the carbene
complex. For the reactions run in the direction9-M- + BH f 9-M +
B, the anion was first generated in the presence of 0.004 M KOH outside
the stopped-flow apparatus and then immediately injected into one of
the stopped-flow syringes for a subsequent stopped-flow experiment.
For these experiments, the buffer solutions were prepared in a manner
that they would neutralize the KOH used to generate the anion. The
k1

OH values were based on 11 runs at [KOH] between 0.001 and 0.1 M.
For the reaction with morpholine buffers, eight runs at total buffer
concentrations ranging from 0.01 to 0.2 M were conducted at eight
different pH values. The reactions with the other buffers were run at
one pH only, with seven to eight different total buffer concentrations
ranging from 0.01 to 0.1 or 0.2 M.

The pH was measured in mock mixing experiments with an Orion
611 pH meter equipped with a glass electrode and a Sure Flow
(Corning) reference electrode and calibrated with standard aqueous
buffers. Actual pH values were calculated by adding 0.18 to the
measured pH, according to Allen and Tidwell.52

The absorption spectra were recorded on a Hewlett-Packard 8452A
diode array UV-visible spectrophotometer.
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