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Abstract: A kinetic study of the reversible deprotonation of the rhenium carbene complexes 1H+(O), 1H+-
(S) and 2H+(O) by carboxylate ions, primary aliphatic and secondary alicyclic amines, water and OH- in
50% MeCN-50% water (v/v) at 25 °C is reported. These carbene complexes are of special interest because
in their deprotonated form they represent derivatives of the aromatic heterocycles furan, thiophene and
benzofuran. Intrinsic rate constants (ko for ∆G° ) 0) determined from appropriate Brønsted plots for these
rhenium carbene complexes and for the corresponding selenophene (1H+(Se)) and benzothiophene (2H+-
(S)) derivatives investigated earlier follow the orders furan < selenophene < thiophene and benzofuran j

benzothiophene. These orders indicate that an increase in aromaticity leads to an increase in the intrinsic
rate constant or a decrease in the intrinsic barrier. This is an unexpected result; it implies that, in contrast
to common resonance effects, the development of aromaticity at the transition state is ahead of proton
transfer, i.e., the percentage development of the aromatic stabilization energy at the transition state is
higher than the percentage of proton transfer.

Introduction

In our ongoing investigation of the kinetic and thermodynamic
acidities of Fischer carbene complexes1 we recently reported a
study of the rhenium carbene complexes1H+(Se) and 2H+-
(S).2 Two features that distinguish1H+(Se)and2H+(S) from
previously studied

carbene complexes such as3H,3 4H4 and numerous others1 are
that they are cationic and that

their respective conjugate bases,1(Se)and2(S), are neutral and
aromatic. Both features are

believed to contribute to the much higher acidity of the rhenium
carbene complexes (pKa(1H+(Se)) ) 4.18;2,5 pKa(2H+(S)) )
-0.032,5) compared to that of the (CO)5Cr-type complexes (e.g.,
pKa(3H) ) 12.50;3,5 pKa(4H) ) 9.05).4,5

When compared to the (CO)5Cr-type complexes3H and4H,
and given the high acidities of1H+(Se)and2H+(S), the rate
constants for the deprotonation of these latter complexes by
various primary and secondary amines as well as by carboxylate
ions were found to be unusually low.2 This means that the
intrinsic barriers to proton transfer (∆Go

q)6 are significantly
higher, or theintrinsic rate constants (ko)6 are significantly lower
for the rhenium carbene complexes than for the chromium
carbene complexes. For example, for the reactions with primary
aliphatic amines, the logko values obtained from the corre-
sponding Brønsted plots are 0.14 (1H+(Se))2 and 0.86 (2H+-
(S)),2 respectively, while for3H and 4H they are 3.043 and
2.09,4 respectively.

The most important factor that has consistently been associ-
ated with changes in the intrinsic rate constants for proton

† This is Part 28 of the series Physical Organic Chemistry of Transition
Metal Complexes. Part 27: Bernasconi, C. F.; Bhattacharya, S.Organo-
metallics2003, 22, 1310
(1) Recent reviews: (a) Bernasconi, C. F.;Chem. Soc. ReV. 1997, 26, 299. (b)

Bernasconi, C. F.AdV. Phys. Org. Chem.2002, 37, 137.
(2) Bernasconi, C. F.; Ragains, M. L.J. Am. Chem. Soc.2001, 123, 11 890.
(3) (a) Gandler, J. R.; Bernasconi, C. F.Organometallics1989, 8, 2282. (b)

Bernasconi, C. F.; Sun, W.J. Am. Chem. Soc.1993, 115, 12 532.
(4) Bernasconi, C. F.; Ali, M.J. Am. Chem. Soc.1999, 121, 3039.

(5) In 50% MeCN-50% water (v/v) at 25°C.
(6) The intrinsic barrier,∆Go

q (intrinsic rate constant,ko) of a reaction with a
forward rate constantk1 and reverse rate constantk-1 is defined as∆Go

q )
∆G1

q ) ∆G-1
q (ko ) k1 ) k-1) when ∆Go ) 0 (K1 ) 1).7 For proton

transfers, statistical factors p and q are usually included, see below.
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transfer from carbon acids is the varying degree of stabilization
of the conjugate base by resonance or charge delocalization.8

Because the development of resonance or charge delocalization
generally lags behind proton transfer at the transition state, the
intrinsic barrier becomes larger or the intrinsic rate constant is
reduced, and the more so the greater the delocalization.9 In the
conjugate base of Fischer carbene complexes, e.g. the anion of
3H, there is extensive charge delocalization as indicated by the
resonance form3-. This

delocalization is thought to be the main reason the deprotonation
of such carbene complexes is characterized by lowerko values
than the deprotonation of most other carbon acids except for
nitroalkanes.1

In the conjugate bases of1H+ or 2H+ the contribution of
the “delocalized” resonance forms such as1(Se)is even stronger
because they avoid the charge separation in1′(Se)and hence

this leads to an even stronger overall stabilization of the
conjugate base. This not only increases the thermodynamic
acidity of 1H+(Se)but reducesko below that for the chromium
carbene complexes.

An interesting question is whether the aromaticity of1(Se)
and 2(S) which contributes to the increased thermodynamic
acidity of1H+(Se)and2H+(S),2 also contributes to the lowering
of ko. Such a contribution would be expected if the development
of aromaticity lags behind proton transfer in the same way as
“ordinary” resonance/delocalization effects lag behind proton
transfer.8 In view of the centrality of the concept of aromaticity
and the chemist’s quest to understand intrinsic reactivity, it is
actually surprising that this question has not been asked before.
The results of our earlier study were inconclusive on this point
because of other factors such as the steric, inductive andπ-donor
effects of the heteroatom in the heterocycle possibly contributing
to the lowering ofko.

In the present paper we report results of a study of the
reactions of the three rhenium carbene complexes1H+(O), 1H+-
(S), and2H+(O) with primary aliphatic and secondary alicyclic

amines as well as carboxylate ions in 50% MeCN-50% water
(v/v) at 25 °C. Because the aromaticity of the heterocycles
follows the order thiophene> selenophene> furan10-12 one
expects the order of the aromaticity of the respective conjugate
bases of the rhenium carbene complexes to be1(S)> 1(Se)>
1(O) and2(S)> 2(O). Hence if aromaticity plays a significant

role in loweringko for proton transfer,13 and secondary effects
are negligible, one expects logko(1H+(O)) > logko(1H+(Se))
> logko(1H+(S)) and logko(2H+(O)) > logko(2H+(S)). As
elaborated upon below, this isnot what we observe which
renders the question about the extent of the development of
aromaticity at the transition state particularly interesting.

Results

General Features.As was the case for1H+(Se)and2H+-
(S), 1H+(S) and2H+(O), as well as their respective conjugate
bases are relatively stable in 50% MeCN-50% water (v/v) as
indicated by their UV spectra in this solvent. Furthermore, their
deprotonation is fully reversible as demonstrated by recovery
of the spectrum of the carbene complex upon treatment of the
conjugate base with acid. The furan derivative,1H+(O), is also
quite stable in 50% MeCN-50% water but treatment of its
conjugate base with acid only led to complete recovery of the
carbene complex in pure acetonitrile. In 50% MeCN-50% water,
the conjugate base of1H+(O) decomposes, possibly by under-
going ring-opening to form aγ-dicarbonyl compound, a process
known to occur under mild conditions.14 However, this decom-
position did not interfere with our pKa and kinetic measurements
described below.

Spectrophotometric pKa
CH Determination. The pKa

CH val-
ues of1H+(O),1H+(S)and2H+(O) were determined from plots
of pH versus log(Amax - A)/(A - Amin) according to eq 1

where Amax is the absorbance at pH, pKa
CH, Amin the

absorbance at pH. pKa
CH and A the absorbance at pH∼

pKa
CH. For 1H+(O) the measurements were performed in

acetate buffers, for1H+(S) and2H+(O) in chloro-, dichloro-,
and trichloroacetate buffers. A representative plot is shown in
Figure S1 (Supporting Information).15 The results are sum-
marized in Table 1.

(7) Marcus, R. A.J. Phys. Chem.1968, 72, 891.
(8) (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. Chem.
1992, 27, 119.

(9) This connection between intrinsic barriers and resonance is not restricted
to proton transfers but is a general phenomenon applying to all types of
reactions.8

(10) Fringuelli, F.; Marino, G.; Taticchi, A.J. Chem. Soc., Perkin Trans. 21974,
332.

(11) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y.Aromaticity and
Antiaromaticity; Wiley & Sons: New York, 1994; p 217.

(12) Bird, C. W.Tetrahedron1985, 41, 1409.
(13) Assuming that the development of aromaticity lags behind proton transfer

at the transition state.
(14) Vollhardt, K. P. C.Organic Chemistry; Freeman & Co.: New York, 1987;

p 1193.
(15) See paragraph concerning Supporting Information at the end of this paper.

pH ) pKa
CH + log

Amax - A

A - Amin
(1)

Acidities of Rhenium Carbene Complexes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 40, 2003 12329



Kinetics. Most rate measurements were carried out in amine
and carboxylate buffers under pseudo-first-order conditions with
the carbene complex as the minor component. Some experiments
were also performed in HCl solutions. The pseudo-first-order
rate constant for equilibrium approach is given by eq 2 with
the various terms defined in eq 3;CH+ stands for

1H+(O), 1H+(S) and 2H+(O), respectively, B for the buffer
base, and BH for the buffer acid. All experiments were run in
a stopped-flow spectrophotometer by monitoring the decrease
(pH < pKa

CH) or increase (pH> pKa
CH) in absorbance due to

CH+. The various rate constants are summarized in Tables 2
and 3.

Kinetic pKa
CH Determination. For 1H+(O), runs were per-

formed in acetate buffers. Under these conditions,k1
OH[OH-]

andk-1
H2O are negligible and eq 2 simplifies to eq 4

Figure S215 shows plots ofkobsd versus [AcO-] at various pH
values. The slopes of these plots are given by eq 5. By plotting
the slopes versus aH+ (Figure S315) one obtains pKa

CH ) 5.77(
0.01

which is in excellent agreement with the spectrophotometric
value of 5.78( 0.04. This internal consistency is particularly
rewarding for this carbene complex because of the previously
mentioned decomposition of1(O) which prevented full recovery
of 1H+(O) upon addition of acid to1(O). Analysis of the plot
in Figure S315 also yieldedk1

B ) 1.07 ( 0.06 M-1 s-1 from
which k-1

BH ) k1
BKa

BH/Ka
CH ) 0.76( 0.07 M-1 s-1 was obtained.

The pKa
CH values of1H+(S) and 2H+(O) are much lower

than for1H+(O) and hence the measurements were performed
in HCl solution. Equation 4 simplifies to eq 6 and plots ofkobsd

versus aH+ (Figure S4)15 yield k1
H2O and k-1

H from which
Ka

CH ) k1
H2O/k-1

H is obtained. Again, there is excellent agree-
ment between the kinetic and spectrophotometric pKa values
(Table 1).

Table 1. Spectrophotometric and Kinetic pKa
CH Values

Table 2. Reactions of 1H+(O), 1H+(S), and 2H+(O) with Buffers: Summary of Rate Constants and pKa Values in 50% MeCN-50% Water
(v/v) at 25 °Ca

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 k1

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

piperidine 11.01 (1.60( 0.03)× 103 (9.43( 0.76)× 10-3 (2.25( 0.05)× 104 (7.12( 0.47)× 10-5 (9.20( 0.35)× 104 (1.27( 0.19)× 10-4

piperazine 9.97 (1.92( 0.03)× 102 (1.24( 0.09)× 10-2 (1.04( 0.03)× 104 (3.62( 0.24)× 10-4 (3.55( 0.19)× 104 (5.34( 0.85)× 10-4

HEPAb 9.33 (1.22( 0.01)× 102 (3.44( 0.27)× 10-2 (7.62( 0.17)× 103 (1.15( 0.08)× 10-3 (1.58( 0.06)× 104 (1.05( 0.15)× 10-3

morpholine 8.70 (4.62( 0.07)× 101 (5.56( 0.44)× 10-2 (5.21( 0.05)× 103 (3.37( 0.22)× 10-3 (1.20( 0.06)× 104 (3.38( 0.54)× 10-3

n-BuNH2 10.40 (1.15( 0.01)× 102 (2.76( 0.22)× 10-3 (9.24( 0.20)× 103 (1.19( 0.08)× 10-4 (2.49( 0.03)× 105 (1.37( 0.15)× 10-3

MeOCH2CH2NH2 9.39 (2.17( 0.04)× 101 (5.33( 0.43)× 10-3 (2.16( 0.05)× 103 (2.85( 0.19)× 10-4 (5.30( 0.11)× 104 (2.89( 0.33)× 10-3

H2NCOCH2NH2 8.14 (2.64( 0.09)× 100 (1.15( 0.09)× 10-2 (4.44( 0.10)× 102 (1.04( 0.07)× 10-3 (8.40( 0.11)× 103 (8.40( 0.91)× 10-3

NCCH2NH2 5.29 (1.78( 0.12)× 10-1 (5.51( 0.58)× 10-1 (5.52( 0.03)× 101 (9.15( 0.41)× 10-2 (1.59( 0.13)× 103 (1.13( 0.20)× 100

CH3CO2
- 5.93 (1.07( 0.06)× 100 (7.57( 0.73)× 10-1 (1.74( 0.05)× 102 (6.60( 0.46)× 10-2 (3.57( 0.19)× 103 (5.79( 0.44)× 10-1

MeOCH2CO2
- 4.73 (4.06( 0.03)× 10-1 (4.55( 0.50)× 100 (6.77( 0.13)× 101 (4.08( 0.27)× 10-1 (2.20( 0.06)× 103 (5.64( 0.35)× 100

ClCH2CO2
- 3.94 (2.99( 0.02)× 10-1 (2.07( 0.21)× 101 (5.44( 0.14)× 101 (2.02( 0.14)× 100 (1.73( 0.07)× 103 (2.73( 0.19)× 101

NCCH2CO2
- 3.56 (1.03( 0.01)× 10-1 (1.71( 0.23)× 101 (4.91( 0.10)× 101 (4.37( 0.29)× 100 (1.33( 0.05)× 103 (5.04( 0.34)× 101

Cl2CHCO2
- 2.38 (2.94( 0.02)× 10-2 (7.38( 0.77)× 101 (2.57( 0.15)× 101 (3.46( 0.30)× 101

Cl3CCO2
- 1.64 (1.85( 0.02)× 10-2 (2.55( 0.29)× 102 (8.45( 0.69)× 100 (6.27( 0.64)× 101 (5.56( 0.24)× 102 (1.76( 0.12)× 103

a Ionic strength 0.1 M (KCl).b HEPA ) 1-(2-hydroxyethyl)piperizine.

kobsd) k1
H2O + k1

OH[OH-] + k1
B[B] +

k-1
H aH+ + k-1

H2O + k-1
BH[BH] (2)

CH+ y\z
k1

H2O + k1
OH[OH-] + k1

B[B]

k-1
H aH+ + k-1

H2O + k-1
BH[BH]

C (3)

kobsd) k1
H2O + k-1

H aH+ + k1
B[B] + k-1

BH[BH] (4)

slope) k1
B(1 +

aH+

Ka
CH) (5)

kobsd) k1
H2O + k-1

H aH+ (6)
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Kinetics in Carboxylate and Amine Buffers. These experi-
ments were performed at buffer ratios of approximately 1:1.
The rate constantsk1

B andk-1
BH were obtained by solving eq 5

for k1
B and calculatingk-1

BH ask1
B Ka

BH/Ka
CH whereKa

CH is taken
from the average of the kinetic and spectrophotometric pKa

CH.
Kinetics in KOH and HCl Solutions. In KOH solutionskobsd

is given by eq 7

however, intercepts of plots ofkobsdversus [OH-] were too small
to yield reliablek-1

H2O values and hencek-1
H2O was obtained as

k1
OHKw/Ka

CH with Kw being the ionic product of the solvent.16

For2H+(O) the rates were too fast for an accurate measurement
by the stopped-flow technique.

In HCl solution eq 6 applies and these experiments yielded
k-1

H and k1
H2O values for 1H+(S) and 2H+(O) as described

earlier. For1H+(O) k1
H2O was too small to measure accurately

and hencek1
H2O was obtained ask-1

H Ka
CH.

Discussion

pKa
CH Values. The pKa

CH values of1H+(O), 1H+(S), and
2H+(O), which are taken as the average of the spectrophoto-
metrically and kinetically determined values, are reported in
Table 3 along with the previously measured pKas of 1H+(Se)
and 2H+(S). There are significant differences in the acidities
of these rhenium carbene complexes but, as a class, they are
all substantially more acidic (pKa

CH range from-0.03 to 5.78)
than the chromium or tungsten carbene complexes (pKa

CH )
9.05 for4H, 12.50 for3H).

As pointed out before, the principal reason for the high acidity
of the rhenium carbene complexes is their cationic character.
An additional factor is that the respective conjugate bases are
aromatic. In fact, the relative acidities which follow the order
1H+(S) > 1H+(Se)> 1H+(O) for the monocyclic derivatives
and2H+(S)> 2H+(O) for the fused benzoheterocycles correlate
with the relative aromaticity of the respective heterocycles, i.e.,

thiophene> selenophene> furan10-12 and benzothiophene>
benzofuran.17

A third factor expected to affect the acidities is the identity
of the heteroatom (O, S, Se) which may exert an influence that
is separate from its effect on aromaticity and is related to its
π-donor and inductive effects. Theπ-donor effect is expected
to reduce the acidity by stabilizing the respective acid forms
(e.g.,1H+(X)), whereas the inductive effect should increase the
acidity.

Both factors follow the order O> S > Se.18 This implies
that, if theπ-donor effect were dominant and aromaticity did
not play a role, the acidity orders should be1H+(Se)> 1H+-
(S) > 1H+(O) and 2H+(S) > 2H+(O), whereas the opposite
order should prevail if the inductive effect is dominant.

That theπ-donor effect more than offsets the inductive effect
can be seen when comparing3H and4H where aromaticity is
not a factor and4H (pKa

CH ) 9.05) is more acidic than3H
(pKa

CH ) 12.50). As to the relative importance of theπ-donor
effect and aromaticity, theexperimentalacidity orders for the
monocyclic carbene complexes are, as mentioned above, those
expected based on the aromatic stabilization of the respective
conjugate bases rather than those based on theπ-donor effect,
and hence we conclude the aromaticity factor to be dominant.

Incidentally, our reasoning and conclusions are quite similar
to those reached by Kresge and Meng20 regarding the relative
acidities of5H (pKa ) 11.87) and6H (pKa ) 8.85), i.e., the

(16) pKw ) 15.19 in 50% MeCN-50% water (v/v) at 25°C (µ ) 0.1 M KCl).3b

(17) Bird, C. W.Tetrahedron1987, 43, 4725.
(18) π-Donor effect: theR values for MeO, MeS and MeSe are-0.56,-0.23,

and-0.16, respectively; the R+ values for MeO and MeS are-1.07 and
-0.83, respectively, while theσR values for MeO and MeS are-0.43 and
-0.15, respectively.19 Inductive effect: theF values for MeO, MeS and
MeSe are 0.29, 0.23 and 0.16, respectively, whereas theσF values for MeO
and MeS are 0.30 and 0.20, respectively.19

(19) Hansch, C.; Leo, A.; Taft, R. W.Chem. ReV. 1991, 91, 165.
(20) Kresge, A. J.; Meng, Q.J. Am. Chem. Soc.2002, 124, 9189.

Table 3. Reactions with OH-, H3O+, and Water in 50%
MeCN-50% Water at 25 °Ca

a Ionic strength 0.1 M (KCl).b Reference 2.

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

H2O (7)
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conjugate base of6H (thiophene ring) is more aromatic than
that of 5H (furan ring).

Rate Constants. The rate constants for proton-transfer
involving amine and carboxylate buffers are reported in Table
2, whereas those involving H3O+, OH-, and the solvent are
summarized in Table 3. Statistically corrected Brønsted plots21

for the dependence ofk1
B and k-1

BH on the pKa difference
between the respective carbene complexes and buffer acids are
shown in Figures 1-3. They yield the BrønstedR andâ values
summarized in Table 4. From the points where the lines of log-
(k1

B/q) and log(k-1
BH/p) intersect, theintrinsic rate constants,

defined asko ) k1
B/q ) k-1

BH/p, were obtained (in Table 4
reported as logko).

Brønsted Parameters.There is considerable variation in the
Brønstedâ andR values, suggesting that the degree of proton
transfer at the transition state varies with the base type as well
as with the carbene complex. Two trends are noteworthy. (1)
For all three base types,â decreases with increasing acidity of
the carbene complex. This suggests that the transition state
becomes more reactant-like as the reactions become thermo-
dynamically more favorable which is consistent with the
Hammond22-Leffler23 principle.

(2) Theâ values for the reactions with carboxylate ions are
generally lower than for the reactions with amines. Because, as
a group, the carboxylate ions are less basic than the amines
and hence the deprotonation is thermodynamically less favorable
than with amines, the Hammond-Leffler principle would
predict higher rather than lowerâ values for the carboxylate
ion reactions. This suggests that another factor is involved which

overrides the Hammond-Leffler principle. We propose that this
factor is an electrostatic effect which operates at the transition
state. The transition states for the reactions of1H+(X) with
amines and carboxylate ions are shown in5 and6, respectively.

In 5 there is electrostatic stabilization between the partial
positive charge on the amine and the partial negative charge
on the carbon; this stabilization increases for a more advanced
transition state because these charges become larger and move
closer together. There is also electrostaticdestabilization between

(21) Strictly speaking, these are Eigenplots (Eigen, M.Angew. Chem., Int. Ed.
Engl. 1964, 3, 1); q is the number of equivalent basic sites on the buffer
base, p the number of equivalent protons on the buffer acid.

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

Wiley: New York, 1963; p 156.

Figure 1. Brønsted plot for the reactions of1H+(O) with buffers. Filled
symbols,k1

B, open symbols,k-1
BH. b, O: R2NH; 9, 0: RNH2; 2, 4:

RCOO-. The dashed vertical line goes through the points where thek1
B/q

andk-1
BH/p lines intersect which correspond to logko.

Figure 2. Brønsted plot for the reactions of1H+(S) with buffers. Filled
symbols,k1

B, open symbols,k-1
BH. b, O: R2NH; 9, 0: RNH2; 2, 4:

RCOO-. The dashed vertical line goes through the points where thek1
B/q

andk-1
BH/p lines intersect which correspond to logko.

Figure 3. Brønsted plot for the reactions of2H+(O) with buffers. Filled
symbols,k1

B, open symbols,k-1
BH. b, O: R2NH; 9, 0: RNH2; 2, 4:

RCOO-. The dashed vertical line goes through the points where thek1
B/q

andk-1
BH/p lines intersect which correspond to logko.

A R T I C L E S Bernasconi et al.

12332 J. AM. CHEM. SOC. 9 VOL. 125, NO. 40, 2003



the positive charge on the rhenium moiety and the positive
charge on the amine nitrogen which counteracts the above
stabilizing effects and tends to increase for a more advanced
transition state.

In 6, there is electrostaticdestabilization between the partial
negative charges on the carboxylate ion and the carbon. This
destabilization can be minimized for an early transition state
because of the small charge on the carbon. A further advantage
of an early transition state is that the large negative charge on
the base interacts favorably with the positive charge on the
rhenium moiety.

A similar favorable electrostatic interaction may explain the
relatively lowâ value (0.38) for the deprotonation of the cationic
7H+ by carboxylate ions relative toâ for the deprotonation of

7H+ by primary amines (0.54).24 The same phenomenon can
even be seen in the deprotonation of the neutral but zwitterionic
carbene complex8H where â for carboxylate ions is 0.33,
whereas that for primary amines is 0.54.3 In this case, the

transition state for the carboxylate reaction probably adopts a
geometry that favors the proximity between the partial positive
charge on the methoxy group and the partial negative charge
on the carboxylate ion (9). In the deprotonation of4H, âRCOO-

) 0.44 andâRNH2 ) 0.45 are about equal, presumably because
the MeS group is a weakerπ-donor,18 and hence, there is only
a small positive charge on the MeS group. This latter carbene
complex thus approaches the behavior of purely organic carbon
acids such as ketones or nitroalkanes25,26 where âRCOO- is
typically somewhat greater thanâamine, consistent with the
Hammond-Leffler principle.

Intrinsic Rate Constants. The intrinsic rate constants
reported in Table 4 need to be interpreted with caution. Those
ko values that could be obtained byinterpolation of the
appropriate Brønsted plots because pKa

BH - pKa
CH covers a

range from moderately positive to moderately negative, are the
most reliable, irrespective of theâ andR values. Theko values

(24) Moutiers, G.; Peignieux, A.; Vichard, D.; Terrier, F.Organometallics1998,
17, 4469.

(25) (a) Bernasconi, C. F.; Bunnell, R. D.Isr. J. Chem.1985, 26, 420. (b)
Bernasconi, C. F.; Paschalis, P.J. Am. Chem. Soc.1986, 108, 2969. (c)
Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S., Ni, J.-X.J. Org. Chem.
1988, 53, 3342.

(26) (a) Terrier, F.; Lelie`vre, J.; Chatrousse, A.-P.J. Chem. Soc., Perkin Trans.
2 1985, 1479. (b) Moutier, G.; Thuet, G.; Terrier, F.J. Chem. Soc., Perkin
Trans. 21997, 1476. (c) Moutiers, G.; Peignieux, A.; Terrier, F.J. Chem.
Soc., Perkin Trans. 21998, 2489.

Table 4. Summary of Brønsted R- and â-Values and log ko for the Intrinsic Rate Constants in 50% MeCN-50% Water at 25 °C

a Reference 2.b Reference 3b.c Reference 4.
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for the deprotonation of1H+(O), 1H+(Se), 1H+(S), and2H+-
(O) by the carboxylate ions belong to this category. The intrinsic
rate constants obtained byextrapolation of Brønsted plots, i.e.,
when pKa

BH - pKa
CH has the same sign for all bases, are

potentially less reliable. This is especially true when|pKa
BH -

pKa
CH| is quite large, leading to long extrapolations, as is the

case for the reactions of1H+(S), 2H+(O) and especially2H+-
(S) with the amines. However, as long as the Brønsted
coefficients are similar for reactions to be compared to each
other, therelatiVe ko values obtained from such extrapolations
should still be reliable measures ofrelatiVe intrinsic rate
constants. This latter situation applies in comparing theko values
for the reactions of1H+(O), 1H+(Se), 1H+(S), and 2H+(O)
with the primary amines (â ) 0.53, 0.53, 0.42, and 0.42,
respectively) and the reaction of1H+(Se), 1H+(S), and2H+-
(O) with the secondary amines (â ) 0.49, 0.40 and 0.40
respectively). For the reaction of1H+(O) with the secondary
amines theâ value (0.65) is somewhat outside the range of the
other â values but|pKa

BH - pKa
CH| is relatively small in this

case which means thatko for this set may also be safely included
in a comparison of the reactions of all three1H+(X) derivatives.

For the reactions of2H+(O) and 2H+(S) with carboxylate
ions (â ) 0.19 and 0.12, respectively) the situation is marginal
while for the reactions of2H+(O) and 2H+(S) with primary
amines (â ) 0.42 and 0.33, respectively) the|pKa

BH - pKa
CH|

values are too large to lead to reliable relativeko values.
Taking into account the above considerations we note the

following trends. (1) For the reactions of1H+(X) with all three
base types, logko follows the order1H+(O) < 1H+(Se)< 1H+-
(S), i.e., -0.01 < 0.72 < 1.21 for RCOO-, -0.83 < 0.14 <
0.27 for RNH2 and-0.46< 0.92< 1.05 for R2NH. The fact
that the same qualitative order is observed irrespective of base
type constitutes strong evidence that the observed trends are a
true reflection of the relative order of the intrinsic rate constants.

(2) For the reactions of2H+(X) the results are less clear-cut
because the criteria for the reliability of the obtainedko values
are not met. Thus, even though the logko values of2H+(X) with
the carboxylate ions follow the same trend as for the reactions
of 1H+(X), i.e.,2H+(O) < 2H+(S), the difference in the logko

values (2.62 versus 2.85) is quite small. For the reactions with
the primary amines, logko for 2H+(O) (1.40) is larger than the
2H+(S) (0.84), but the experimental uncertainty in these values
are too large to allow a firm conclusion.

(3) The intrinsic reactivity of the bicyclic carbene complexes
is significantly higher than that of their monocyclic analogues.
Part but probably not all of the enhanced reactivity may be an
artifact due to the differences in theâ values; the reasons for
the higher reactivity are unclear but do not affect the main
conclusions from this work as outlined below.

Rate Constants for the Reactions with OH-, H3O+, and
Water. These rate constants are reported in Table 3. Thek1

H2O

values for the deprotonation by water increase with increasing
acidity of the carbene complex as one would expect. However,
this increase is disproportionately large; for example, for the
monocyclic carbene complexes, log(k1

H2O(S)/k1
H2O(O)) ) 3.61

while pKa
CH(O) - pKa

CH(S) ) 3.27, or log(k1
H2O(Se)/k1

H2O(O)) )
2.56 while pKa

CH(Se)- pKa
CH(O) ) 1.61. This large increase in

k1
H2O is the result of the same kind of increase in theintrinsic

rate constants seen for the reactions with buffer bases. For the
bicyclic carbene complexes, the increase is less dramatic, i.e.,

log(k1
H2O(S)/k1

H2O(O)) ) 0.80 for pKa
CH(O) - pKa

CH(S) ) 2.17.
In this case it is not clear whether the increasedk1

H2O value for
2H+(S) is only the result of the lower pKa

CH value or whether
there is a contribution from an increased intrinsic rate constant
for the thia derivative. This is the same ambiguity seen for the
reaction with buffer bases.

For the deprotonation by hydroxide ion, the increase in the
k1

OH values with increasing acidity of the monocyclic rhenium
carbene complexes is much smaller than for the deprotonation
by water; for example (logk1

OH(S)/k1
OH(O)) ) 1.08 for pKa

CH(O)
- pKa

CH(S) ) 3.27 and (logk1
OH(S)/k1

OH(O)) ) 0.91 for pKa
CH(O)

- pKa
CH(S) ) 1.61. These smaller increases are most likely the

result of a very reactant like transition state because the reactions
are extremely favorable thermodynamically; no conclusions can
be drawn regarding the relative intrinsic rate constants for these
reactions.

Significance of the Trend in the Intrinsic Rate Constants.
The intrinsic rate constants for the deprotonation of all Fischer
carbene complexes are low because the development of the
resonance/delocalization in their respective conjugate bases lags
behind proton transfer at the transition state.1 The fact that the
ko values for the deprotonation of the rhenium type carbene
complexes are even lower than for the chromium type com-
plexes3H or 4H (Table 4) is due to their cationic nature which
leads to particularly strong resonance stabilization of their
conjugate bases.2 The main objective of the present work was
to examine whether the aromaticity of these conjugate bases
contributes to this reduction of the intrinsic rate constants; such
a contribution would be expected if the development of the
aromaticity were to lag behind proton transfer at the transition
state in the same way as the development of simple resonance
lags behind proton transfer.

As outlined in the Introduction, aromaticity of the heterocycles
follows the order furan< selenophene< thiophene. In the
absence of other factors and assuming that the development of
aromaticity lags behind proton transfer, this should lead to1H+-
(O) > 1H+(Se)> 1H+(S)and2H+(O) > 2H+(S) for the order
of the intrinsic rate constants. This, however, is the opposite of
the experimental order. One possible interpretation of our
findings is that aromaticity plays only a minor role and its effect
is overshadowed by other factors associated with the nature of
the heteroatom X. These other factors should be the same that
lead to differences inko between the deprotonation of3H and
4H; they include inductive,π-donor and steric effects as
discussed in detail elsewhere.4 A quantitative assessment of the
individual contributions of these factors is difficult27 but a
comparison of theko values for3H and 4H shows that their
combined effect results in intrinsic rate constants that are
significantly lower for the thia (4H) than for the oxa (3H)
derivative.28

It is reasonable to assume that those same factors also operate
in the reactions of the rhenium carbene complexes and that their
combined effect should be qualitatively the same as for the
chromium carbene complexes. This means that, in the absence
of aromaticity, the reactions of the oxa rhenium complexes

(27) The inductive effect is expected to enhanceko for 3H more than for4H,
the steric effect is expected to reduceko for 4H more than for3H, whereas
theπ-donor effect may go either way because of two competing interaction
mechanisms.4

(28) The same result was obtained for the (CO)5W analogues of3H and4H,
respectively.4
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should have higher intrinsic rate constants than their thia
analogues. However, the experimental order of theko values is
1H+(O) < 1H+(Se) < 1H+(S) and 2H+(O) j 2H+(S). This
implies that aromaticity leads to an increase rather than the
expected decrease in the intrinsic rate constants and that, at least
for the 1H+(X) type carbene complexes, this factor is quite
substantial since it more than offsets the combined result of
the inductive, steric andπ-donor effects.Such an increase can
only be explained if the deVelopment of aromaticity is ahead of
proton transfer at the transition state. In other words, the
percentage deVelopment of the aromatic stabilization energy
at the transition state is higher than the percentage of proton
transfer.

Early Development of Aromaticity: Are There Prece-
dents?Our initial hypothesis was that, in the context of its effect
on intrinsic barriers, aromaticity may simply be considered a
special case of resonance. In other words, the same constraints
that prevent extensive development of resonance stabilization
at the transition state should apply to the development of
aromaticity. The gist of these constraints was captured in a
model initially proposed by Kresge29 in the context of proton
transfers from nitroalkanes, a model that we have refined8,30

and applied to the generalized reaction scheme of eq 7.31 The
basic idea is that the delocalization of the negative charge into

theπ-acceptor Y can only occur if there is development of the
C-Y π-bond. Hence, the fraction of charge on Y depends on
the fraction ofπ-bond formation, and the fraction ofπ-bond
formation in turn depends on the fraction of charge transferred
from the base to the carbon acid. This means that, at the
transition state, the charge on Y can never be very high since
it represents only a fraction of a fraction.

Our results suggest that no such constraints apply to the
development of aromaticity. On the contrary, only relatively
minor progress in the creation of the appropriate orbitals and/
or their optimal alignment seems to be required for aromatic
stabilization to become disproportionately effective. There is
some evidence which suggests that our conclusions are not
without precedent.

(1) The aromaticity of10, as suggested by the calculated
NICS value32 at the center of the C6 ring (-8.1), is quite close
to that of benzene (-9.7), even though there is extreme bending

of the C6 ring.33 The same is true for a benzene whose geometry
was constrained to that of10 (NICS value of-7.7).33 These
results imply that even though bending leads to a substantial
overall destabilization of the molecule, it does not necessarily

follow that it is the loss of aromaticity that results in the
destabilization, a point discussed by Minkin et al.34 Similar
results were reported for highly bent pyrene systems.35

(2) Recent ab initio calculations in our laboratory suggest
that there is a disproportionately large degree of aromaticity at
the transition state of the identity carbon-to-carbon proton
transfer of reactions 8 and 9.36

(3) According to computed NICS values, the transition state
for the trimerization of acetylene to form benzene is highly
aromatic,37 despite the fact that the reaction is strongly
exothermic, which suggests that the transition state should be
reactant-like.22,23 We note, however, that here the aromaticity
of the transition state refers to “in-plane” aromaticity38 while
that of benzene is “π-aromaticity.”

Conclusions

The most important and novel conclusion from this work is
that the aromaticity of the conjugate bases of the rhenium
carbene complexes does not increase the intrinsic barrier (reduce
the intrinsic rate constant) to proton transfer but lowers it
(increasesko). This implies that the development of aromaticity
is ahead of proton transfer at the transition state which contrasts
with common resonance/delocalization effects that lag behind
proton transfer at the transition state. It appears that the
constraints that prevent resonance/delocalization effects from
developing in proportion to proton transfer do not apply to the
development of aromaticity. The possible generality of this
conclusion clearly needs to be tested although there are some
indications from other systems that the behavior of our reaction
system may not be unprecedented.

Experimental Section

Synthesis of Rhenium Carbene Complexes.The synthesis
of 1H+(O) and1H+(S) involved the steps shown in Scheme 1;
for 2H+(O), benzofuran was used in step 7.13, 14, 15, 16, and
17 were prepared as described by Tam et al.39 18 and19 were

(29) Kresge, A. J.Can. J. Chem. 1974, 52, 1897.
(30) Bernasconi, C. F.; Wenzel, P. J.J. Org. Chem. Soc.2001, 66, 968, and

references therein.
(31) Ab initio calculations30 for gas-phase identity reactions of the type CH3Y

+ CH2dY- a CH2dY- + CH3Y indicate that the proton in flight bears
a partial positive charge but it is not clear that the same is true in solution
and none is shown in eq 7. Whether or not there is such a charge does not
affect the argument.

(32) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; v. Eikema Hommes,
N. J. R.J. Am. Chem. Soc.1996, 118, 6317.

(33) Tsuij, T.; Okuyama, M.; Ohkita, M.; Kawai, H.; Suzuki, T.J. Am. Chem.
Soc.2003, 125, 951.

(34) Reference 11, p 60.
(35) Bodwell, G. J.; Bridson, J. N.; Cyran˜ski, M. K.; Kennedy, J. W. J.;

Krygowski, T. M.; Mannion, M. R.; Miller, D. O.J. Org. Chem.2003, 68,
2089.

(36) Bernasconi, C. F.; Ragains, M. L. to be published.
(37) Morao, I.; Cossı´o, F. P.J. Org. Chem.1999, 64, 1868.
(38) Reference 11, p 267.
(39) Tam, W.; Lin, G.-Y.; Wong, W.-K.; Kiel, W. A.; Wong, V. K.; Gladysz,

J. A. J. Am. Chem. Soc.1982, 104, 141.
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synthesized as described by Kowalczyk et al.40 20and the BF4-

salts of 1H+(X) and (2H+(X)) were synthesized by the
procedure of Angelici et al.41 1H+(O) and 2H+(O) are new
compounds. The spectral data of1H+(O), 1H+(S) and2H+(O)
are as follows:

1H+(O): 1H NMR δ (CD2Cl2): 7.75-7.45 (m, Ph), 7.40-
7.25 (m, Ph), 7.16 (s, br, H(5)), 6.91 (s, br, H(4)), 5.42 (d, br,
H(3)), 5.36 (d, br H(3′)), 5.72 (s, Cp).13C NMR δ (CD2Cl2):
222.75 (d, C(2)), 66.20 (s, C(3)), 132.50 (s, C(4)), 131.94 (s,
C(5)), 96.28 (s, Cp), 134.19 (d, Ph), 133.44 (d, Ph), 130.33 (d,
Ph), 129.80 (d, Ph). IR cm-1 ν(NO) (CH2Cl2): 1742 (s). MS:
m/z 612.16 (M+). UV (CH2Cl2): 321 nm (ε 5337).

1H+(S)41: 1H NMR δ (CD2Cl2): 7.55 (s, br, Ph), 7.36-
7.78 (m, Ph), 7.11 (d, H(5)), 6.88 (m, H(4)), 4.17 (d, br, H(3)),
4.05 (d, br, H(3′)), 5.80 (s, Cp).13C NMR δ (CD2Cl2): 268.89
(d, C(2)), 56.71 (s, C(3)), 146.37 (s, C(4)), 150.60 (s, C(5)),
97.90 (s, Cp), 134.30 (d, Ph), 133.36 (d, Ph), 131.56 (d, Ph),
129.76 (d, Ph). IR cm-1 ν(NO) (CH2Cl2): 1714 (s). MS: m/z
628.10 (M+). UV (CH2Cl2): 355 nm (ε 7408).

2H+(O): 1H NMR δ (CD2Cl2): 7.54 (s, br, Ph), 7.45-7.24
(m, Ph), 7.23-7.09 (m, benzo), 4.65 (d, H(3)), 4.49 (d, H(3′)),
5.87 (s, Cp).13C NMR δ (CD2Cl2): 285.75 (d, carbene C),
133.38 (d, Ph), 132.84 (d, Ph), 130.08 (d), 129.13 (d, Ph), 66.23
(s, (C(3)), 131.25 (s, benzo), 130.75 (s, benzo), 127.89 (s,
benzo), 125.90 (s, benzo), 124.75 (s, benzo), 110.59 (s, benzo),
97.31 (s, Cp). IR cm-1 ν(NO) (CH2Cl2): 1724 (s). MS: m/z
662.16 (M+). UV (CH2Cl2): 321 nm (ε 5337).

Materials. The solvents and buffers used for this study were
obtained from the same sources and purified in the same manner
as described before.2

pH Determination, Kinetic Experiments and Spectra.The
methodology described earlier2 was used.
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