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B3LYP calculations have been carried out to study the reaction mechanism of the aminolysis of Fischer
carbene complexes of the type (CO)5CrdC(XMe)R (X=O and S; R=Me and Ph). We have explored
different possible reaction mechanisms either through neutral or zwitterionic intermediates as well as a
general base catalysis assisted by an ammonia molecule. Our results show that the most favorable
pathway for the aminolysis of Fischer carbene complexes is through a stepwise reaction via a zwitterionic
intermediate generated by the initial nucleophilic attack. We have found that the ammonia-catalyzed
mechanism entails a significantly lower barrier for the rate-determining step than the uncatalyzed one.At
lower pressure gas-phase conditions, the rate-determining step corresponds to the concerted proton
transfer and MeXH elimination. Thiocarbene complexes show a higher energy barrier for this rate-
determining step due to the lower basicity of theMeS- substituent. At higher pressure or in solution, the
rate-determining step corresponds to the initial nucleophilic attack.Our results indicate that the transition
state of the nucleophilic attack is more advanced and has a higher barrier for alkoxycarbene than thio-
carbene complexes due to the stronger π-donor character of the alkoxy group that reduces the electro-
philicity of the attacked carbene atom making the nucleophilic attack more difficult.

Introduction

Since the first targeted synthesis of [methoxy(methyl)-
carbenepentacarbonyl]tungsten(0) by Fischer and Maasb€ol,1

the chemistry of Fischer carbene complexes has been inten-
sively developed as a new branch of organometallic chemistry.2

These compounds have proven themselves to be highly

important building blocks in organic and organometallic syn-
thesis due to their capability to undergo nonconventional,
high-yield transformations under mild conditions.3

Typical Fischer carbene complexes usually have a central
carbene carbon linked through a formal double bond to a
late transition metal (groups VI-VIII) in a low oxidation
state. The low-valence metal center generally bears ligands
with good π-acceptor properties such as carbon monoxide,
phosphine, or nitro groups in the coordination sphere. Typi-
cally, in these complexes one substituent of the carbene
acts as a π-donor, allowing an electronic stabilization of

(1) Fischer, E. O.; Maasb€ol, A. Angew. Chem., Int. Ed. 1964, 3, 580.
(2) D€otz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, R.; Schubert, U.;

Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie: Deerfield
Beach, FL, 1983.
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the electron-deficient carbene carbon atom, whereas the
other substituent may be either a saturated or unsaturated
alkyl or aryl group.

Due to the electrophilic nature of the carbene carbon
atom, these compounds undergo nucleophilic additions or
substitution reactions at this carbon.4 The simplest addition
mode of heteroatom nucleophiles to alkoxycarbene com-
plexes involves the formation of different heteroatom stabi-
lized carbene complexes such as thio- and aminocarbenes
complexes.

In previous works, reactions of alkoxycarbenes with amines
have been addressed to synthetic applications.5,6 For ins-
tance, the synthesis of peptides and the R-amino function of
amino acids have been protected in the reaction with alkoxy-
carbenes to give aminocarbene-labeled peptides.7 More re-
cently, this reaction has been used for protein labeling8 and
design of bioactive surfaces for protein immobilization.9

However, most of these studies have been focused on alkoxy-
carbene complexes. This is probably because alkoxycarbenes
are prominent according to their synthetic applications.
Fischer thiocarbenes, on the other hand, have receivedmuch
less attention. One of the reasons might be that it appeared
that thiocarbene complexes would react following the same
patterns of the isostructural alkoxycarbenes.10

The first kinetic investigation on these nucleophilic sub-
stitution reactions was that ofWerner et al.,6 who studied the
reaction of [methoxy(phenyl)carbene]pentacarbonylchro-
mium(0) (Cr-OMe-Ph), with several primary aliphatic amines
(n-BuNH2, C6H11NH2, and C6H5CH2NH2) in n-decane, di-
oxane, methanol, and dioxane-methanol (1:1). In n-decane,
the rate was found to be third order with respect to amine
concentration and in dioxane second order, while in dioxane-
methanol mixtures and pure methanol, both first- and second-
order dependence on amine were reported. The authors
proposed a mechanism where the first amine molecule

activates the substrate by hydrogen bonding to the methoxy
group andprovides also an acid catalysis to theMeO-depar-
ture in the product-forming step. The nucleophilic attack
occurs with an amine molecule that is hydrogen bonded to a
third amine, which presumably helps to stabilize the positive
charge positioned at the nitrogen. Inmore polar solvents, the
complex between two amine molecules may be replaced by
an amine-solvent complex. Furthermore, in protic solvents
the role of activating hydrogen bonds is done by a solvent
molecule. Experimental 1H NMR studies support the pre-
sence of association equilibria.11

There have been few other kinetic studies in the early
literature; these investigations focused mainly on reactions
with amines11-13 and phosphines14 in weakly polar organic
solvents. These studies provided no evidence of tetrahedral
intermediates. However, this hypothesis is supported by
reports postulating that Cr-OMe-Ph forms isolable tetra-
hedral adducts such as Cr-OMe-Ph-DABCO by reaction with
1,4-diazabicyclo[2.2.2]octane (DABCO) or quinuclidine in
ether.15

More recently, Bernasconi et al.16,17 provided additional
strong evidence for the presence of tetrahedral intermediates
in the reaction of Cr-OMe-Ph with primary amines (n-BuNH2,
MeOCH2CH2NH2, ClCH2CH2NH2,H2NCOCH2NH2, and
EtO2CCH2NH2) in polar solvents, mainly in water-
acetonitrile mixtures, where there are no hydrogen bond
associations of the type observed in nonpolar solvents and
clearer conclusions could be drawn about mechanistic details.
The proposed mechanism is illustrated in eq 1

where k3
A and k3

OH steps refer to the base-mediated catalysis
by the amine and by the hydroxide anion, respectively; the
k2 step represents spontaneous, possibly intramolecularly cata-
lyzed conversion of the zwitterionic intermediate T( to the
product. A detailed analysis of kinetic data provided crucial
information about the mechanism of the general base-
catalyzed conversion of T( to the product. This catalysis
involves a fast equilibrium of the proton transfer followed by
a general acid-catalyzed loss of methoxide ion by RNH3

þ

and water, respectively.16 Furthermore, the most compelling
evidence achieved so far for this mechanism has come from
the direct detection of the intermediate in the reactions of
Cr-OMe-Ph with thiolate ions.18

(3) (a) Sierra, M. A. Chem. Rev. 2000, 100, 3591. (b) Schirmer, H.; Duetsch,
M.; Stein, F.; Labahn, T.; Knieriem, B.; De Meijere, A. Angew. Chem., Int. Ed.
1999, 38, 1285. (c) deMeijere,A.; Schirmer,H.;Duetsch,M.Angew.Chem.2000,
39, 3965. (d) Barluenga, J.; L�opez, L. A.; Martı́nez, S.; Tom�as, M. Tetrahedron
2000, 56, 4967. (e) Barluenga, J.; Fl�orez, J.; Fa~nan�as, F. J. J. Organomet. Chem.
2001, 624, 5. (f) Barluenga, J.; Santamarı́a, J.; Tom�as,M.Chem. Rev. 2004, 104,
2259. (g) Barluenga, J.; Fern�andez-Rodrı́guez,M. A.; Aguilar, E. J. Organomet.
Chem. 2005, 690, 539. (h) Capriati, V.; Florio, S.; Luisi, R.; Perna, F. M.;
Barluenga, J. J. Org. Chem. 2005, 70, 8255. (i) Wu, Y. T.; Noltemeyer, M.;
deMeijere,A.Eur. J.Org.Chem.2005, 2802. (j)G�omez-Gallego,M.;Manche~no,
M. J.; Sierra, M. A. Acc. Chem. Res. 2005, 38, 44. (k) Sierra, M. A.; G�omez-
Gallego,M.;Martı́nez-�Alvarez,R.Chem.;Eur. J. 2007, 13, 736. (l)D€otz,K.H.;
Stendel, J., Jr. Chem. Rev. 2009, 109, 3227.

(4) (a) Bernasconi, C. F. Adv. Phys. Org. Chem. 2002, 37, 137. (b) Cases,
M.; Frenking, G.; Duran, M.; Sol�a, M. Organometallics 2002, 21, 4182.

(5) (a)Connor, J.A.; Fischer,E.O. J.Chem.Soc.A 1969, 578. (b)Klabunde,
U.;Fischer,E.O.J.Am.Chem.Soc.1967,89, 7141. (c)Kollmeier,H.-J.; Fischer,
E. O. Chem. Ber. 1971, 104, 1339. (d) Leupold, M.; Fischer, E. O. Chem. Ber.
1972, 105, 599.

(6) Fischer, E. O.; Heckl, B.; Werner, J. J. Organomet. Chem. 1971, 28,
359.

(7) (a)Weiss, K.; Fischer, E. O.Chem. Ber. 1973, 106, 1277. (b)Weiss, K.;
Fischer, E. O. Chem. Ber. 1976, 109, 1868.

(8) (a) Licandro, E.; Maiorana, S.; Capella, L.; Manzotti, R.; Papagni, A.;
Vandoni, B.; Albinati, A.; Chuang, S. H.; Hwu, J. R.Organometallics 2001, 20,
485. (b) Samanta, D.; Sawoo, S.; Patra, S.; Ray, M.; Salmain, M.; Sarkar, A.
J. Organomet. Chem. 2005, 690, 5581. (c) Baldoli, C.; Cerea, P.; Giannini, C.;
Licandro, E.; Rigamonti, C.; Maiorana, S. Synlett 2005, 1984. (d) Licandro, E.;
Maiorana, S.; Perdicchia, D.; Baldoli, C.; Graiff, C.; Tiripicchio, A. J. Organo-
met. Chem. 2001, 617-618, 399. (e) Salmain, M.; Jaouen, G. C. R. Chim. 2003,
6, 249.

(9) Sawoo, S.; Dutta, P.; Chakraborty, A.; Mukhopadhyay, R.; Bouloussa,
O.; Sarkar, A. Chem. Commun. 2008, 5957.

(10) Nitsche, F.; Aumann, R.; Fr€ohlich, R. J. Organomet. Chem. 2007,
692, 2971.

(11) Werner, H.; Fischer, E. O.; Heckl, B.; Kreiker, J. J. Organomet.
Chem. 1971, 28, 367.

(12) Heckl, B.; Werner, H.; Fischer, E. O.Angew. Chem., Int. Ed. 1968, 7,
817.

(13) Steinmetz, A. L.; Hershberger, S. A.; Angelici, R. J.Organometallics
1984, 3, 461.

(14) (a) Choi, H. S.; Sweigart, D. A. J. Organomet. Chem. 1982, 228, 249.
(b) Pickering, R. A.; Angelici, R. J. J. Organomet. Chem. 1982, 225, 253.

(15) (a) Kreissl, F. R.; Fischer, E. O.; Kreiker, C. G.; Weiss, K. Angew.
Chem., Int. Ed. 1973, 12, 563. (b) Kreissl, F. R.; Fischer, E. O. Chem. Ber.
1974, 107, 103.

(16) Bernasconi, C. F.; Stronach, M. W. J. Am. Chem. Soc. 1993, 115,
1341.

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

(18) Bernasconi, C. F.; Kittredge, K.W.; Flores, F. X. J. Am. Chem. Soc.
1999, 121, 6630.
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Moreover, different structural features of Fischer car-

benes have been tested in order to assess how it affects the
reaction mechanism with mainly primary and secondary
amines. With respect to such studies, the substituent effects
on the aryl group of Fischer alkoxyphenylcarbene Cr(0) and
W(0) complexes have been explored16,17 as well as the
corresponding thiocarbene complexes.19,20 In these works,
an important role of the π-donor heteroatom has been
found. In addition, marked changes on the aminolysis
mechanism of (CO)5CrdC(OEt)C6H4X have been reported
when X=H is changed to X=Cr(CO)3. Addition of the
Cr(CO)3 substituent on the phenyl group changes the mech-
anism of general base catalysis in the rate-limiting step from
the leaving group departure for the reaction with X=H to
the proton transfer for the reaction ofX=Cr(CO)3.

21 On the
other hand,Ali et al.22,23 have reported the kinetic study over
[methyl(thiomethyl)carbenepentacarbonyl]Cr(0) and -W(0)
complexes. They found that the slightly enhanced electro-
philic behavior of tungsten carbene complexes is responsible
for the differences in the reactivity observed between chro-
mium and tungsten complexes. Finally, more recently the
nucleophilic substitution of imidazolide and benzimida-
zolide ions has been reported.24

In our laboratory, we carried out a kinetic study of the
nucleophilic substitution reaction on a series of Fischer
thiocarbenes with morpholine as the nucleophile in order
to assess the effect of the bulkiness of the alkyl substituent on
sulfur atom.25 We observed good correlations between k1
and k3

A against the Charton’s steric parameter26 (νCH2R);
these results clearly show that the steric volume determines
the reactivity of the nucleophilic attack as well as of the
general base catalysis. Surprisingly, the morpholine general
base catalysis step is two timesmore sensitive to the bulkiness
of the alkyl group than the nucleophilic attachment step. On
the other hand, we found that the values of the catalytic rate
constants for the general acid-catalyzed one, i.e., k3

A, are
higher for weaker conjugated R2NH2

þ ammonia ions. This
result could probably indicate that the second step of
the proposed mechanism illustrated in eq 1 also involves a

contribution in the rate law of concerted general-base cata-
lyzed leaving group expulsion.27

The aminolysis of carboxylic esters28-30 has frequently
been compared with the reaction of Fischer carbene com-
plexes and amines.2,11,13 It is noteworthy that the nucleo-
philic substitution of Fischer carbene complexes has generally
been assumed to proceed via a stepwise mechanism analogous
to that of the reaction of carboxylic esters with nucleo-
philes.5,6,11,16,31 However, with respect to reactivity there are
large differences between the Fischer carbene complexes and
esters, the former being much more reactive than the latter.
This is because the stabilization of the negative charge of T(

by delocalization into theCO ligands of the (CO)5Mmoieties
is much more effective than the charge stabilization by the
oxygen in the corresponding intermediates in ester reactions.

Although several kinetic studies regarding the aminolysis
Fischer carbene complexes have been carried out, no com-
putational studies have been reported until now to the best
of our knowledge. On the other hand, the analogue organic
reaction of the ester aminolysis has been the subject of both
experimental kinetic32-35 and theoretical studies.36-45 Since

(19) Bernasconi, C. F.; Ali,M.;Gunter, J. C. J. Am.Chem. Soc. 2003, 125,
151.

(20) Bernasconi, C. F.; Bhattacharya, S. Organometallics 2003, 22, 426.
(21) Bernasconi, C. F.; Bhattacharya, S. Organometallics 2004, 23, 1722.
(22) (a) Ali, M. New J. Chem. 2003, 27, 349. (b) Ali, M.; Maiti, D.

J. Organomet. Chem. 2004, 689, 3520.
(23) Ali, M.; Gangopadhyay, S.; Mijanuddin, M. J. Organomet. Chem.

2005, 690, 4878.
(24) Biswas, S.; Ali, M. J. Organomet. Chem. 2007, 692, 2897.
(25) Andrada, D.M.; Zoloff-Michoff, M. E.; Granados, A.M.; de Rossi,

R. H. Unpublished results.
(26) Charton, M. J. Org. Chem. 1977, 22, 3531.
(27) Jencks, W. P. Chem. Rev. 1972, 72, 705.
(28) Satterthwait, A. C.; Jencks, W. P. J. Am. Chem. Soc. 1974, 96, 7018.
(29) Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 6970.
(30) Yang, C. C.; Jencks, W. P. J. Am. Chem. Soc. 1988, 110, 2972.
(31) (a)Aumann,R.;Hinterding, P.;Kr€uger,C.;Goddard,R. J.Organomet.

Chem. 1993, 459, 145. (b) Bernasconi, C. F.; Flores, F. X.; Kittredge, K. W. J.
Am. Chem. Soc. 1997, 119, 2103. (c) Fischer, E.O.; Leupold,M.;Kreiker, C.G.;
M€uller, J.Chem.Ber.1972,105, 150. (d)Lam,C.T.; Senoff,C.V.;Ward, J.E.H.
J. Organomet. Chem. 1974, 70, 273. (e) Aumann, R.; Schr€oder, J. Chem. Ber.
1990, 123, 2053. (f) Fischer, E. O.; Riedm€uller, S. Chem. Ber. 1976, 109, 3358.
(g) Fischer, E. O.; Held, W.; Kreissl, F. R. Chem. Ber. 1977, 110, 3842.
(h) Burkhardt, T. J.; Casey, C. P. J. Am. Chem. Soc. 1973, 95, 5833. (i) Fischer,
E. O.; Held, F. R.; Kreissl, F. R.; Frank, A.; Hattmer, G.Chem. Ber. 1977, 110,
656. (j) Casey, C. P.; Burkhardt, T. J.; Bunnell, C. A.; Calabrese, J. C. J. Am.
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Inorg. Chem. 1977, 12, 563. (m) Bell, R. A.; Chisholm, M. H.; Couch, D. A.;
Rankel, L. A. Inorg. Chem. 1977, 16, 677.

(32) Bruice, T. C.; Mayahi, M. F. J. Am. Chem. Soc. 1960, 82, 3067.
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the aminolysis mechanism was found to strongly depend on
the nature of ester, amine, and solvent, several studies have
been made focusing on different aspects of this reaction.
Experimentally, in many of the aminolysis reactions of esters,
zwitterionic tetrahedral intermediates are predicted to be in-
volved, and either the formation or breakdown of intermediate
can be rate-limiting.27,28,30,46 Computational studies have
been performed focusing on the understanding of the amino-
lysis mechanism and the catalytic influence of solvents such
as water and alcohol, although general base catalysis by
amine/ammonia aswell as general acid catalysis has also attrac-
ted much attention.37,39-42,47 Theoretical calculations are in
disagreement with the mechanism of ester aminolysis in the
possible formation of zwitterionic intermediates. The possibi-
lity for the formation of such an intermediate was discussed
in previous computational studies. However, it was recog-
nized that computational calculations fail to identify the
zwitterionic intermediates and the corresponding transition
states in the gas phase or in aprotic solvents.36b,39,41,43,47,48

Thus, some authors have made efforts toward further study
on the zwitterionic intermediate by computational means.
Singleton and Merrigan38 reported a DFT study on equili-
brium isotope effects in the formation of a zwitterionic tetra-
hedral intermediate between methyl formate and ammonia
including 4 to 11 explicit water molecules in combination
with Onsager’s implicit solvation model. Chalmet et al.47

reported a theoretical study on the model reaction of ammo-
nia and formic acid. Their calculations with the continuum
model did not predict a stable zwitterionic intermediate,
whereas a zwitterionic local minimum was found by explicit
consideration of four solvent water molecules. Recently,
Sung and co-workers44 studied the structure and stability
of zwitterionic complexes in the aminolysis of phenyl acetate
with ammonia and found that at least five explicit water
molecules are needed to stabilize the zwitterions.

In this context, we have carried out the first computational
study on the reactionmechanismof the aminolysis of Fischer
carbene complexes of the type (CO)5CrdC(XMe)R (X=O
and S; R=Me and Ph).We have examined different possible
reaction pathways of the aminolysis of Fischer alkoxy- and
thiocarbene complexes with four main aims: first, to study
and compare the reaction mechanisms of the uncatalyzed
and general base-catalyzed aminolysis of Fischer carbenes;
second, to provide insight into the different patterns of reac-
tivity found for alkoxy- and thiocarbenes; third, to discuss
the effect of the substitution ofR (methyl by phenyl group) in
the reaction mechanism; and fourth, to analyze the changes
in the thermodynamic and kinetic properties caused by the
solvent (50% acetonitrile-50% water).

Computational Details

Theoretical calculations were performed with the GAUSSI-
AN03 computational package.49 All geometry optimizations
were computed using the hybrid density functional B3LYP.50

The standard 6-31G(d,p) basis set51 was employed for hydro-
gen, carbon, oxygen, and sulfur atoms. For the chromium atom
we utilized a df-extended (14s9p5d3f/8s4p3d1f) basis set with
polarization functions as described by Wachters.52 We labeled
this mixed basis set as Wachters&6-31G(d,p) throughout this
work. In our experience, this level of calculation gives good
numerical results comparable to other well-known density
functional andMP2 levels that were also tested (see the Support-
ing Information). Harmonic frequencies were computed to deter-
mine the nature of stationary points (one and zero imaginary
frequencies for transition states (TS) and minima, respectively)53

and to calculate unscaled zero-point energies (ZPEs) as well as
thermal corrections and entropy effects using the standard
statistical-mechanics relationships for an ideal gas.54 Further-
more, the connectivity between stationary points was unam-
biguously established by intrinsic reaction path calculations.55

For all the stationary points, the electronic energywas improved
by adding a set of diffuse functions on the carbon, oxygen, and
sulfur atoms. Therefore, all gas-phase relative Gibbs free ener-
gies (ΔG298) reported in this work include electronic energies
obtained at the B3LYP/Wachters&6-31þG(d,p)//B3LYP/
Wachters&6-31G(d,p) level plus ZPE, thermal, and entropy
corrections computed at 298.15 K and 1 atm with the B3LYP/
Wachters&6-31G(d,p) method.

Nonspecific solvent effects were described by means of the
self-consistent reaction field (SCRF) approach in Tomasi’s for-
malism.56 Single-point PCM[B3LYP/Wachters&6-31G(d,p)]
calculations using the gas-phase optimized geometries, if not
stated otherwise, were performed to estimate the change in the
Gibbs free energy profile of the reaction in the presence of a
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mixture of 50% acetonitrile-50% water. This solvent is com-
monly chosen in experimental work because it is essentially
aqueous but allows the carbene complexes to be soluble enough.57

The solvent was modeled with a relative dielectric constant of
58.8 and a density of 0.892 g mL-1.24,58

Results and Discussion

This section is divided as follows: First, the results and
discussion of different routes for the uncatalyzed and the
general base-catalyzed aminolysis are presented (section A).
We then discuss the solvent effects over the reaction mech-
anism (section B).

Before starting section A, let us briefly mention that each
heteroatom-type Fischer carbene complex has two confor-
mations: the anti form (an orientation where the heteroatom
substituent is directed toward the metal fragment) and the
syn conformation, interchangeable by rotation through the
Ccarb-X bond (see Figure 1). It has been reported that
Fischer alkoxycarbene complexes show bias for the anti
conformer in the gas phase, whereas the syn conformer is
the most stable in solution.59-61 In agreement with these
predictions, our gas-phase results (see the first entry of Table 1)
indicate that the anti isomer is the most stable for alkoxy-
carbenes, although for thiocarbenes the syn is the prefer-
red conformation. In solution, the syn conformer is the
most stable for both alkoxy- and thiocarbenes (see the

first entry of Table 2). In addition, the experimental acti-
vation energy for the anti to syn transformation in the
[(methoxymethyl)carbenepentacarbonyl]chromium(0) com-
plex62 is 12.4 ( 1 kcal mol-1, while calculations performed
by Fern�andez et al. for the same conformational change
predict barriers of 14.3 and 14.6 kcal mol-1 in the gas phase
and in methanol, respectively.60,61 The small differences
between the two conformers (about 1 kcal mol-1)61 and
the relatively low barrier found for the anti-syn transforma-
tion point out that at room temperature Fischer alkoxy-
carbene complexes should be present as a mixture of both
conformers. For these reasons, the exploration of potential
energy surfaces was carried out in both dispositions, and we
found small differences between them (less than 1 kcal mol-1)
always favoring the anti form. On the other hand, Fischer
thiocarbene complexes show a clear bias for the syn con-
former, and the rotation barrier for Fischer thiocarbenes lies
in the range of 15-18 kcal mol-1.62,63 In this case, only the
syn conformer was considered for the analysis of the reaction
mechanisms.

A. Reaction Mechanisms. A.1. Uncatalyzed Aminolysis.

On the basis of the above-mentioned experimental evidence
and previous ester studies, there are three main possible
reaction pathways that we have considered (Scheme 1). It
is important to note that we use the term “uncatalyzed” for

TABLE 1. Relative Gibbs Free Energies with Respect to Separated Reactants (and Enthalpies in Parentheses)Expressed in kcal mol-1 for Each Reaction

Step and Reaction Barriers along the Zwitterionic and Catalyzed Pathway for the Aminolysis of Fischer Alkoxy and Thiocarbene Complexes in the Gas

Phase Obtained at the B3LYP/Wachters&6-31þG(d,p)//B3LYP/Wachters&6-31G(d,p) Level of Theorya

Uncatalyzed Zwitterionic Mechanism

R = Me R = Ph

X = OMe X = SMe X = OMe X = SMe

1-anti f 1-syn 1.05 (1.06) -1.92 (-1.43) -0.14 (1.20) -3.47 (-2.25)
1 þ NH3 f TS(1f3) 22.28 (9.49) 21.32(9.09) 21.68 (10.45) 24.09 (11.75)
1 þ NH3 f 3 22.13 (9.98) 18.03 (6.03) 21.88 (10.63) 18.10 (6.24)
3 f TS(3f5) 19.41 (19.32) 24.87 (24.71) 18.84 (18.75) 25.24 (25.82)
3 f 5 þ MeXH -34.79 (-20.84) -32.82 (-19.15) -35.40 (-22.52) -30.61 (-18.78)
1 þ NH3 f TS(3f5) 41.54 (29.31) 42.90 (30.74) 40.72 (29.38) 43.34 (32.06)

Mechanism Catalyzed by Ammonia

R = Me R = Ph

X = OMe X = SMe X = OMe X = SMe

1 þ 2NH3 f TS(2f4) 23.99 (2.97) 22.75 (2.50) 22.85 (2.15) 26.06 (5.23)
1 þ 2NH3 f 4 20.37 (-2.11) 17.05 (-5.06) 20.11 (-2.38) 17.27 (-5.58)
4 f TS(4f5) 11.84 (9.78) 14.81 (13.94) 10.05 (9.47) 15.12 (15.43)
4 f 5 þ NH3 þ MeXH -33.03 (-8.74) -31.84 (-8.06) -33.49 (-10.72) -29.78 (-6.95)
1 þ 2NH3 f TS(4f5) 32.21 (7.68) 31.86 (8.88) 30.16 (7.10) 32.39 (9.85)

thermodynamics of the reaction
1 þ NH3 f 5 þ MeXH -12.66 (-10.85) -14.79 (-13.12) -13.52 (-11.89) -12.51 (-12.54)

aFor the calculation of relative energies, themost stable conformer in the gas phasewas considered, i.e., the anti conformation for alkoxycarbenes and
the syn conformation for thiocarbenes.

FIGURE 1. Syn and anti forms of metal Fischer carbene complexes.
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the processes which do not involve additional molecules of
base. It is worth noting that in aqueous solution probably
additional discrete molecule of solvent might assist the proton-
transfer process.32,39,64 The first mechanism (route A) is a
concerted pathway involving direct nucleophilic substitution
coupled with proton transfer from the nucleophile to the
leaving group. The second mechanism is a stepwise “addition/
elimination” pathway (route B) without zwitterionic inter-
mediates in which the addition and elimination steps are
coupled with proton transfer to maintain neutrality in the
tetrahedral intermediate. This neutral intermediate with
the hydrogen atom on the metal center is postulated on the
grounds of experimental works where a similar structure has
been identified and even pKa values have been determined.57

The third (route C) is a fully stepwise pathway involving
zwitterionic intermediates in which all bond-forming and
breaking events occur in separate steps.

We explored these different routes but were unable to find
either the neutral intermediate 7 having the hydrogen atom
on the metal center or the intermediate 9where the proton is
placed on the leaving group connecting products with the
zwitterionic intermediate. Consequently, the stepwise path-
way without a zwitterionic intermediate (route B) was dis-
carded as well as those pathways involving the zwitterionic
complex 9. On the other hand, we also failed to find a TS
for the concerted mechanism (route A); in fact, all tested
structures led to the stepwise pathway with the zwitterionic
intermediate 3.

According to our calculations, the stepwise pathway with
the zwitterionic intermediate 3 connected to the product 5

through TS(3f5) is the only route available for the uncata-

lyzed aminolysis mechanism. The structures and related

bond lengths along the reaction pathway of Cr-OMe-Me

and Cr-SMe-Me are presented in Figures 2 and 3, respec-

tively; the corresponding optimized structures for Cr-OMe-

Ph and Cr-SMe-Ph are shown in Figures S1 and S2 of the

Supporting Information.
In this stepwise case, the reaction begins with the nucleo-

philic attack of the ammonia molecule to the carbene carbon
atom. Complex 1 and NH3 are stabilized by an initial inter-
action of about 2.5 kcal mol-1. However, in terms of relative
Gibbs free energy, this prereactive complex is unstable with
respect to reactants 1þNH3 by ca. 5.5 kcal mol-1. The same
happens for a preproduct complex that is unstable with
respect to final products according to Gibbs free energies.
Because of their lack of stability, these prereactive and
product complexes are not particularly relevant; therefore,
they are not included in the discussion. The first transition
state TS(1f3) along the reaction coordinate possesses a
tetrahedral carbon atom. As the data in Figures 2 and 3 show,
in this TS the Ccarb-N bond is almost formed (1.756 Å)
and the CrdCcarb bond has a length close to that of a single
bond (2.257 Å) for X=O and R=Me, whereas for X=O
andR=Ph the Ccarb-Nbond is significantly longer (1.930 Å)
andCrdCcarb bond is slightly shortened (2.242 Å). This nucleo-
philic attack is slightly more advanced for R=Me than for
R = Ph in line with the somewhat higher π-donor char-
acter of Me as compared to Ph. In thiocarbene complexes,
this TS is less advanced than inmethoxycarbenes as expected
from the lower π-donor character of the SMe substituent as
compared toOMe: theCcarb-Nbonds are 2.079 Å and 2.139
Å and CrdCcarb bonds are 2.199 Å and 2.194 Å for R=Me
and Ph, respectively. The imaginary vibrational frequency

TABLE 2. Relative Gibbs Free Energies with Respect to Separated Reactants (and Enthalpies in Parentheses)Expressed in kcal mol-1 for Each Reaction

Step and Reaction Barriers along the Zwitterionic and Catalyzed Pathway for the Aminolysis of Fischer Alkoxy and Thiocarbene Complexes in Solution

Obtained at the B3LYP/Wachters&6-31þG(d,p)//B3LYP/Wachters&6-31G(d,p) Level of Theory Including Solvent Effects with the PCM[B3LYP/Wachters-

&6-31G(d,p)] Method
a

Uncatalyzed Zwitterionic Mechanism

R = Me R = Ph

X = OMe X = SMe X = OMe X = SMe

1-anti f 1-syn -1.20 (-1.19) -3.62 (-3.13) -1.20 (þ0.14) -4.25 (-3.02)
1 þ NH3 f TS(1f3) 18.43 (5.64) 21.08 (8.85) 20.21 (8.99) 23.98 (11.65)
1 þ NH3 f 3 17.00 (4.86) 12.95 (0.95) 17.53 (6.28) 12.51 (0.65)
3 f TS(3f5) 23.07 (22.97) 29.05 (28.89) 22.51 (22.42) 28.34 (28.92)
3 f 5 þ MeXH -36.74 (-22.79) -31.08 (-17.41) -37.42 (-24.54) -28.61 (-16.78)
1 þ NH3 f TS(3f5) 40.07 (27.83) 42.00 (29.84) 40.04 (28.70) 40.85 (29.56)

Mechanism Catalyzed by Ammonia

R = Me R = Ph

X = OMe X = SMe X = OMe X = SMe

1 þ 2NH3 f TS(2f4) 28.21 (6.93) 29.09 (8.84) 29.46 (8.77) 32.34 (11.51)
1 þ 2NH3 f 4 20.80 (-1.68) 18.29 (-3.82) 20.72 (-1.76) 17.70 (-5.16)
4 f TS(4f5) 11.62 (9.56) 17.16 (16.29) 9.73 (9.15) 17.67 (17.99)
4 f 5 þ NH3 þ MeXH -40.54 (-16.25) -36.42 (-12.64) -39.42 (-16.65) -33.80 (-10.97)
1 þ 2NH3 f TS(4f5) 32.42 (7.89) 35.45 (12.47) 30.45 (7.39) 35.37 (12.83)

thermodynamics of the reaction
1 þ NH3 f 5 þ MeXH -19.74 (-17.93) -18.13 (-16.46) -19.90 (-18.26) -16.10 (-16.13)

aFor the calculation of relative energies, the most stable conformer in the gas phase was considered, i.e., anti conformation for alkoxycarbenes and
syn conformation for thiocarbenes.

(64) (a) Hine, J. J. Am. Chem. Soc. 1972, 94, 5766. (b) Kirsch, J. F.; Kline,
A. J. Am. Chem. Soc. 1969, 91, 1841. (c) Shawali, A. S. A. S.; Biechler, S. S.
J. Am. Chem. Soc. 1967, 89, 3020.
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for this TS involves the formation of the Ccarb-N bond.
TS(1f3) leads to intermediate 3, in which the Ccarb-N is
already established (between 1.562 and 1.656 Å) and the
carbene carbon is tetrahedral. These Ccarb-N bond dis-
tances are similar to those reported by Sung et al.44 for
zwitterionic complexes hydrated by five to seven water
molecules in the aminolysis of phenyl acetate with ammonia.
On the other hand, when the CrdCcarb double bond becomes
single, π-back-donation from chromium to carbene carbon
vanishes and stronger π-back donation from the metal to
carbonyl groups appears. As a consequence, Cr-CO bond
distances shorten from 1.910 and 1.905 Å in 1 to 1.882 and
1.879 Å in 3 for methyl- and phenylalkoxycarbenes, respec-
tively, and from 1.916 and 1.915 Å in 1 to 1.880 and 1.877 Å
in 3 for methyl- and phenylthiocarbenes, respectively. For

the same reason,CdObonddistances of the carbonyl groups
lengthen from about 1.155 Å in 1 to 1.159 Å in 3, on average.
The second stage of the process is connected with the
concerted proton transfer, breaking of the Ccarb-X bond,
and restoration of the CrdCcarb bond. At the second transi-
tion state TS(3f5), the reaction coordinate corresponds
mainly to the proton transfer between nitrogen and oxygen
or sulfur atoms, recovering the formally CrdCcarb double bond
and shortening the Ccarb-N bond. In the TS(3f5) struc-
ture, thiocarbenes showa less advancedCcarb-Xbond cleav-
age than in alkoxycarbenes. TS(3f5) leads to species 5 þ
CH3XH, the products of this reaction.

The computed energies in the gas phase for the stationary
points found at every reaction mechanism of all the studied
carbene complexes along the zwitterionic pathway are given

SCHEME 1. Possible Mechanisms for Aminolysis Reaction of Fischer Thio and Alkoxycarbene Complexes: (A) Concerted Pathway;

(B) Stepwise Pathway without Zwitterionic Intermediates; and (C) Stepwise Pathway with Zwitterionic Intermediates
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FIGURE 2. B3LYP/Wachters&6-31G(d,p)-optimized structures along the stepwise pathway with the zwitterionic intermediate for the
uncatalyzed aminolysis of [methoxy(methyl)carbenepentacarbonyl]chromium(0). Values of bond distances are in angstroms.

FIGURE 3. B3LYP/Wachters&6-31G(d,p)-optimized structures along the stepwise pathway with the zwitterionic intermediate for the
uncatalyzed aminolysis of [thiomethoxy(methyl)carbenepentacarbonyl]chromium(0). Values of bond distances are in angstroms.
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in Table 1. We discuss first the energetics obtained in the gas
phase. Solvent effects are analyzed in section B. The relative
energies of the structures with respect to reactants are depic-
ted in Figure 4 for [methoxy(methyl)carbenepentacarbonyl]-
chromium(0) complex and in Figure 5 for the thiocarbene
analogue. Figures S3 and S4 (Supporting Information)
correspond to [methoxy(phenyl)carbenepentacarbonyl]chro-
mium(0) and [thiomethoxy(phenyl)carbenepentacarbonyl]-
chromium(0), respectively.

The energies of all the structures along the zwitterionic
pathway exhibited in Figures 4 and 5 reveal that the first tran-
sition state, TS(1f3), is predicted to have a relative Gibbs
free energy that ranges from 24.09 to 21.32 kcal mol-1. The
Gibbs free energies for intermediate 3 formation from 1 are
22.13 and 21.88 kcalmol-1 for Cr-OMe-Me andCr-OMe-Ph
(in this order), while the values for Cr-SMe-Me andCr-SMe-
Ph are 18.03 and 18.10 kcal mol-1, respectively. The fact that
the zwitterionic intermediate is more stable for thiocarbene
complexes is a well-known consequence of the stronger
π-donor character of alkoxywith respect to thiocarbene sub-
stituents: a better π-donor group leads to more effective stabi-
lization of reactants, i.e., Fischer carbenes, which hinders
nucleophilic addition.4The second transition state,TS(3f5), is
the rate-determining step for this uncatalyzed mechanism
because it has a relative Gibbs free energy with respect to
separated reactants 1 þ NH3 between 40.72 and 43.34 kcal
mol-1. In the gas phase, intermediate 3 is not stable enough
to be in thermal equilibrium with the environment. In this
situation, the difference in energy between TS and separated
reactants is decisive for the rate of chemical reactions. Thio-
carbene complexes show a higher energy barrier for this rate-
determining step due to lower basicity of theMeS- as compared

to the MeO- substituent. The energy profiles recomputed
with the BP86 and PBE functionals as well as with the MP2
method (see Table S1, Supporting Information) show small
differences between the different methods, thus providing
confidence for the B3LYP results. The high energy of the
3f5 transformation is associated with an unfavorable proton
transfer occurring through a TS with a highly strained four-
membered ring as was expected on the basis of computa-
tional studies of esters.36-48 This result agrees fairly well with
the experimental notion of negligible contribution of spon-
taneous conversion of the zwitterionic intermediate to the
product (k2 in eq 1).4,16 Since this activation energy is too
high to explain the kinetic experiments of reaction rates
observed at room temperature, this reaction might be aided
by proton transfer from a second molecule of amine, a role
which may either be played by a water molecule. For this
reason, we decided to undertake calculations including an
additional NH3 molecule that acts as an explicit catalyst
molecule.

A.2. General Base-Catalyzed Aminolysis. The experimen-
tal aminolysis of Fischer carbene complexes is usually carried
out in basic amine solutions. The reaction can take place as a
catalyzed process with a catalytic role for a second amine
molecule or for a hydroxide anion.16 Alkoxycarbene com-
plexes always show a general base catalysis, whereas the thio-
carbene complexes depend on the amine used.20 The present
computational study examines the general base catalysis
assisted by an additional ammoniamolecule. This represents
a simple model for a specific catalyst role, although a reac-
tionmechanism involvingmultiplewatermolecules is possible.39

We have analyzed three different routes (A-C) for the reac-
tion mechanism and, also, considered a possible specific-base

FIGURE 4. Energy profiles for the aminolysis reaction (route C of Scheme 1) of [methoxy(methyl)carbenepentacarbonyl]chromium(0). Black
numbers and solid lines point to the gas-phase calculations. Gray numbers and dotted lines show those calculations with the solvent correction.
Values are Gibbs free energies (and enthalpies in parentheses) given in kcal mol-1.
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general-acid catalyzed mechanism as suggested by Bernasconi
et al.16 (4f11 process as sketched in Scheme 2). We have
compared our results with the experimental data mentioned
above and theoretical studies of ester aminolysis.42

As in the case of the uncatalyzed mechanism, we were
unable to find a concerted or a stepwise pathway involving
a neutral species 8. All of the structures were tested to find an
intermediate where the proton is placed either on Cr (8) or on
the leaving group MeXH (10) converged to intermediate 4.
Several attempts were carried out to find a mechanism with
specific-base acid-general catalysis through intermediate 11,
but all of the structures converged to the stable intermediate 4.

In order to estimate the thermodynamics of the proton
transfer between zwitterionic intermediate 3 and ammonia
molecules, we have performed an optimization of the invol-
ved species in the 4 f 11 transformation separately, i.e.,
NH3þ 3fNH4

þþCr-XMe-R-anion. TheGibbs free energies
for this transformation are 108.81 and 102.41 kcal mol-1 for
Cr-OMe-Me and Cr-OMe-Ph (in this order), while for Cr-
SMe-Me and Cr-SMe-Ph the values are 107.71 and 105.13
kcal mol-1, respectively. These results clearly favor neutral
intermediates rather than charged intermediates, as it was
expected in the gas phase, and therefore, specific-base acid-
general catalysis cannot be observed. This situation could be
different in solution due to high stabilization of ionic species,
and we have taken it into account in section B.

Regarding to the mechanism found, the first transition
state,TS(2f4), has a reaction coordinate involving basically
the Ccarb-N bond formation, formally one of the ammonia
molecules can be designated as the nucleophilic agent in the
process while the second ammonia serves to assist the first
one through the formed hydrogen bond (Figure 6). As dis-
cussed previously for the uncatalyzed mechanism, TS(2f4)
is found to be more advanced along the reaction coordinate

in alkoxycarbenes than in thiocarbenes. In alkoxycarbenes,
the Ccarb-N bond is 2.134 and 2.155 Å and the CrdCcarb

bond is 2.195 and 2.155 Å for R=Me and Ph, respectively,
while in thiocarbenes the Ccarb-Nbond is 2.273 and 2.304 Å
and the CrdCcarb bond is 2.171 and 2.174 Å for R = Me
and Ph, in that order. This result is not unexpected given the
fact that the 2 f 4 transformation is more endothermic for
alkoxycarbenes.

TS(2f4) connects with the stable intermediate 4 where
the tetrahedral center of the carbene carbon is formed, i.e.,
Ccarb-N bonds are about 1.54 Å. The intermediate 4 has
three possible conformations depending on the isomer con-
sidered (anti or syn) and the place where the catalyst is loca-
ted (axial or equatorial) thatwe have designed as 4-axial-anti,
4-equa-anti, and 4-equa-syn (see Figure 7). Note that 4-axial-
syn cannot be obtained because the methoxy or thiomethoxy
group hinders this disposition. The equatorial position has a
stabilization interaction between the N-Hbond of the ammo-
nia catalyst molecule and the equatorial carbonyl group, but
it also has a destabilizing steric hindrance between the leav-
ing group and methyl or phenyl group. Which one of these
conformations is the lowest in energy depends on a balance
of these two effects; for instance, in thiocarbene complexes
and in alkoxycarbenes with R=Ph the intermediate 4-equa-
syn is the preferred isomer, while for alkoxy analogues when
R=Me, 4-equa-anti becomes favored. For all of the carbene
complexes considered, the energy barriers for the inter-
change between these intermediates are about 2 kcal mol-1.

The second step in the stepwise-catalyzed reaction mech-
anism is a subsequent breakingof theCcarb-Xbondand simul-
taneous restoration of the CrdCcarb double bond. The
process of breaking/restoring occurs through TS(4f5),
and it is accompanied by a catalyzed transfer of a proton
in which the ammonia catalyst molecule takes a proton from

FIGURE 5. Energy profiles for the aminolysis reaction (route C of Scheme 1) of [thiomethoxy(methyl)carbenepentacarbonyl]chromium(0).
Black numbers and solid lines point to the gas-phase calculations. Gray numbers and dotted lines show those calculations with the solvent
correction. Values are Gibbs free energies (and enthalpies in parentheses) given in kcal mol-1.
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the nucleophile and simultaneously transfers another one to
the leaving group. This double proton transfer is the main
component of the transition vector inTS(4f5). Thiocarbene
complexes presentTS(4f5) structures somewhatmore advan-
ced than alkoxycarbenes in line with the fact that the 4f5

transformation is more exothermic in alkoxycarbenes.
Like intermediate 4, the TS(4f5) structure has three

possible isomers (depicted in Figure 7): the most stable one
depends on the same factors as intermediate 4. All optimized
structures for the most stable intermediates and TSs in the
catalyzed stepwise aminolysis of Cr-OMe-Me are shown in
Figure 6. The computed gas-phase relative Gibbs free en-
ergies and enthalpies for the fully optimized structures along

the stepwise pathways are given in Table 1, and the potential
energy profiles are presented in Figures 8 and 9.

The energies of all the structures along the catalyzed
pathway C are given in Figures 8 and 9 for X = O and S
and R=Me (and Figures S5 and S6, Supporting Informa-
tion, for X=Oand Swith R=Ph). The first transition state,
TS(2f4), has a relative energy toFischer carbenes 1plus two
ammoniamolecules that ranges from22.75 to26.06kcalmol-1.
The relative Gibbs free energy for intermediate 4 formation
with respect to separate reactants is 20.37 and 20.11 kcal mol-1

for Cr-OMe-Me and Cr-OMe-Ph (in this order), while
for Cr-SMe-Me and Cr-SMe-Ph is 17.05 and 17.27 kcal
mol-1, respectively. In the gas phase and under low-pressure

SCHEME 2. Postulated Reaction Mechanisms for Ammonia-Mediated Catalysis of the Aminolysis Reaction of Fischer

Thio- And Alkoxycarbene Complexes: (A) Concerted Pathway; (B) Stepwise Pathway without Zwitterionic Intermediates; and

(C) Stepwise Pathway with Zwitterionic Intermediates
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conditions, the second transition state, TS(4f5), is the rate-
determining step for this mechanism with Gibbs free energy
barriers between 30.16 and 32.39 kcal mol-1. In this case,
TS(4f5) is predicted to have a higher Gibbs free activation
energy than the first step (from 6.33 to 9.11 kcal mol-1).
However, in a high-pressure regime where molecular collisions
are efficient enough to cool the otherwise rovibrationally hot
reactant complex 4, causing it to be in thermal equilibrium
with the environment, then the Gibbs free energy barrier for
the nucleophilic attack (energy difference between TS(2f4)
and 1, step 1f4) is higher than for the second step corres-
ponding to the breaking of the Ccarb-X bond and simulta-
neous restoration of the CrdCcarb bond (energy difference
betweenTS(4f5) and 4, step 4f 5þNH3þMeXH) and the
nucleophilic attack becomes rate-determining. In this latter
case, since differences in energy barriers between the two
steps are not very large, the possibility that stronger nucleo-
philic amines lead to a change in the rate-determining step
cannot be ruled out.

When comparing the uncatalyzed and the catalyzed version
of the aminolysis (for instance, compare Figures 4 and 8), we
find that in the first TS corresponding to the nucleophilic
attack, the relative Gibbs free energy as compared to sepa-
rated reactants is slightly higher (by ca. 2 kcal mol-1) for the
catalyzed mechanism (TS(2f4)) than for the uncatalyzed
one (TS(1f3)), but in terms of enthalpy TS(2f4) is favored
by 6-8 kcalmol-1with respect toTS(1f3).Moreover, when
the ammonia molecule is included, the second TS involving
a proton transfer, TS(4f5), becomes significantly lower in
energy than TS(3f5) of the uncatalyzed mechanism by

9.33 to 10.56 kcal mol-1 in alkoxycarbenes and by 11.04 to
10.95 kcal mol-1 in thiocarbenes. In fact, the role of the cata-
lyst in the process is to facilitate the proton transfer through a
less strained six-membered ring in the TS. The second step is
predicted to be the rate-determining step in low-pressure gas-
phase regime but the difference becomes smaller. However,
at high pressure the predicted rate-determining step is the
nucleophilic attack.

It is interesting to note howdifferent the reactivity of esters
is with respect to Fischer carbene complexes. All computa-
tional studies36-40,42,44,45,47,48,65 mentioned in the Introduc-
tion have found that the most probable pathway for
aminolysis of esters and thioesters is the concerted pathway
via a neutral intermediate (pathsA andB in Schemes 1 and 2)
for both uncatalyzed and catalyzed mechanisms. On the
other hand, aminolysis in Fischer carbene complexes pro-
ceed through zwitterionic intermediates both for uncata-
lyzed and catalyzed mechanisms. This seems to be due to
the great stability of the zwitterionic intermediate in Fischer
carbenes given by the delocalization of the negative charge
into Cr(CO)5moiety (this charge is stabilized byπ-acids such
as CO), as compared to the esters and thioesters chemistry.
Our results are in agreement with a reaction mechanism
through a zwitterionic intermediate; however, we failed in
finding a conversion by means of an anionic intermediate

FIGURE 6. B3LYP/Wachters&6-31G(d,p)-optimized structures along the stepwise pathway (route C of Scheme 2) for the catalyzed amino-
lysis of [methoxy(methyl)carbenepentacarbonyl]chromium(0). Values of bond distances are in angstroms.

(65) (a)Marlier, J. F.;Haptonsall, B.A.; Johnson,A. J.; Sacksteder,K.A.
J. Am. Chem. Soc. 1997, 119, 8838. (b) Adalstensson, H.; Bruice, T. C. J. Am.
Chem. Soc. 1998, 120, 3440. (c) O’Hair, R. A. J.; Androutsopoulos, N. K.
Org. Lett. 2000, 2, 2567. (d) Kim, C. K.; Li, H. G.; Lee, H. W.; Sohn, C. K.;
Chin, Y. I.; Lee, I. J. Phys. Chem. A 2000, 104, 104.
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Cr-XMe-R-anion (process 4f11) and therefore a general
base catalysis mechanism proposed by Bernasconi.16

B.Solvent Effects.Experimentally, the aminolysis reaction
is often accomplished in solution, so it is of great interest to
study the influence of the solvent effects on the energy bar-
riers and how this affects the reaction mechanism. A 50%
acetonitrile-50% water mixture, which is the most often
used in kinetic experiments, was chosen as the solvent.4

Table 2 collects the relative Gibbs free energies and entha-
lpies of the uncatalyzed and catalyzed mechanisms in solu-
tion. In addition, the potential energy profiles are also repre-
sented in Figures 4 and 5 for the uncatalyzedmechanism and
Figures 8 and 9 for the catalyzed mechanism. It is worth
mentioning here that the entropic contributions in solution
may be somewhat overestimated since we have calculated
them in the gas phase.66 This may artificially slightly favor
dissociative processes in solution.

Regarding the uncatalyzed reaction mechanism (zwitter-
ionic species, routeC in Scheme 1), the results reveal different
behaviors for methoxy- and thiomethylcarbene complexes.
As expected, the presence of the polarizable dielectric simu-
lating the solvent substantially decreases the relative Gibbs

free energy of the zwitterionic intermediate 3 for both
carbenes. Relative Gibbs free energy of TS(1f3) with respect
to separated reactants decreases by 3.85 and 1.47 kcal mol-1

when R=Me and Ph in methoxycarbenes in that order and
by 0.24 and 0.10 kcal mol-1 in thiocarbenes in that order of
substituents too. In addition,Gibbs free reaction energies for
1þNH3 f 3 process become less endergonic, decreasing by
5.13 and 4.35 kcal mol-1 in methoxycarbenes and by 5.08
and 5.59 kcal mol-1 in thiomethylcarbenes for R=Me and
Ph, respectively. Both reductions of Gibbs free energy bar-
riers and decrease of the endothermicity for the 1þNH3f 3

conversions due to the presence of the solvent are expected
because of the build-up of charge separation along the process.
Interestingly, the reduction of the barrier for the ammonia
insertion into the carbene carbon is larger for the methoxy-
than for the thiocarbenes as a result of the TS in methoxy-
carbenes being structurally late and, therefore, the charge
separation more advanced. On the other hand, differences in
the relative Gibbs free energies of TS(3f5) are minor. The
rate-determining step for the uncatalyzedmechanism corres-
ponds to the proton transfer and simultaneous expulsion of
the MeXH group.

In themechanismcatalyzedbyammonia (Figures8and9and
FiguresS5andS6,Supporting Information), solvent effects lead
to different results when compared with those of the uncata-
lyzed mechanism. Thus, for the first step (1þ 2NH3f 4), the

FIGURE 7. Different conformations adopted by the amino-catalyzed amino(methoxy)methylene chromium(0) complex 4 (up) and the
associated transition states (down) involved in the general basis catalysis reactionmechanism calculated at B3LYP/Wachters&6-31G(d,p) level
of theory. Values of bond distances are in angstroms.

(66) (a) Strajbl, M.; Sham, Y. Y.; Vill�a, J.; Chu, Z.-T.; Warshel, A.
J. Phys. Chem. B 2000, 104, 4578. (b) Hermans, J.; Wang, L. J. Am. Chem.
Soc. 1997, 119, 2707. (c) Liang, Y.; Liu, S.; Xia, Y.; Li, Y.; Yu, Z.-X.Chem.;
Eur. J. 2008, 14, 4361.
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results show that relative Gibbs free energies of TS(2f4)
increase by 4.02 and 6.61 kcal mol-1 for alkoxycarbenes with
R=MeandPh (in this order) and by 6.34 and 6.28 kcalmol-1

for thiocarbenes, in the same order ofR groups. This effect is a
consequence of placing the second ammonia molecule to

assist the nucleophilic insertion of the first one that leads to a
less advanced TS and therefore to less charge separation in
this TS. It is important to note that the solvent Gibbs free
energy correction favors TS(1f3) and disfavors TS(2f4).
Thus, in solution and at variance with the gas phase, the

FIGURE 8. Energy profiles for the catalyzed aminolysis reaction of [methoxy(methyl)carbenepentacarbonyl]chromium(0), where the energy
of the more favorable conformation of complex 4 and its associated TS is displayed. Black numbers and solid lines point out to the gas-phase
calculations. Gray numbers and dotted lines show those ones with the solvent correction. Values are Gibbs free energies (and enthalpies in
parentheses) given in kcal mol-1.

FIGURE 9. Energy profiles for the catalyzed aminolysis reaction of [thiomethoxy(methyl)carbenepentacarbonyl]chromium(0), where the
energy of the more favorable conformation of complex 4 and its associated TS is displayed. Black numbers and solid lines point out to the gas-
phase calculations. Gray numbers and dotted lines show those ones with the solvent correction. Values are Gibbs free energies (and enthalpies
in parentheses) given in kcal mol-1.
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catalyzed nucleophilic attack has higher energy require-
ments than the corresponding uncatalyzed pathway. On
the other hand, the solvent slightly destabilizes zwitterionic
complex 4 from 0.43 to 1.24 kcal mol-1, making it more
endergonic than the 1 þ 2NH3 f 4 process. With respect to
the relative Gibbs free energy of TS(4f5), solvent effects
slightly increase its value by 0.21 and 0.29 kcal mol-1 (R=
Me and Ph, respectively) for alkoxycarbenes, whereas the
values are clearly decreased by 3.59 and 2.98 kcal mol-1 for
thiocarbenes. Thiocarbenes present more destabilization
than alkoxycarbenes due to the sluggish character of the lea-
ving group leading to a less charge separation in the zwitter-
ionic-like structure.

Thermodynamics of the whole 1 þ NH3 f 5 þ MeXH
conversion is favored by 7.08 and 6.38 kcalmol-1 formethoxy-
carbenes and 3.34 and 3.59 kcal mol-1 for thiomethylcarbenes
(R=Me and Ph, in that order of carbenes) when solvents are
taken into account. To determine the rate-determining step
in solution, we have to compare the Gibbs free energy dif-
ferences of the 1þNH3f TS(1f3) and 4f TS(4f5) steps
because intermediate 4 is stable enough in solution to be in
thermal equilibrium with the environment. Therefore, in
solution the nucleophilic attack becomes the rate-determining
step at high amine concentration for the aminolysis reaction.
These results are in agreement with the general kinetics
observation of a change in rate-limiting step from amine
and OH- catalyzed leaving group departure at low amine
and OH- concentrations to the nucleophilic attack at high
amine and/or OH- concentrations.16,17,22Moreover, predic-
ted energy barriers are consistent with the kinetic parameter
for the zwitterionic intermediate collapse (i.e., k-1 and k3

A

from eq 1).18,20,57

However, our result implies the operation of two steps and
the presence of one intermediate; this result clearly disagrees
with the nature of base catalysis proposed by Bernasconi
et al.16 Although attempts have beenmade, no other possible
TS or intermediate on the potential energy surface has been
located. Thus, we have analyzed the possible specific-base
general-acid catalyzed mechanism suggested as a rapid acid-
base equilibrium between zwitterionic intermediate and its
conjugated anion (process 4 f 11, Scheme 2). In solution,
Gibbs free energies for the 4f 11 transformation (Scheme 2)
computed with the gas-phase optimized geometries are
exergonic by -12.29 and -7.29 kcal mol-1 for alkoxy car-
benes with R=Me and Ph (in this order) and -11.23 and
-10.94 kcal mol-1 for thiocarbenes with R=Me and Ph.
Thus, Fischer carbene complexes could undergo specific-
base general-acid catalysis, although our gas-phase optimi-
zations do not allow finding this pathway. Therefore, we
carried out a full optimization for this step in solution.
Unfortunately, we were unable to find intermediate 11 and
the connecting transition states TS(4f11) and TS(11f5) in
solution. All attempts to optimize these structures led to
intermediate 4 or product 5. Because of the inability to find a
specific-base general-acid catalysis mechanism, we estimated
the energy of the proton transfer NH3 þ 3 f NH4

þ þ Cr-

XMe-R-anion. With the optimized structures in solution, the
computedGibbs free energies at PCM[B3LYP/Wachters&6-
31G(d,p)] level reveal that the NH3þ 3fNH4

þþCr-XMe-

R-anion process is disfavored thermodynamically. The values
obtained are 12.70 and 9.71 kcal mol-1 for alkoxy carbenes
with R=Me and Ph (in this order) and 12.73 and 11.72 kcal

mol-1 for thiocarbenes with R=Me and Ph. It is important
to remark that this latter result does not match with the
experimental suggestion where for Fischer carbene com-
plexes the pKa of zwitterionic intermediate is likely to be
somewhat lower than the pKa of the respective NH4

þ, which
would make the proton transfer from 3 to NH3 thermo-
dynamically favorable.16 This is probably a consequence of
the simplicity of the solvation model used.

These results seem to indicate that there is no specific-base
general-acid catalysis in solution and that the concerted base
catalysis is the operative mechanism of the aminolysis of
Fischer carbenes in the gas phase and in solution. A possible
explanation for this disagreement might be that our model
reaction with NH3 is not extensible to the process involving
primary, secondary, or tertiary amines. The fact that tertiary
amines, which have no transferable proton, are even more
active than NH3 as general base catalysts serves to rule out a
cyclic transition state, such as TS(4f5),28 at least for the
aminolysis of tertiary amines.

Conclusions

We have investigated the aminolysis reaction on penta-
carbonylchromium methoxy- and thiomethylcarbenes in
order to better understand the chemistry between these two
different kinds of metal carbenes and the effect of two diffe-
rent R substituents. We found that for both gas phase and
solvent calculations, the reaction mechanisms support the
plausibility of a stepwise reaction where zwitterionic species
are involved.

Between the two explored reaction pathways, namely the
uncatalyzed and the ammonia-assisted routes, we found that
in solution the last one is favored by 7.65 and 9.59 kcal mol-1

(alkoxycarbenes methyl and phenyl group, respectively) and
by 6.55 and 5.48 kcalmol-1 (thiocarbenesmethyl and phenyl
group, respectively). The reason is the six-membered rings
formed in the TS structures for the catalyzed process that are
less strained and more stable than four-membered rings
present in the case of uncatalyzed aminolysis.

Our results indicate that at lower pressure gas-phase con-
ditions the rate-determining step is the concerted proton trans-
fer and MeXH elimination. Thiocarbene complexes show a
higher energy barrier for this rate-determining step due to
lower basicity of theMeS- substituent. At higher pressure or
in solution, however, the rate-determining step corresponds
to the initial nucleophilic attack. For this attack, the transi-
tion state is more advanced and has a higher barrier for
alkoxycarbene than thiocarbene complexes due to the stron-
ger π-donor character of the alkoxy group that reduces the
electrophilicity of the attacked carbene atom making the
nucleophilic attack more difficult. Finally, it has been found
that in solution the uncatalyzed nucleophilic attack has
somewhat lower energy requirements than the catalyzed one.
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