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The Importance of a Conformational Equilibrium on the Reactivity
of Molybdenum and Rhenium Hydroxo—Carbonyl Complexes
toward Phenyl Acetate: A Theoretical Investigation
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The reaction of [Mo(OH){3-C3Hs)(CO)(N2C;H4)] and [Re(OH)(COXN-C;H4)] with phenyl acetate
to give phenol and [Mo(OAC)-C3Hs)(CO)X(N.CoH,)] and [Re(OAc)(COYN.CoH.)], respectively, was
investigated by using the B3LYP density functional theory methodology in conjunction with the PCM-
UAHF model to take into account solvent effects. For both complexes, the most favorable reaction
mechanism is concerted and takes place, for the first time in the metal-promoted ester hydrolysis, through
the addition of the complex ©H bond to the ester single-80 bond. The larger reactivity of the Mo
complex experimentally found is explained in terms of the interaction detected in the rate-determining
TS between one of the lone pairs of the oxygen atom bearing the phenyl group and thamiibonding
C—N of the bidentate ligand. Due to the existence of a conformational equilibrium for the Mo complex,
its reaction with phenyl acetate can evolve through a rate-determining TS 2.4 kcallovedr in relative
energy than that found for the Re case, thus explaining the ratio between both periods of experimental

reaction time.

Introduction

providing valuable information for understanding the chemistry
involved in the action of these metalloenzymes and for designing

~ Carboxylic ester hydrolysis has attracted considerable atten-efficient artificial metalloenzymes. Particularly, these model
tion due to its occurrence in many processes of chemistry andsydies have revealed the mechanisms of action of the metal

biochemistry:~” Most esters do not readily hydrolyze in neutral

ions that can be used in these proce§geg.17.23

aqueous 75°|Uti0“- and consequently the use of catalysts is Three basic mechanisms have been proposed to account for
required!’” Among them, many ester-hydrolyzing enzymes the metal-promoted ester hydrolysis (see Scheme 1). In the first,
contain metal ions in their active sites. This fact has provoked the metal activates a coordinated hydroxide for the intermo-

numerous studies on the synthesis of metal complexes actingiecular nucleophilic attack on the ester carbonyl carbon (Scheme

as model compounds for the hydrolytic metalloenzyfésthus
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1 (A)).2° In the second case, the metal activates the ester
carbonyl carbon atom toward nucleophilic attack by a hydroxide
molecule (Scheme 1 (BY)!” The third proposal is a combined
mechanism where the metal-OH acts as a nucleophile and at
the same time the metal offers an open site fer@@binding
(Scheme 1 (C)§.213.23
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Scheme 1. Mechanistic Proposals for the Metal-Promoted
Ester Hydrolysis?
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2 The superscript n indicates the charge on the metal (M).

The synthesis of organometallic hydroxo compounds is
important not only in relation to hydrolytic metalloenzymes but
also due to their rich OH-centered reactivifywhich is
dominated by the nucleophilic character of the hydroxo ligand.
In the last years, the chemistry of hydroxo complexes of middle

Yeguas et al.

of stable species and transition states (TS) were performed in
the gas phase by employing the hybrid density functional
B3LYP?” with the 6-31-G(d,p) basis sét (LANL2DZ for Mo
and Re atoms augmented by f polarization functions with
exponents 1.043 and 0.869, respectivi@nd by using the
standard Schlegel algorithtAThe B3LYP functional combines
Becke’s three-parameter nonlocal hybrid exchange potential with
the nonlocal correlation functional of Lee, Yang, and Parr. The
nature of the stationary points was verified by analytical
computations of harmonic vibrational frequencies. Intrinsic
reaction coordinate (IRC) calculations with the Gonzalez and
Schlegel method were carried out to check the two minimum
energy structures connecting each TS.

To take into account condensed-phase effects, single-point
calculations were also performed on the gas-phase-optimized

(groups 6 and 7) transition-metal fragments has started to begeometries using the polarizable continuum model (PCM) of

explored?6-34 Recent experimental studies have reported the
synthesis of the [Mo(OH)¢-C3Hs-Me-2)(COX(phen)] and [Re-
(OH)(COXx(Mey-bpy)] complexe&'28:32 and their reactivity
toward esters and other organic electrophiléd:3lt is interest-

ing to note that the reactivity of the molybdenum hydrexo
carbonyl complex toward phenyl acetate is larger than that of
the rhenium hydroxecarbonyl complexX? The former reaction

is complete m 8 h atroom temperature in dichloromethane
solution, while the latter one needs 20 h.

We present here the first theoretical mechanistic study of the
reaction of [Mo(OH){3-C3Hs)(CO)X(N—N)] and [Re(OH)(COy
(N—N)] (N—N = HN=CH-—CH=NH) with phenyl acetate to
afford [Mo(OAC)(73-CsHs)(COX(N—N)] and [Re(OACc)(COy
(N—N)], respectively, and phenol, trying to gain information
on the factors that govern the reactivity experimentally observed.

Computational Details

The computational investigation was performed with the
simplified complexes [Mo(OH)-CzHs)(COp(HN=CH—-CH=
NH)] and [Re(OH)(CO)YHN=CH—CH=NH)], which were
chosen to mimic the ones experimentally used and to minimize
the computational time. In particular, theoretical studies on the
formation of3-lactams from am-rhenaimine and the catalytic
reduction of acetone by a rhodium complex have proved the
adequacy of replacing the bipyridine (bpy) ligand by the diimine
(HN=CH—CH=NH) one?

Quantum chemical computations were carried out with the
Gaussian 03 series of prografiszull geometry optimizations
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Tomasi et al? with the united atom HartreeFock (UAHF)
parametrizatiod® The energy in solution comprises the elec-
tronic energy of the polarized solute, the electrostatic selute
solvent interaction energW¢|H + 1/2V{|W;[] and the nonelec-
trostatic terms corresponding to cavitation, dispersion, and short-
range repulsion. A relative permittivity of 8.93 was assumed in
the calculations to simulate dichloromethane as the solvent
experimentally used.

To check the reliability of our computational scheme, we also
optimized at the B1B95/SDB-aug-cc-pVBZ*level of theory
the key critical structures involved in the most favorable
mechanisms previously found at the B3LYP level of thetry®
The former computational scheme has been reported to perform
remarkably well for late-transition-metal reactions, giving rise
to results near CCSD(T) quality.Bulk solvent effects were
also taken into account by using the PCM-UAHF method as in
the B3LYP case. According to our B1B95 results, the small
energy differences found at the B3LYP level of theory between
the most significant TS involved in the most favorable reaction
mechanisms located remain qualitatively unchanged (see Results
and Discussion section). In addition, the comparison of the
B1B95 geometries for the complexes [Mo(OhPHCzHs)(CO),-
(HN=CH—-CH=NH)] and [Re(OH)(CO)J(HN=CH—-CH=
NH)] with the X-ray diffraction experimental on&s*® shows
similar maximum relative deviations (5.1% for bond distances
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Figure 1. B3LYP/6-31+G(d,p) (LANL2DZ for Mo augmented by f polarization functions with exponent 1.043) optimized geometries of
the reactants, TS for the interconversion of the two conformers of the Mo complex, and products involved in the reaction of [Mo(OH)-

(173-C3Hs)(CO)(NLCoH,)] toward phenyl acetate.

and 6.4% for bond angles) to those found in the B3LYP case then those for the reaction between [Re(OH)(&R)C,H4)]
(4.9% and 6.9%, respectively). Thus, these results confirm theand phenyl acetate to yield [Re(OAc)(GMN2C.H,4)] and

validity of our B3LYP mechanistic predictions.
For interpretation purposes, a natural bond orbital (NBO)

analysis was performed on some of the most important critical

phenol. Unless otherwise stated, we will discuss in the text the
energies in CKCI, solution.

Reaction between [Mo(OH){3-C3Hs)(CO)2(N2C2H4)] and

structures along the reaction coordinates at the B3LYP level of pheny| Acetate. The [Mo(OH)@73-CsHs)(CO)(N2C2H)] com-

theory®° A topological analysis of the electronic charge density,
p, was also carried out using the atoms-in-molecules (AIM)
theory of BadeP! This analysis was performed using the
AIMPAC program packagé?

Results and Discussion

We will present first the results obtained for the reaction
between [Mo(OH)§3-CsHs)(CO)(N2C2H,)] and phenyl acetate
to give [Mo(OAc)(73-C3Hs)(CO)(N2CH4)] and phenol, and

(50) (a) Reed, E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899. (b) Weinhold, F.; Carpenter, J. E.The Structure of Small Molecules
and lons Naaman, R., Vager, Z., Eds.; Plenum Press: New York, 1988.

(51) Bader, R. F. WAtoms in Molecules. A Quantum Thep@Glaren-
don: Oxford, 1990.
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Chem.1982 3, 317.

plex can exist in two different isomeric forms depending on
the orientation of the OH ligand (sd® andR' in Figure 1).

The most stable isomeR (0.0 kcal mof?), presents the H atom

of the hydroxyl ligand oriented opposite the@®¢H, ligand,
while in the less stable on&' (0.8 kcal mot?), this H atom is
oriented toward the bidentate ligand. Both isomers are connected
by means of a rotational TS,S;.:-Mo, with an energy barrier

in solution of 4.3 kcal mol! (see Figure 1). Therefore, starting
from R + AcOPh, the process can undergo an isomerization
step followed by the reaction d®' with the ester or proceed
directly through the reaction betwedd and the ester. The
reaction of each isomer of the Mo complex with phenyl acetate
can evolve through three different reaction mechanisms: one
concerted and two stepwise ones. As the reaction pathways from
R’ + AcOPh are more stable than the analogous ones Rom

+ AcOPh, we will discuss first the former ones. Figures 2 and
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Figure 3. B3LYP/6-31+G(d,p) (LANL2DZ for Mo augmented
by f polarization functions with exponent 1.043) energy profiles in

o 9 solution located for the reaction of [Mo(OH-C3Hs)(CO),-
"“’-.w 219 @, (N2C;H,)] toward phenyl acetate.
. .n%:‘l 05
‘-‘“m.m Mo connectsR’ + AcOPh with the separate products, [Mo-
@ ".. (OAC)(;73-C3Hs)(CO)(N2CoH4)] and phenol, 12.2 kcal mot
9 © more stable than the separate reactaRts; AcOPh. One of
28 the stepwise mechanisms proceeds through aT83,c.--Mo
M1’ Mo TS2', Mo (27.9 kcal mot?), which involves an initial attack of the OH
ligand on the carbonyl C atom with simultaneous coordination
of one of the ester O atoms to the metal center to give an
@y ‘ intermediateM1'n.,-Mo, (12.9 kcal mot?). At this intermediate,
@2 wof the Mo atom is linked to the carbonyl O atom at a distance of
o @'“‘“ 4 m*,’e 2201 130 2.117 A, while the hydroxyl O atom is linked to the carbonyl
.,'2”"’ 2146 .7]. 215 .b C atom (1.424 A). ThenM1',cMo renders the separate
e o products through the T$S2 c-Mo (16.7 kcal mot?) for the
Ve P b B cleavage of the Gony—Ophenoxidebond (1.993 A) and simul-
“ﬂl oo ¥ taneous H migration from the hydroxyl O atom to the phenoxide
8 9 o O atom. Therefore, the rate-determining step of this mechanism
@ os is the first one, with an energy barrier in solution of 27.9 kcal
mol~1. This route corresponds to the mechanistic proposal type
TSI’y Mo MI',0-Mo Cin Scheme 1. Along the third route the system evolves through
a TS, TSI p-Mo, with an energy barrier of 42.3 kcal mdl
e ' for the addition of the OH ligand on the carbonyl double bond
o of the ester to yield an intermediat®|1’nc,-Mo (11.3 kcal
PRI .”i’ mol~1). At this intermediate, the hydroxyl O atom is linked to

the carbonyl C atom at a distance of 1.476 A, whereas the
. original hydroxyl H atom is transferred to the initial carbonyl
“-?-___@;f;u O atom (0.968 A)M1'.,-Mo leads to the final products through
e .’f. ' the TS TS2,-Mo (22.3 kcal mot?) for eliminating the
s phenoxide fragment and placing the H atom previously trans-
@ ferred to the carbonyl O atom of the ester onto the O atom of
the phenoxide fragment. Therefore, according to these results,
T8 qa-Mo the first step of this mechanism is the rate-determining one and
Figure 2. B3LYP/6-3HG(d,p) (LANL2DZ for Mo augmented  presents a high energy barrier in solution of 42.3 kcal thol

by f polarization functions with exponent 1.043) optimized Thijs reaction mechanism is similar to the mechanistic proposal
geometries of the most chemically significant intermediates and type A in Scheme 1.

TSs involved in the reaction of [Mo(OH)#-C3Hs)(CO)(N2CoHa)]

toward phenyl acetate. As mentioned aboveR can directly interact with phenyl

acetate along analogous mechanisms to those just described but

3 collect the located critical structures involved in them (see With higher energy barriers in solution: 31.2 kcal mofor
also Figure 1 for the products) and the corresponding energythe concerted mechanism, 28.3 kcal mdbr the flrst stepwllse
profiles in solution, respectively. route, and 44.7 kca! mot for the segond stepwise one. Figure
The concerted pathway evolves through a TS¢-Mo, (26.6 1S and Table 1S. in the Suppor.tlng Informat!on collect .the
kcal molY), for the nucleophilic attack of the hydroxyl O atom ~ corresponding optimized geometries and energies, respectively.
of the complex to the carbonyl C atom of the ester fragment  In connection with the mechanism type B previously shown
and simultaneous transfer from the hydroxyl H atom to the in Scheme 1, wherein the metal binds to the carbonyl O atom
noncarbonyl O atom of the ester. At this TS the hydroxyiD while the hydroxide group attacks the carbonyl C atom, we also
bond is slightly elongated (0.971 A) and the originat Gyne investigated the cleavage of the met@lH bond by optimizing
noxide bond of the ester moiety is practically broken (1.789 A), the structures corresponding to [M{CsHs)(CO)(N2CoH4)] *
whereas two new bonds start to form, thgddxy—Ccarbonyibond and OH (see Table 4S in the Supporting Information).
(2.529 A) and the Kdroxy—Ophenoxide bONd (2.045 A).TS’C- According to our results, this process is very unstable given
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Figure 4. B3LYP/6-31+G(d,p) (LANL2DZ for Re augmented by

f polarization functions with exponent 0.869) optimized geometries

of the [Re(OH)(COY(N2.C.H,)] reactant, the TS for the intercon- : :
version of this complex into its mirror image, and the [Re(OAc)-

(CO)g(NzCzH4)] prOdUCt. — . L1538 . aqu‘ 1158
..I.I_iu ’. 2122 ~

that [Mo(73-C3Hs)(CO)(N2C2H4)] * + OH™ are 61.0 kcal mot*

2159

higher in energy in solution thaR. ®
1.46% . 1177 "

. . . h L 1489 1.343 .
Therefore, our results indicate that the most favorable reaction O L anl ’30 P
mechanism for the reaction between [Mo(OkH}CsHs)(CO),- 9 & !‘_‘ ."-”‘5 o e
(N2CzH4)] and phenyl acetate evolves through Rieconformer & ® ®
and presents an energy barrier of 26.6 kcal Th¢TS'.-Mo). ) ® & .
However, the rate-determining TSs for the secor8il(,,cc-Mo) @ ®
and third S1,.a-Mo) most favorable reaction mechanisms are
only 1.3 and 1.7 kcal mot, respectively, abovéS'-Mo. PCM- TS1,0Re M1, -Re

B1B95/SDB-aug-cc-pVDZ calculations predict the same trend

in the mechanistic proposals, the energy differences between

TS hceMo and TS'--Mo and betweermS1,c-Mo and TS - :

Mo being now 0.6 and 1.8 kcal midi, respectively (see Tables

5S and 6S in the Supporting Information). Los 1%
Reaction between [Re(OH)(CO)N2CzH4)] and Phenyl i"—_..“‘"*

Acetate. For the [Re(OH)(CQOYN.C:H4)] complex only a

minimum energy conformation was located and it corresponds

to the hydroxyl H atom oriented opposite theQy¥H, ligand i %

(see Figure 4). In contrast with the Mo case, the structure in .,_H"%

which the hydroxyl H atom is oriented toward the bidentate ~ -@

ligand is now a TSTS;«-Re, 3.6 kcal mot? less stable than @

the Re complex (see Figure 4). The Re complex can react with

phenyl acetate through three reaction mechanisms analogous TS2,-Re

to those found for th& conformer of [MO(OH)¢™CaHs)(CO- koo 5 B3L YP/6-31+G(d,p) (LANL2DZ for Re augmented b
(N2C2H,)). Figures 5 anq 6 display the critical structures located f p%larization functions wit(h éF;zp(onent 0.869) optimiz%d geomet)r/ies
along them (see also Figure 4 for the [Re(OAC)((@CzHa)]  of the most chemically significant intermediates and TSs involved
product) and the corresponding energy profiles in solution, in the reaction of [Re(OH)(C@IN.C;H)] toward phenyl acetate.
respectively.

The concerted TSTSc-Re, presents now an energy barrier distances than atS'--Mo (see Figures 3 and 6). The rate-
in solution of 29.0 kcal motil. At this TS the hydroxyl G-H determining step along the first nonconcerted route is, as in the
bond is slightly elongated (0.984 A) and the originat Gpne case of the Mo complex, the first one that corresponds to the
noxide bond of the ester moiety is clearly broken (2.015 A), formal insertion of the ester into the R®nygroxy bond. The
whereas two new bonds start to form, thgdaxy—Cearbonyibond corresponding TS isTS1.c-Re, with an energy barrier in
(1.477 A) and the Kdroxy—Ophenoxice bONd (1.827 A). 1t is solution of 30.7 kcal matt. The rate-determining TS along the
interesting to note that the interaction between both reactantssecond stepwise mechanism is the first on8l,.p-Re, and
at TS.-Re takes place at similar distances to thos& &t-Mo presents a high energy barrier in solution of 42.6 kcal thol
(see Figure 1S in the Supporting Information) but at shorter The final products, [Re(OAc)(C@N2C;H4)] + phenol (see
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A TS1,q-Re
AEg, 42.6
(kcal/mol) &

Reactants 3 LP(O) = n*(C-N) (2.5 kcal/mol) LP(O) — m*(C-N) (0.5 keal/mol)
Products TS -Mo

) Figure 7. Plot of the “donot-aceptor” (bone-antibond) interac-
Reaction coordinate o tions in the NBO basis for the rate-determining TS of the reaction

Figure 6. B3LYP/6-31+G(d,p) (LANL2DZ for Re augmented by  between [Mo(OH){3-CsHs)(COX(N2C;H,)] and phenyl acetate. The

f polarization functions with exponent 0.869) energy profiles in corresponding second-order perturbation energies, in kcatmol

solution located for the reaction of [Re(OH)(GY.C.H,)] toward are also included in parentheses.

phenyl acetate.

. bond critical point between that O atom and the bidentate ligand
Figure 4), are now 1.5'4 keal mdi more stable than separate with values of the electron density and Laplacian of electron
reactt)antz. .Flr;r?llyl,?as n thel Mq case, the cleta\k/)?ge of the mgtal density of 0.014 e A3 and 0.044 e A5, respectively. ATS,-
OH bond in the Re complex is a very unstable process given pe 1he orientation of the OH ligand is opposite the bidentate
that [Re(COY(N2CoH4)] ™ + OH " is 65.9 keal mot™ higher in ligand and, therefore, does notgallow theFi)rF:teraction mentioned
energy in solution tt;an [Re(OH)(CEIN2CoH,)]. . above. In agreement with thi$S'-Mo stabilizes beford S.-

As for [Mo(OH)(7°-CsHs)(COR(N2CoHa4)], the reaction be- — pa 5014 the corresponding reaction coordinate, thus explaining
tween [Re(OH)(COIN2C-H,)] and phenyl acetate proceeds , yhe distances involved in the addition of the hydroxy

most favorably t[\rough a concerted route with an energy barrier bond to the ester Giony—Ophenoxicebond are more stretched at
of 29.0 kcal mof™ (TSc-Re), although the second most favorable < former TS than at the latter one.

one is 1.7 kcal mol' (TS1.-Re) above the concerted one. The rate-determining energy barriers obtained in this work
PCM-B1B95/SDB-aug-cc-pVDZ calculations reproduce again 26.6 and 29.0 kcal mot, are closer to that found for the neutral

th_e same tendency in the mechanistic predictions, the energyhydrolysis of phenyl acetate (27.2 kcal m#FS than the one

?T']g?jle ?sceeeb'?;vl:)l?eiﬁ-Sssln;ar-]SeGaSn?nTt?]CéRSeubeIg?tirr:ov;ln?(.)?rrljgﬂlon) for the alkaline hydrolysis of phenyl acetate (12.6 kcal THot”
Discussion and Comparison with Ex grri)ment?Accordin " This seems to indicate that the nucleophilic character of the

. P 1 EXp 9 OH ligand in the metal complexes studied is similar to that in

to our theoretical results the reactions of [Mo(O#H}CsHs)- water

(COX(N2CsH4)] and [Re(OH)(COYN.CoH,4)] with phenyl N . )

acetate in CHCI, solution proceed most favorably through a R"f:lgr?flg/r’nlqtesrefg:ntﬁgvﬁ/lrct)hcg]nin}g)xng:%wsa:rfzeree;;fnngitc\:\];etgr?

concerted mechanism, which corresponds to the addition of thethiS complex and phenyl aceFt)ate o proceed throtigh-Mo

hydroxyl O-H bond of the complex to the ester Opnenorice with an energy barrier in solution 2.4 kcal mé(3.1 kcal mot?

bond. To the best of our knowledge, this reaction mechanism
had never been reported for the metal-promoted ester hydrolysis.at the PCM-B1B95/SDB-aug-cc-pvDZ level of theory) lower

Although it had been considered in some experimental andthan that corresponding to the Re case. This energy difference

theoretical studies on the alkalffand neutr&* hydrolysis of aIIOW.S us to explain the difference in the periods of experimental
esters in the absence of metal catalysts, the concerted pathwa;r/eacuon time (8 vs 20 Iy ) )
has been found as the most favorable one only for RCOOR In summary, our theoretical results show that the reactions
esters with strong OReaving group$® [Mo(OH)(17°>-CsHs)(COR(N2CoHa)] + AcOPh — [Mo(OAc)-

The rate-determining concerted TS Mo, for the Mo case  (7-CaHs)(COR(N2CoHa)] + PhOH and [Re(OH)(CQIN;CoHa)]
presents an energy barrier in solution of 26.6 kcal Thakhile + AcOPh — [Re(OAC)(CO}(N2CoHq)] + PhOH in dichlo-
that for the Re oneTScRe, is 29.0 kcal mot?, which is in romethane solution take_ place in a concerted manner through
agreement with the larger reactivity of the Mo complex toward the addition of the OH ligand of the organometallic complex
pheny! acetate experimentally fouffiThis difference in the (O the single €O bond of the ester. The interaction detected
energy barriers can be rationalized in terms of an NBO analysis N the rate-determining TS for the Mo case between one of the
of TS+Mo. As can be seen in Figure 7, @S<Mo the lone pairs of the_ ester oxygen atom _bearmg t_he phenyl group
orientation of the OH ligand determines the interaction between nd the twor-antibonding G-N of the bidentate ligand explains
one of the lone pairs of the ester O atom bearing the phenyl '.[he larger reactivity of the Mo complex toward phenyl acetate

group and the twar-antibonding G-N of the bidentate ligand 1" accordance with_ _ex_perimental findings. Furthermore, the

with a second-order perturbation energy of 3.0 kcalthdThis conformational equilibrium found for the Mo complex plays

stabilizing interaction is also shown through the existence of a &1 important role by favoring the reaction of this complex with
phenyl acetate through an energy barrier in solution that is 2.4
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Chem. A2004 108 2520. the two periods of reaction time experimentally observed.
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Therefore, our theoretical results could be of interest in designing imaginary vibrational frequencies corresponding to all the located

other organometallic complexes to carry out the ester hydrolysis transition states, Cartesian coordinates corresponding to all the

in milder reaction conditions than those required in the neutral located structures, B3LYP/6-31G(d,p) (LANL2DZ for Mo aug-

hydrolysis and without having to add aggressive reagents as inmented by f polarization functions with exponent 1.043) optimized

the case of alkaline hydrolysis. geometries of the intermediates and transition states involved in
the reaction of theR conformer of [Mo(OH){3-CsHs)(CO),-
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