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The mechanism of the reaction between the complex
[Re(OH)(CO)3(N,C,H,)] and azetidin-2-one or 3-formyl-
amino-N-sulfonatoazetidin-2-one was investigated by using
the B3LYP density functional theory methodology in conjunc-
tion with the PCM-UAHF model to take into account solvent
effects. According to our calculations, the rate-determining
energy barrier for the azetidin-2-one case of 38.8 kcalmol 1,
becomes 25.7 kcalmol ! in the case of the 3-formylamino-N-
sulfonatoazetidin-2-one species. The presence of the sul-

fonato group is crucial for the cleavage of the f-lactam N1-
C2 bond by the Re complex thanks to the interaction of the
sulfonato group with the hydroxy and bidentate ligands of
the complex. This could be of interest for the synthesis of 3-
amino acids and their derivatives from B-lactams under mild
conditions and in solvents of low polarity promoted by orga-
nometallic complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The synthesis of organotransition metal complexes with
terminal hydroxo ligands is a matter of great interest owing
to the implication of such complexes in catalytic processes
and in materials-related chemistry.'-!? Besides this, orga-
nometallic hydroxo compounds are also important due to
their rich OH-centred reactivity'3 which is dominated by
the nucleophilic character of the hydroxo ligand. In recent
years, several groups have started to investigate the chemis-
try of hydroxo complexes of the central (Groups 6 and 7)
transition metals.[*13-23] In particular, it has been reported
that the hydroxo complex [Re(OH)(CO);(Me,-bipy)] (Me»-
bipy = 4.,4'-dimethyl-2,2'-bipyridine) reacts with a variety
of organic electrophiles such as carbon disulfide, esters, aryl
isocyanates, alkyl/aryl isothiocyanates, dimethyl acetylened-
icarboxylate, ketenes, maleic anhydride and rac-lac-
tide.l'>171 Some of these processes evolve through the cleav-
age of a single C—O bond!!'>'®! to form metal-carboxylate
products which are subsequently demetalated by reaction
with triflic acid to afford the corresponding free carboxylic
acids.[1]

Although it is well-known that an amide is less reactive
than an ester, it would be interesting to investigate the reac-
tivity of the above-mentioned complex towards B-lactams,
an important class of cyclic amides, given that the cleavage
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of the amidic C-N bond would afford B-amino acids which
are recognised as valuable tools for the generation of new
derivatives such as B-peptides as well as building blocks for
B-lactam antibiotics.?*32 To the best of our knowledge,
neither experimental nor theoretical studies have addressed
the reaction of a terminal hydroxo complex of rhenium with
B-lactams. With regards to acyclic amides, we have pre-
viously reported a theoretical study on the reactivity
towards formamidel®*! showing that the most favourable re-
action mechanism exhibits a relatively high rate determin-
ing energy barrier in dichloromethane solution of
39.1 kcalmol 1.

As an extension of our previous work mentioned above,
we undertook a theoretical investigation of the reaction of
a rhenium hydroxo-carbonyl complex with two B-lactams,
azetidin-2-one and 3-formylamino-/N-sulfonatoazetidin-2-
one. Our aim was to try to answer the following question:
could the rhenium complex cleave the amidic C—N bond of
B-lactams? The B-lactam model, 3-formylamino-N-sulfona-
toazetidin-2-one, was chosen due to the well-known active
role played by the sulfonato group in the hydrolysis of
monobactam antibiotics. The effect of the bulk solvent was
taken into account using a continuum model (see the Com-
putational Methods section for details).

Results and Discussion

Taking into account experimental studies on metal-pro-
moted peptide hydrolysisi**371 and theoretical investi-
gations on the neutral®®3° and enzymatic*?! hydrolysis of
B-lactams, and the neutral hydrolysis of acyclic
amides,*!* four different reaction mechanisms (see
Scheme 1) can be envisaged for the reaction of [Re(OH)-
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(CO);(N,C,H,)] with azetidin-2-one and 3-formylamino-N-
sulfonatoazetidin-2-one. The mechanism related to the pro-
posal D in Scheme 1 was not investigated here because the
energy required for the cleavage of the HO-Re bond of the
complex is higher than the 65.0 kcalmol™! reported in a
theoretical study of the reactivity of molybdenum and rhe-
nium hydroxo-carbonyl complexes with phenyl acetate.[*’]
Figure 1 depicts the optimised structures of the species in-
volved in the reaction mechanisms for the reaction between
[Re(OH)(CO);5(N,C,Hy)] and azetidin-2-one. Table S1 in
the Supporting Information lists the corresponding energy
data. The rhenium complex has the hydroxy ligand oriented
on the same side as the carbonyl ligands. We will discuss the
mechanisms found as in the sequence depicted in Scheme 1.
Unless otherwise stated in the text, the energy of all sol-
vated species with respect to the separate reactants will be
given in parentheses.
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Scheme 1. Mechanistic proposals investigated for the reaction be-
tween the Re complex and B-lactams. The superscript » indicates
the charge on the metal, M.

The most favourable reaction mechanism starts with the
addition of the HO-Re bond to the B-lactam C=0 (see A
in Scheme 1) through either the TS TS1a (38.8 kcalmol ™)
or TS1'a (34.8 kcalmol™!). In the former, the bidentate li-
gand is oriented on the same side of the complex system as
the amidic C-N bond while the latter TS exhibits the oppo-
site orientation. On one hand, TS1a connects the separate
reactants with the intermediate Mla (17.9 kcalmol™') in
which the Re and Opygroxy atoms are now linked to the
Ocarbonyl and  C,pigic atoms at distances of 2.119 and
1.445 A, respectively. Intermediate Mla then evolves
through the TS TS2a (25.2 kcalmol 1) for the N, piqic inver-
sion to give the intermediate M2a (18.4 kcalmol™!). The
next step corresponds to the rotation of the O-H bond with
respect to the C-OH group of the system through TS TS3a
(19.6 kcalmol™!) to give the intermediate M3a
(14.3 kcalmol ™) in which the hydroxy O-H bond is ori-
ented towards the amidic C-N. M3a leads to the product P
(-22.3 kcalmol™ ") by means of TS TS4a (35.0 kcalmol ™ 1)
for the cleavage of the amidic C-N bond and simultaneous
H transfer from the Opygroxy atom to the Nypigic atom. At
this TS, the amidic C--N, hydroxy O--H and
Hiydroxy**Namidic distances are 1.985, 0.973 and 2.286 A,
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respectively. On the other hand, TS1'a gives rise to the in-
termediate M1'a (14.3 kcalmol™!) in which the distances of
the newly formed Re-Ocurbonyt a0d Opydroxy—Cearbonyt bonds
are 2.115 and 1.437 A, respectively. M1’a proceeds through
the TS TS2'a (39.9 kcalmol ') for the B-lactam ring open-
ing and simultaneous H transfer results in the product P’
(-23.9 kcalmol™1). At TS2'a, the amidic C-N, hydroxy
O-+H and Hyygroxy"**Namidic distances are 1.908, 1.146 and
1.397 A, respectively. The mechanistic proposal type B in
Scheme 1 indicates formation of the product P’ directly
through the TS TSe (41.7 kcalmol™') for the addition of
the hydroxy O-H bond of the complex to the amidic C-N.
Finally, the least favourable reaction mechanism found (see
C in Scheme 1) starts with the TS TS1b (43.9 kcalmol 1)
for the addition of the hydroxy O-H bond to the B-lactam
C=0 which becomes the minimum energy structure M1b
(13.8 kcalmol™!). At this intermediate, the distances of the
two newly formed bonds Onydroxy—Cearbonyl a0d Hpydroxy—
Ocarbonyl are 1.350 A and 0.968 K, respectively. Then, the
system undergoes a rotation of the O-H bond around the
C—OH group through the TS TS2b (17.8 kcalmol 1) to give
the intermediate M2b (16.8 kcalmol™') wherein the hy-
droxy group is oriented on the same side as the N, ;qic—H
bond of the B-lactam moiety. M2b proceeds through the TS
TS3b (21.4 kcalmol™!) for the N,nigic inversion to give
M1’a (14.3 kcalmol ') which subsequently evolves to P’-
(-23.9 kcalmol™!) through the TS TS2'a as discussed
above.

According to our results, the reaction between [Re(OH)-
(CO)3(N,C,Hy)] and azetidin-2-one proceeds more favour-
ably through the addition of the HO-Re bond of the com-
plex to the B-lactam C=0O bond and this can occur in two
ways. In the most favourable, which has a rate-determining
energy barrier in solution of 38.8 kcalmol ™!, the bidentate
ligand lies on the same side of the complex as the amidic C—
N bond while in the other way, the rate-determining energy
barrier of which is 39.9 kcalmol ™!, the bidentate ligand is
oriented towards the opposite side of the amidic C—N bond.
The magnitude of these energy values is very similar to that
found for the reaction of the Re complex with formamide
(39.1 kcalmol 1?3 thus suggesting long reaction times are
involved. Concerning the rate-determining energy barriers,
we suggest that the addition step involving TSla
(38.8 kcalmol ™ !) is the rate-determining step for the most
favourable addition pathway while for the other one the
B-lactam  ring opening step, involving TS2'a
(39.9 kcalmol™"), is the rate-determining stage. An NBO
analysis of the TSs involved in the addition (TSla and
TS1’a) and B-lactam ring opening (TS4a and TS2'a) steps
indicates the presence of several types of “donor-acceptor”
interactions between the N, ;g atom and the bidentate li-
gand at TS4a (see Figure 2) which are not present in the
remaining TSs. The second order perturbation energy of all
these stabilising interactions, 6(C—Numigic)=>T*(Cpidentate—
Nbidentate)a cF(l\lamidicfli)_)ﬂ*(Cbidentatefl\]bidentate) and
LP(N)—7*(Cpidentate—Nbidentate) amounts to 3.4 kcalmol !
thus explaining why TS4a is 3.8 kcalmol™' more stable
than TS1a. On the contrary, in the other pathway, the pres-
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Figure 1. Schematic view of the optimised structures involved in the reaction mechanisms found for the reaction between azetidin-2-one
and [Re(OH)(CO);(N,C,Hy)]. Relative energies in solution [kcalmol~!] and the most relevant distances [A] are also displayed.

ence of the carbonyl ligands on the same side of the com-
plex as the amidic C—N bond prevents the appearance of
the above-mentioned interactions and provokes a certain
destabilisation of the system when going from TS1'a to
TS2'a due to electronic repulsions between the lone pair
of the N,migic atom and the two O atoms of the carbonyl
ligands.
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Taking into consideration the results obtained for the re-
action with azetidin-2-one, we only investigated the two
most favourable reaction mechanisms for the reaction be-
tween the Re complex and 3-formylamino-N-sulfonatoazet-
idin-2-one. These correspond to the mechanistic proposals
A and B in Scheme 1. Figure 3 shows the optimised geome-
tries of the species involved in them and Table S2 in the
4549
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Figure 2. Most significant structures’ “donor-acceptor” (bond-antibond) interactions in the NBO basis for the TSs TS4a and TS1a-sf.
The second-order perturbation energies [kcalmol~!] are also included in parentheses.

Supporting Information lists the corresponding energy
data. Once again, the energy of all solvated species with
respect to the separate reactants will be given in parentheses.

The most favourable reaction mechanism again corre-
sponds to the addition of the HO-Re bond to the carbonyl
C=0. As in the azetidin-2-one case, the Re complex can
add to 3-formylamino- N-sulfonatoazetidin-2-one with the
bidentate ligand oriented on the same side as the sulfonato
group through the TS TSla-sf (25.7 kcalmol™!) or with
both groups on different faces of the complex system
through the TS TS1'a-sf (35.5 kcalmol™'). At both TSs, it
is interesting to note that the presence of the sulfonato
group attached to the N,ig. atom favours a hydrogen
bonding interaction between the Hyygroxy atom and one of
the Oguironato atoms even if the Re complex approaches the
B-lactam without the OH ligand oriented towards the sul-
fonato group. Besides this, another hydrogen bonding in-
teraction is located between the O atom linked to Re and
the H(N)ormylamino atom. Given the similarity of these two
addition mechanisms, we will describe them together.
4550
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TSla-sf/TS1’a-sf leads to Ml a-sf/Mla-sf (10.3/16.5
kcalmol™!) in which the O atom linked to the metal at a
distance of 2.122/2.093 A interacts with the H(N)ormylamino
atom at a distance of 2.056/2.161 A and also, in the case of
Ml a-sf, one of the Ogyronato atoms interacts simultaneously
with the Hyygroxy atom and one of the H(N)pigentate atoms
at distances of 1.792 and 1.883 A, respectively. M1a-sf/
Ml'a-sf can evolve through either the TS TS2al-sf/
TS2'al-sf (16.7/26.9 kcalmol ') for the pB-lactam ring
opening with simultaneous H transfer from the Opydroxy
atom to one of the Ogyironato atoms or the TS TS2a2-sf/
TS2'a2-sf (13.6/22.9 kcalmol ') for the N,;qic inversion.
On one hand, TS2al-sf/TS2'al-sf leads to the intermediate
M2al-sf/M2'al-sf (0.4/3.2 kcalmol ') in which the Hpygroxy
atom is transferred to the sulfonato group and the amidicC—
N bond is nearly or totally broken. M2al-sf/M2'al-sf be-
comes the product P-sf/P’-sf (~23.3/-22.6 kcalmol™!)
through the TS TS3al-sf/TS3'al-sf (19.7/-23.3 kcalmol ')
for the H migration of the Ogifonato atom to the Nymidic
atom. Although TS2’a2-sf is 2.1 and 2.9 kcalmol ™! less

Eur. J. Inorg. Chem. 2008, 4547-4554
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Figure 3. Schematic view of the optimised structures involved in the most favourable reaction mechanism found for the reaction between
3-formylamino-N-sulfonatoazetidin-2-one and [Re(OH)(CO);(N,C,Hy)]. Relative energies in solution [kcalmol~!] and the most relevant
distances [A] are also displayed.
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stable in electronic energy than M2'al-sf and P’-sf, respec-
tively, it becomes a transient species when solute-solvent
interactions are taken into account in the calculations. On
the other hand, TS2a2-sf/TS2'a2-sf gives M2a2-sf/M2'a2-
sf (12.7/20.7 kcalmol™') by the N,nigic inversion which
subsequently transforms into P-sf/P’-sf through the TS
TS3a2-sf/TS3'a2-sf (23.7/43.9 kcalmol™!) for the cleavage
of the amidic C-N bond and simultaneous H transfer from
the Ogyuifonato atom to the amidic N atom. The concerted
mechanism  evolves  through  the TS  TSec-sf
(45.7 kcalmol ') for the cleavage of the amidic C-N and
hydroxy O-H bonds with simultaneous formation of the
Ccarbonylfohydroxy and thdroxnyamidic bOIldS, thus glVng
the product P’-sf.

In accordance with our results for the reaction with 3-
formylamino-N-sulfonatoazetidin-2-one, the two types of
addition of the HO-Re bond to the B-lactam carbonyl are
again the most favourable reaction mechanisms, the rate-
determining steps for both routes being the first ones. The
route in which the bidentate ligand lies on the same side as
the amidic C-N bond is now much more stable than the
other by 9.8 kcalmol™!. As can be seen in Figure 2, an
NBO analysis of TS1a-sf reveals the presence of donor-ac-
ceptor interactions between the lone pairs of one of the O
ulfonato atoms and the two C-N 1 antibonding orbitals of
the bidentate ligand with a second-order perturbation en-
ergy of 12.6 kcalmol~'. At TS1'a-sf, the orientation of the
bidentate ligand is opposite to the sulfonato group and,
therefore, does not allow the interaction mentioned above.
In agreement with this, TSla-sf is 9.8 kcalmol™! more
stable than TS1'a-sf. Besides this, a comparison of TS1a-sf
and TS1'a-sf with the analogous TS1a and TS1'a, for the
azetidin-2-one case, reveals the crucial role played by the
formylamino group and mainly the sulfonato group in con-
junction with the bidentate ligand. For both routes, the
presence of the formylamino and sulfonato groups favours
the establishment of hydrogen bonding interactions which
would lead to a greater relative stability of TSla-sf and
TS1'a-sf with respect to TS1a and TS1'a, respectively. In
the TSla-sf vs. TS1a case, the hydrogen bonding interac-
tions in conjunction with the stabilising interactions be-
tween one of the Ogyponato atoms and the C-N bonds of
the bidentate ligand explains why TS1a-sf is 13.1 kcalmol !
more stable relative to TS1a. However, in the TS1'a-sf vs.
TS1'a case, the former TS is 0.7 kcalmol ™! less stable rela-
tive to the latter due to the appearance of significant elec-
tronic repulsions between the O atoms of the carbonyl li-
gands and the sulfonato group which slightly predominates
over the hydrogen bonding interactions. Therefore, the re-
sultant rate-determining energy barrier in solution for the
reaction between [Re(OH)(CO);(N,C,H4)] and 3-for-
mylamino-N-sulfonatoazetidin-2-one is 25.7 kcalmol™!
(TS1a-sf) which is close to the experimental activation en-
ergy obtained for the alkaline hydrolysis of the monobac-
tam aztreonam (22.4 kcalmol™!).[4®] This suggests the use
of the Re complex as an effective agent to cleave B-lactam
NI1-C2 bonds in particularly mild conditions and in sol-
vents of low polarity.
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Conclusions

According to the computed energy barriers obtained in
this work, the presence of a sulfonato group attached to the
amidic N atom is required for the efficient cleavage of the
B-lactam N1-C2 bond by the rhenium hydroxo-carbonyl
complex. This catalytic effect is mainly due to the establish-
ment of a hydrogen bond between the sulfonato and hy-
droxy groups and to the interaction of one of the sulfonato
oxygen atoms with antibonding C-N 7©t* orbitals of the bi-
dentate ligand, thus stabilising the energy profile with re-
spect to the separate reactants. A similar effect could be
envisaged for other B-lactams such as the bicyclic nucleus
of penicillins and cephalosporins thanks to the location of
a negatively charged carboxylate group adjacent to the -
lactam amide group.

Computational Methods

The computational investigation was performed with the simplified
complex [Re(OH)(CO);(N,C,H,)] (N,C,H,=HN=CH-CH=NH)
which was chosen to mimic the one used experimentally in the reac-
tions with esters and other organic electrophiles>'7 and to mini-
mise the computational time. Besides, several theoretical studies
have demonstrated the adequacy of replacing bidentate ligands
such as phenanthroline (phen) or bipyridine (bpy) by the diimine
(HN=CH-CH=NH).[4547:48]

Quantum chemical computations were carried out with the
Gaussian 03 series of programs.[*) Full geometry optimisations of
stable species and transition states (TS) were performed in the gas
phase by employing the hybrid density functional B3LYPP%-32 with
the 6-31+G(d,p) basis set3 (LANL2DZ for Re augmented by f
polarisation functions with exponent 0.869)°431 and by using the
standard Schlegel algorithm.®! The B3LYP functional combines
Becke’s three-parameter nonlocal hybrid exchange potential with
the nonlocal correlation functional of Lee, Yang and Parr. The na-
ture of the stationary points was verified by analytical computa-
tions of harmonic vibrational frequencies. Intrinsic reaction coordi-
nate (IRC) calculations with the Gonzalez and Schlegel
methodl®7-*%] were carried out to check the two minimum energy
structures connecting each TS.

To take into account condensed phase effects, single point calcula-
tions were also performed on the gas phase optimised geometries
using the Polarisable Continuum Model (PCM) of Tomasi et
al.’%%% with the united atom Hartree-Fock (UAHF) parametris-
ation.[®'] The energy in solution comprises the electronic energy
of the polarised solute, the electrostatic solute-solvent interaction
energy <W{H+"2V{¥> and the nonelectrostatic terms corre-
sponding to cavitation, dispersion and short range repulsion. A
relative permittivity of 8.93 was assumed in the calculations to sim-
ulate dichloromethane which was the solvent used experimentally
in related reactions between [Re(OH)(CO);(Me,-bipy)] and several
organic electrophiles.l'>-17]

The computational scheme chosen in this work is similar to that
used in a theoretical study on the reactivity of [Re(OH)(CO)s-
(N,C,H,)] towards phenyl acetate,”] wherein the validity of the
B3LYP mechanistic predictions compared with X-ray experimental
data and more sophisticated quantum-chemical computations was
confirmed. Thus, a similar trend could be expected for the present
investigation.

Eur. J. Inorg. Chem. 2008, 4547-4554
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For interpretation purposes, a natural bond orbital (NBO) analysis
was performed on some of the most important critical structures
along the reaction coordinates at the B3LYP level of theory.[6%63]

Supporting Information (see also the footnote on the first page of
this article): Absolute and relative electronic energies, Gibbs ener-
gies of solvation and energies in solution of all the structures pre-
sented in this work.
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