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a b s t r a c t

The hydrogenation of acrylamides using chiral Rh(I) complexes is an attractive method for the enantios-
elective synthesis of highly functionalized intermediates. It has been employed less frequently than the
related Rh(I) catalyzed hydrogenation of enamides and the mechanism of the reaction is not well under-
eywords:
ydrogenation
echanism

lectronic structure
hodium

stood. The parent reaction of acrylamide with a simple Rh(I) bisphosphine complex was studied at the
B3LYP/LanL2TZ(f)/6–31++G** level of theory and shows a number of interesting differences compared to
the mechanism of the enamide reaction. The minimum energy reaction pathway was found to involve
attack of the molecular hydrogen parallel to the C–Rh–P bond, followed by an isomerization at the stage
of the dihydride complex to give an altered orientation of the hydride, which is then transferred to the

�-carbon.

. Introduction

Acrylamide reduction via catalytic hydrogenation, shown in
ig. 1, is a very attractive reaction having several important appli-
ations in the synthesis of chiral �- and/or �-substituted amides,
sters, and carboxylic acids. As of yet this reaction is not as widely
sed, nor the mechanism as well understood as the correspond-

ng hydrogenation of the analogous enamide system [1], which has
een mechanistically studied in great detail [2–8]. As a result, there

s no clear basis for the selection of chiral ligands and catalysts for
ptimum enantioselectivity in asymmetric versions of the reaction.

Keinan and co-workers [9] have developed a reducing sys-
em comprised of phenylsilane and catalytic amounts of Mo(CO)6
hat efficiently reduces the C–C bond of �,�-unsatured carbonyl
ompounds. A variety of acrylamide substrates are selectively
educed to the saturated amides in yields between 70% and 100%.
oltunov and co-workers [10] explored the electrophilic reactiv-

ty of �,�-unsatured amides with weak nucleophiles catalyzed
y superacids. The authors showed that some substrates undergo
elective transfer hydrogenation to give saturated amides sug-
esting dicationic electrophiles as an explanation of the reaction
echanism. Brubaker and co-workers [11] presented a highly
hemo- and regioselective catalytic reduction of a carbon-carbon
ouble bond conjugated to different unsaturated functional groups,

ncluding amides. Ferrocenylamine sulfide complexes of Pd(II)
ere particularly effective, giving in many cases yields and chemos-

� This paper is part of a special issue on Computational Catalysis.
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electivities of >99%. However, the stereoselectivity of the reduction
of prochiral substrates was not investigated. The most promising
method for the enantioselective hydrogenation of the carbon-
carbon bond of �,�-unsatured carbonyls is the use of Rh(I) catalysis,
which has been successfully applied to acrylic acids and esters.
Early work by Hayashi resulted in e.e.’s of up to 98% [12]. More
recently, Sturm, et al. [13,14] used a series of Rh(I) Walphos
complexes in the asymmetric hydrogenation of �,�-unsatured
esters, obtaining up to 95% e.e. However, applications of these cat-
alytic systems to the enantioselective reduction of �,�-unsaturated
amides have been rare [15], even though there are examples of their
hydrogenation under non-enantioselective conditions [16].

This prior work demonstrates the utility of the hydrogenation
of acrylamides, but there has been very little work concerning the
mechanism of the hydrogenation of �,�-unsaturated carboxylic
acid derivatives in general [17]. This lack of mechanistic insight
is unfortunate because a detailed understanding of the mechanism
of a reaction is a prerequisite for the rational development of syn-
thetically useful enantioselective versions of a reaction. Indeed, our
previous work on the Rh(I) catalyzed hydrogenation of enamides
demonstrates that the enantioselectivity of the reduction can be
quantitatively predicted based on an understanding of the stere-
oselecting transition structures using the Q2MM method [5–7]. In
these previously studied reactions, four possible pathways based
on the approach of molecular hydrogen to the substrate-catalyst
complex were considered. We therefore decided to investigate the

four corresponding pathways for the Rh(I) catalyzed hydrogena-
tion of acrylamides for a simple achiral model system to identify
the transition structures, the rate determining step of the reaction,
and to compare this reaction to the better understood enamide
hydrogenation. The knowledge gained from this study is a neces-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:owiest@nd.edu
mailto:Olaf.G.Wiest.1@nd.edu
dx.doi.org/10.1016/j.molcata.2010.02.026
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Table 1
Structural parameters of the acrylamide–rhodium SQPL complex and comparison
with analogous computational and experimental data for the enamide–rhodium
complex.

Parameter SQPL-A SQPL-A/Ba Exptl.-1b

Bonds (Å)
Rh–O 2.16 2.11 2.11
Rh–Ca 2.19 2.17 2.20
Rh–Cb 2.18 2.15 2.25
Rh–PtransO 2.26 2.38 2.23
Rh–PtransC 2.37 2.47 2.27
C�–C� 1.40 1.44 1.38

Angles (◦)
O–Rh–Ca 64.3 79.0 77.8
Ca–Rh–Pcis 106.4 99.7 109.6
P–Rh–P 94.1 94.1 83.0
O–Rh–Pcis 94.9 87.5 88.9
Ca–Rh–Cb 37.5 38.3 36.2
Fig. 1. Acrylamide hydrogenation.

ary building block for later studies of enantioselective versions of
his reaction.

. Computational methodology

We performed a computational study at the B3LYP [18] level
f theory in the gas phase to characterize the intermediates and
ransition states involved in the reaction. All calculations were per-
ormed using a 6–31++G** basis set on non-metal atoms and the
anL2TZ(f) basis set with an ECP [19–21] effective core potential on
he Rh atom. Unlike in previous studies by Landis and co-workers
22], we found the larger LanL2TZ(f) basis set necessary for the
ptimization of the SQPL and MOLH2 structures (for nomencla-
ure of the species, see Fig. 2). This is presumably because of the

ore constrained four- to five-membered ring system formed by
he chelation of the acrylamide to the metal, which requires a more
exible basis set compared with five- to six-membered ring in
he enamide system. No symmetry or coordinate constraints were
pplied except where noted, and all stationary points were charac-
erized as minima or transition structures by harmonic frequency

nalysis. All calculations were performed with Gaussian03 [23].
eported energies are Gibbs free energies under standard condi-
ions in kcal/mol and are relative to the energy of the separated
omplexes and hydrogen.

ig. 2. Proposed mechanism for the Rh(I) catalyzed acrylamide hydrogenation.
a Computational data for [Rh(PH3)2(�-acetamidoacrylonitrile)]+ from Ref. [22].
b X-ray structure of [Rh(DIPHOS) (methyl-(Z)-R-acetamidocinnamate)] (BF4) data

from Refs. [24,25].

3. Results and discussion

We consider in this study a model system consisting
of an achiral catalyst and a simple acrylamide substrate
(R1 = R2 = R3 = R4 = R5 = H) shown in Fig. 1. The starting point of the
process is the complex SQPL, the adduct consisting of a rhodium(I)
with two cis-ligated –PH3 ligands and a coordinated acrylamide
moiety. This minimal system represents the essential features of
the previously studied systems [12–14,16] as well as the systems
we plan to study experimentally in our future investigations.

In analogy to the computational studies of the enamide hydro-
genation, we considered four possible pathways, termed A–D in
the remainder of the paper and defined in Fig. 2, where molecu-
lar hydrogen approaches the catalyst parallel to the P–Rh–C or to
the P–Rh–O bond either from above or below the square plane.
Each of the four pathways involves the following species as well
as the transition structures connecting them: (1) the square pla-
nar precursor SQPL and isolated molecular hydrogen, (2) induced
dipole complex of H2 interacting with SQPL, (3) tri-center molec-
ular hydrogen complex (MOLH2), (4) dihydride complex (DIHY),
and (5) alkyl hydride complex (ALHY). All structures will be iden-
tified in the paper by these abbreviations, followed by the letter
indicating the pathway they belong to.

3.1. Structure of SQPL complex

To the best of our knowledge, no crystal structure describing
the acrylamide–rhodium complex analogous to the model under
study has been reported in the literature. However, it is a rea-
sonable hypothesis that the previously studied enamide–rhodium
complexes share many of their essential features with the acry-
lamide complexes and serve to highlight significant similarities
or differences between the two classes of complexes. Several
structures of [Rh(enamide)(diphosphine)]+ complexes have been
published, and most of them involve bidentate phosphine ligands
[24–26]. Table 1 compares our computational results for SQPL
with the essential geometric parameters of the crystal structure of
[Rh(DIPHOS)-(methyl-(Z)-�-acetamidocinnamate)] (BF4) [25], and
the computational results of Landis et al. [22] for the square planar
complex in their studies of enamide hydrogenation, obtained at a

similar level of theory.

The structure of SQPL-A is representative of the other SQPL
complexes and will be discussed here. The overall comparison
of the most relevant bond lengths and angles shows the analo-
gies between the acrylamide and enamide rhodium complexes
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Fig. 3. Calculated structures of MOLH2-A (left) and MOLH2-C (right).

nd demonstrates the coordination of the rhodium to the oxygen
nd the olefin in a bidentate fashion. The geometric param-
ters for the coordinating double bond moiety are consistent
ith previous computational and experimental data. The opti-
ized C� C� bond length is 1.40 Å, and the C�–Rh–C� angle

s 37.5◦, which are in good agreement with 1.38 Å and 36.2◦

or the enamide–rhodium crystal structure. The key difference
etween the structures is a stretched O–Rh bond distance, which is
.16 Å in the acrylamide–rhodium complex, compared with 2.11 Å
ptimized for the enamide–rhodium analog. This result is eas-
ly explained considering the principal difference between these
wo coordinating systems: the acrylamide substrate is forced to
oordinate in a four-membered ring, which results in more strain
han the five-membered ring that characterizes the enamide sub-
trate. As expected, the trans influence of the olefin coordination
n the Rh–Ptrans bond length is reproduced well, giving a bond
ength of 2.36 Å which is significantly longer than the 2.26 Å dis-
ance between rhodium and the phosphorus trans to the carbonyl
unction. It is noteworthy that the SQPL potential energy surfaces
re very flat in all four cases, suggesting significant flexibility for
–H rotation with respect to the approaching plane.

.2. The molecular hydrogen complex
The optimization of the four stable intermediates for the
oordinated molecular hydrogen complexes gave the structures
OLH2-A, MOLH2-C, and MOLH2-B/D, the first two of which are

hown in Fig. 3. The optimized structure of MOLH2-A shows a near

Fig. 5. Reaction PES profile f
Fig. 4. Calculated structures of DIHY-B (left) and DIHY-D (right).

ideal trigonal bipyramidal coordination with the amido oxygen in
an axial position. The key Rh–hydrogen interaction in both struc-
tures has a bond length of >1.9 Å, which is significantly weaker than
in the case of the enamides [3]. MOLH2-A has a calculated relative
free energy of 12.8 kcal/mol, which is less stable than MOLH2-C
by 1.7 kcal/mol. However, both of these structures are significantly
more stable than the alternative approach of the dihydrogen par-
allel to the P–Rh–O bond in MOLH2-B/D that lead to a trigonal
coordination of the molecular H2 in the trans position with respect
to the amido oxygen instead of the phosphine (see structure in
Supporting Information). The trans effect results in a significant
shortening of the Rh–H2 distance in the MOLH2-B/D with respect
to the other two structures, and consequently the two phosphines
become equivalent in terms of the Rh–P distance. In analogy to the
enamide reaction [22], this structure is accessible from both the
SQPL-B and the SQPL-D approach of the hydrogen. In agreement
with the least motion principle [27] and the results for the enamide
case [3,7], the MOLH2-B/D intermediate is kinetically inaccessi-
ble and will therefore not be considered at this point as a likely
intermediate.

3.3. Metal dihydrides
Unlike the MOLH2 structures, which converge for the B and the
D pathways, four distinct structures for the dihydrogen complex
DIHY were located. Fig. 4 shows the two low-energy isomers, DIHY-
B and DIHY-D with relative free energies of 11.9 and 11.3 kcal/mol,
respectively. The structures for the two alternative complexes

or the A–D pathways.
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Fig. 6. Structures of (a) MOLH2-A‡ , (b) MOLH2-C‡ , (c) D

IHY-A and DIHY-C, which are 2–3 kcal/mol higher in energy, are
iven in the Supporting Information. In all cases, one hydrogen is
ositioned trans to a phosphine and the other trans to the amido
xygen (B and D pathways) or to the olefin (A and C). The trans-
ositions of the hydride and the phosphine in DIHY-B and DIHY-D

ead to the slightly lower relative free energy of these two structures
22]. It is noteworthy that the two low-energy structures for DIHY
elong to a different pathway than the ones for MOLH2, which has
ignificant consequences for the overall reaction mechanism.

.4. The reaction pathways for the hydrogenation of acrylamide

Unlike in the case of the enamides, the energy profile of the
crylamide reaction pathway does not necessarily exclude any of
he four possible mechanisms. We therefore calculated the relevant
ransition structures along the pathways A–D. The results of these
alculations are summarized in Fig. 5.

Qualitatively, the reaction pathways share many features with
he mechanism of the enamide hydrogenation, but the relative
nergies of the intermediates and transition structures involved
re substantially higher. This reflects the higher ring strain of the
helate as well as the lack of a second acceptor substituent in our
odel system, resulting in a lack of stabilization for the negative

harge developing on the substrate in the later stages of the reac-
ion. The two transition states SQPL-A‡ and SQPL-C‡ have a relative
ree energy of 11.6 and 9.8 kcal/mol, respectively. This part of the
otential energy surface is so flat that after correction for zero-point
nergy, the transition state and respective products are essentially
soenergetic.

Two different transition states SQPL-B‡ and SQPL-D‡ lead to
he common intermediate MOLH2-B/D and have a relative free
nergy of approximately 27 kcal/mol. The localization of these two
tructures turned out to be quite cumbersome, and in the case
f SQPL-B‡, required the use of a dihedral constraint in order to
void the isomerization into the A pathway. Similarly, many of the
ttempts to locate SQPL-D‡ led to an isomerization to the C path-
ay. In either case, the calculated transition structures are high

nough in energy to make these pathways kinetically inaccessible
nd restrict an approach along the P–Rh–C axis.

The four possible transition structures for the oxidative addi-
ion to the dihydride complex, MOLH2-A-D‡, were found to be
ery close in energy. With a range of relative free energies of
8.7–20.8 kcal/mol, the differences between them is on the order of
he accuracy that can reasonably be expected for the level of theory
sed here, and no determination of the preferred pathway can be
ade based on the relative energies of these transition structures.

ig. 6 shows on the left two representative transition state struc-
ures, (a) MOLH2-A‡ and (b) MOLH2-C‡. As expected, the overall
eometry reflects the coordination change from the trigonal bipyra-

id for MOLH2 to the octahedral coordination of DIHY with two

early identical Rh–H bonds and, in comparison to the enamide
nalogs, longer C–Rh bonds for the reasons discussed above.

In the case of the enamide hydrogenation, we previously
rgued that the transition structures for the hydride transfer DIHY‡
‡ and (d) DIHY-D‡ with selected geometric parameters.

determines the stereoselectivity of the reaction because a Q2MM
transition state force field (TSFF) derived from these structures
accurately describes the stereoselectivity of the reaction, whereas
a TSFF derived from the MOLH2 structures does not [5,6]. Further-
more, the stability of the developing negative charge determines
whether the hydride is preferentially transferred to the � or � car-
bon [7]. Because the amide is the only acceptor in the model system
studied here, hydride transfer to the � carbon with development
of the negative charge on the �-carbon where it can be stabilized
is preferred by 3 and 6.3 kcal/mol in both the B and the A path-
ways, respectively. In comparison, the transition structures for the
A and the C pathways DIHY-A‡ and DIHY-C‡ are with relative free
energies of 26.6 and 33.0 kcal/mol, respectively, kinetically inac-
cessible for the model system studied here. Fig. 6 shows on the
right the two low-energy transition structures for the transfer of
the hydride to the � or � carbon, (c) DIHY-B‡ and (d) DIHY-D‡. In
agreement with the strongly exothermic character of this step, the
carbon-hydrogen bonds are, with bond distances of 1.59 and 1.67 Å
in DIHY-B‡ and DIHY-D‡, only weakly formed and the C–Rh dis-
tance does not change substantially from the corresponding DIHY
intermediates.

The hydrogen transfer process irreversibly leads to the alkyl
hydride products, which in this study will be considered as the
final stage of the reaction. A variety of alkyl hydride compounds can
be obtained from the migratory insertion process: three products
arise directly from the respective dihydride intermediates: ALHY-A
with a relative free energy of 1.9 kcal/mol, the ALHY-B with a rela-
tive free energy of 7.4 kcal/mol, and ALHY-C/D, a common product
of the C and D pathways through a hydrogen transfer onto the �
carbon with a relative free energy of −5.7 kcal/mol.

Taken together, these results provide an incomplete picture
of the reaction pathway because the high energy of the SQPL-B‡

and SQPL-D‡ transition structures precludes the formation of the
analogous molecular hydrogen complexes MOLH2-B and MOLH2-
D, while the high free energies of DIHY-A‡ and DIHY-C‡ make
this pathway also inaccessible under the experimentally used con-
ditions. This seeming contradiction can be resolved under the
assumption that a crossing over between the pathways is possi-
ble, either at the stage of MOLH2 or DIHY. We therefore performed
the transition state search for an isomerization pathway between
MOLH2-B and MOLH2-D. If such a transition state exists, its energy
must be lower than the two predicted SQPL-B‡ and SQPL-D‡ transi-
tion states in order to be mechanistically relevant, and the geometry
relaxation from the two minima following the intrinsic reaction
path (IRC) must converge in both cases to the MOLH2-B/D interme-
diate. In agreement with the previously mentioned finding that this
intermediate easily optimized to other structures, we were able to
locate the transition structure for the isomerization pathway with a
unique imaginary frequency (357 cm−1), which describes the H–H

bond rotation with respect to the Rh–O bond direction. The relative
free energy of this transition state is 20.2 kcal/mol, approximately
7 kcal/mol lower in energy than the relative SQPL‡ transition states
and just 2 kcal/mol higher than MOLH2-B/D. The identity of this
transition structure was confirmed by IRC calculation leading to
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Fig. 7. Energy profile for dihydride isomerization of D

wo minima that can be associated with MOLH2-B and MOLH2-D,
espectively, but unconstrained relaxation of both geometries con-
erges in a common structure that matches MOLH2-B/D. However,
e were unable to locate a transition structure for the isomeriza-

ion of the A and the B or the C and the D pathways at the stage of
OLH2.
We therefore studied the energy profile for the isomerization

athway of DIHY-A → DIHY-B and DIHY-C → DIHY-D, shown in
ig. 7. The isomerization process occurs in two steps: (1) the olefin
issociates while the H–Rh–H angle rotates around the O–Ptrans

irection, and (2) translation of the oxygen to the vacant site and
oordination of the olefin double bond to the metal. The overall
elative free energy barrier is 20.4 and 19.8 kcal/mol, respectively,
or the A → B and C → D isomerization. The isomerization process
epresents an important side path of this reaction: contrary to the
namide hydrogenation reaction [22], the overall energy required
o transform the DIHY-A into DIHY-B is only 5.6 kcal/mol. The same
somerization process was excluded for the enamide hydrogena-
ion because of the high activation energy required in order to form
he DIHY-A-B‡ transition state (13.1 kcal/mol relative to DIHY-A).
imilarly the C → D isomerization requires 6.6 kcal/mol in order to
orm DIHY-D starting from the DIHY-C intermediate. It is note-
orthy that similar non-chelating species have been confirmed

xperimentally by low-temperature NMR for the related case of the
namide hydrogenation [28], but their involvement in the reaction
athway is unclear. In the present case, this pathway is favored due
o the easier dissociation of the olefin from the strained chelate
eading to a structure that is, in the case of the isomerization of
→ B, 4.2 kcal/mol more stable and in the case of C → D isomeriza-

ion 2.1 kcal/mol exothermic. After correction for zero-point and
hermal energies, both processes are essentially barrierless.

. Conclusions and outlook

The overall geometry of the transition structures and interme-
iates involved in the reaction pathway for the Rh(I) catalyzed
ydrogenation of acrylamides closely resembles the ones deter-
ined previously for the case of the enamide hydrogenation

2–7,22]. The main differences in the structures and energetics of
he reaction can be traced to the smaller ring size of the chelate,
hich leads to a weaker coordination of the olefin to the metal,

nd the differences in the model system under study here, notably
he absence of a second acceptor. Together, these lead to higher

elative free energies of the species involved in the pathway. This
as important consequences for the overall reaction because an

somerization between the pathways now becomes energetically
ompetitive. This possibility has not been described for the enam-
de reaction, presumably because it involves a dissociation of the
A into DIHY-B (left) and DIHY-C into DIHY-D (right).

olefin from the metal, which would render it energetically inaccesi-
ble in that case. As a result, the overall mechanism of the acrylamide
reaction is found to proceed through formation of the octahedral
metal dihydride complex through an approach of molecular hydro-
gen parallel to the P–Rh–C bond (A and C pathways), followed by
an isomerization to the dihydride complexes where the hydrogens
are aligned along the P–Rh–O axis. Irreversible hydride transfer
then completes the reaction. Although in the model system under
study, hydride transfer to the �-carbon is preferred by 3 kcal/mol,
it is known that this preference is easily reversed based on the
electronic character of additional ligands [7].

Based on the results presented here and in contrast to the case
of the enamide substrate, the transition structure for the hydride
transfer does not appear to be the rate determining step. Although
this finding will have to be confirmed in studies of more realistic lig-
and and substrate systems, it does have important consequences for
the design of chiral ligands for enantioselective hydrogenations. In
analogy to computational and detailed experimental studies of the
hydrogenation of the enamide substrate [2,22], no conclusive state-
ment on whether the transition structures for the isomerization or
the formation of the dihydride complex are relevant for the rate-
and stereoselecting step is possible. This question will be addressed
by the Q2MM parameterization of a transition state force field for all
three relevant transition structures (MOLH2‡, DIHY‡, and isomer-
ization) and comparison with experimental results. These studies
are currently ongoing and will be published in due course.
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