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ABSTRACT: A ruthenium(II) catalyst containing an NHC—amine (NHC = N-
heterocyclic carbene) ligand (C—NH,) catalyzes the H,-hydrogenation of various esters
and lactones at 50 °C and 25 bar of H, pressure, mild reaction conditions compared with
other reported catalysts. A maximum turnover frequency of 1510 h™' for the

hydrogenation of phthalide with a conversion of 96% is achieved in 4 h. DFT H

calculations suggest a concerted, asynchronous bifunctional mechanism for homoge-
neous ester hydrogenation; a proton transfer step from the N—H group of a ruthenium
hydride-amine complex to the carbonyl group has the largest energy barrier in the 50°C
catalytic cycle. A surprising observation is that methyl pivalate (‘BuCOOCH,) is
hydrogenated much more rapidly than is tert-butyl acetate (CH;COO'Bu). This is

R ot "+ RroH
RO 25 bar H,, KO'Bu R>LH

(' Max. TOF up to 1500 h™! )

explained by the energetics of the rate-determining step of the proposed Ru—H/N—H

bifunctional mechanism.
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B INTRODUCTION

The use of molecular hydrogen in the reduction of polar double
bonds is an attractive and green process in organic synthesis."”>
The catalytic hydrogenation of esters with hydrogen using late
transition metal catalysts can be beneficial, yet it is still very
challenging compared with the reduction of ketones and
aldehydes.”® Thermochemical studies show that the enthalpy
of reduction of ethyl acetate by hydrogen to form ethanol is
—17.92 kcal/mol.” Our calculations (MO06/6-31++G(d,p))
show that the solvent-corrected (tetrahydrofuran, THF) free
energy of reaction (AG) in the hydrogenation of methyl acetate
to methanol and ethanol is —2.4 kcal/mol. The solvent-
corrected enthalpy of reaction (AH) is —8.2 kcal/mol (eq 1,
Scheme 1). These values are consistent with the AG = 5.4 kcal/
mol calculated by Gusev and co-workers for the dehydrogen-
ative coupling of two ethanol molecules to form ethyl acetate
and hydrogen.'® This reduction process can be broken into
three sequential steps: (a) the hydrogenation of methyl acetate,
forming 1-methoxyethanol (eq 2) as the most endogonic step

Scheme 1. Thermodynamics of the Hydrogenation of Methyl
Acetate to Methanol and Ethanol
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overall (AG = 9.3 kcal/mol); (b) a C—O bond cleavage of the
hemiacetal, 1-methoxyethanol, forming acetaldehyde and
methanol, as driven by entropy (eq 3), (c) the reduction of
acetaldehyde to ethanol by hydrogen, which is both exergonic
and exothermic, as expected (eq 4).'%"!

In the area of bifunctional catalysis,lz’13 seminal work
reported by Milstein and co-workers uses catalyst la for the
hydrogenation of methyl benzoate (5.3 atm, 115 °C) to achieve
a complete conversion to benzyl alcohol and methanol in 4 h,
with a turnover number (TON) of 100 (Chart 1).° Catalysts
1b'* and 1c'® that are structurally similar to 1a also gave good
activities in ester hydrogenation. Notably, complex 1c is the
first catalyst containing a functionalized N-heterocyclic
carbene'® for the efficient hydrogenation of esters at low H,
pressure (5.3 bar, 105 °C)."

Bifunctional catalysts 1d and 1h, containing a phosphine—
amine (P—NHR) linkage, have been reported by the Firmenich
and the Takasago groups as efficient catalysts for the
hydrogenation of esters.”'”'® Gusev and co-workers used
complex le—Ru bearing a pincer-type P-NH—N ligand in the
hydrogenation of alkenoates."® Its osmium(1I) analogue, le—
Os, was used in the hydrogenation of saturated triglycerides
giving cetyl and stearyl alcohols (Chart 1).*° Clarke and co-
workers recently reported a similar complex, 1f, containing a
pincer-type P-NH—NH, ligand for ester hydrogenation.”’ The
borohydride complex 1g also showed excellent activity in ester
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Chart 1. Ruthenium(IT)-Based Bifunctional Catalysts for the Hydrogenation of Esters: (a) Milstein-Type Complexes la to lc,
and (b) Complexes 1d to 2 Containing an “NH” Functionality
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hydrogenation.' Ikariya and co-workers showed that the piano- frequency of 838 h™' (catalyst to substrate ratio (C/S) =

stool complexes 1i** and 1j>® with a bidentate pyridyl—amine
ligand catalyze the hydrogenation of lactones and cyclic
carboxamides. The phosphine— amme analogue, however, has
poor activity in ester hydrogenation.”> Of note, most of these
catalysts use relatively high hydrogen pressure (up to SO atm) and
elevated temperatures (up to 100 °C) to achieve conversion of
the ester to the corresponding alcohols, although the
hydrogenation of fluorinated esters usmg catalyst 1d can be
achieved at 9 atm of hydrogen at 40 °C.® It is believed an “NH”
mechanism'>'**** might be respon51ble for the high activity
in ester hydrogenation that was observed.*'*?

The mechanisms of ester hydrogenation allowed by these
catalysts have received little experimental investigation. Bergens
and co-workers have observed the first intermediate by NMR
spectroscopy from the reaction of the “NH”-containing catalyst
1k and p-butyrolactone (Chart 1).%% There are also a few
computational studies on the dehydrogenative couphn§ of
alcohols and amides using the Milstein catalyst 1a,””**
reaction that is closely related to the hydrogenatlon of amldes
More recently, computational studies*”*° on the mechanism of
the hydro%enatlon of dimethyl carbonate to methanol using
catalyst 1a” have been reported.

We previously showed that complex 2, which contains an N-
heterocyclic carbene with a tethered primary-amine donor (C—
NH,), is an active catalyst for the hydrogenation of a variety of
ketones using molecular hydrogen under very mild reaction
conditions (8 bar, 25 °C, Chart 1).** Our studies showed that
an alcohol-assisted, outer-sphere bifunctional mechanism
accounted for the activity that was observed in ketone
hydrogenation."" Herein, we report our results for ester
hydrogenation using complex 2. This uses a moderate hydrogen
pressure (25 bar) and the reactions were carried out at a lower
temperature (S0 °C) than for other reported catalysts in ester
hydrogenation reactions. We also report the first computational
study of an outer-sphere bifunctional mechanism for ester
hydrogenation that utilizes the “NH” effect.

B RESULTS AND DISCUSSION

Ester Hydrogenation Catalyzed by Ruthenium Com-
plex 2. The reduction of methyl benzoate was studied first.>>
Complex 2 catalyzed the hydrogenation of methyl benzoate in
THE to benzyl alcohol and methanol to 78% conversion in 2 h
under 25 bar of H, pressure at 50 °C and in the presence of 8
equiv with respect to catalyst (C) of potassium tert-butoxide
(KO'Bu) as the base (B). This corresponds to a turnover
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1500). Catalysis proceeds at a slower rate at lower temperature
and H, pressure (Table 1, entries 1—2). The aforementioned

reaction conditions were used to extend our investigations to

Table 1. Hydrogenation of Esters Catalyzed by Complex 2

O (0] (0] (0]
CHBOJ\Q CH3O)KF ><OJ\ /\O)Kr
b c d
O OH 0] (0] 0]
CH;0 CHgowOCH3 /\oJko/\
e f
0 (&
0] 0]
@Eﬁo \/% o)
h i j
entry  ester conversion (%/h)® TON/time (h) TOF (h7})©
1 a? 10/2 23/3 352/3 67
2 a¢ 48/1 78/2 1170/2 838
3 b 61/1 98/4 1480/4 1200
4 c 7/1 36/4 540/4 144
S d 53/1 80/4 1230/4 1050
6 e S/1 6/4 88/4 f
7 f 8/1 14/4 205/4 f
8 g 16/17 187/17 f
9 h 72/1 96/4 1440/4 1510
10 i 22/1 32/4 474/4 402
11 j 36/1 42/4 635/4 501

“Reactions were carried out in a 50 mL Parr hydrogenation reactor at
25 bar of H, pressure at 50 °C using THF (6 mL) as the solvent, 2
(7.7 pumol) as the catalyst, KOBu (59 pmol) as the base, and the
correspondmg ester (1.16 M) as the substrate. The C/B/S ratio was
1/8/1500. bConversions of the esters were determined with n-
tridecane as an internal standard for GC analysis and were reported as
an average of at least two runs. The identities of the alcohol products
were determined by 'H and *C NMR in CDCl,. Determlned from
the slope of the linear portion in the reaction profile. 9Reaction was
carried out at 25 °C. See ref 32. “Reaction was carried out at 50 °C.
See ref 32. TOF not measured.
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other esters and lactones in the present work. Of note, esters
that are formed from the transesterification of the product
alcohols were not observed.®

Aliphatic esters such as methyl pivalate (b) and ethyl
isobutyrate (d) were hydrogenated efficiently to their
corresponding alcohols in 98% and 80% conversions in 4 h,
respectively. TOF values of 1200 and 1050 h™" were achieved
for these substrates. These esters have bulky groups attached
adjacent to the carbonyl functionality. On the other hand, tert-
butyl acetate (c) was hydrogenated much more slowly than b
and d, giving a conversion of 36% and a TOF value of 144 h™".
This has a bulky group attached to the ester oxygen (entries 3—
S). These observations were studied further by computational
studies (see below).

The hydrogenation of methyl benzoates substituted at the
phenyl group, on the other hand, is challenging. The
hydrogenation of methyl salicylate (e) and dimethyl
isophthalate (f) gave poor TON values (88 and 205,
respectively) in 4 h. The latter gave an approximate 1 to 1
ratio of a mixture of 1,3-benzenedimethanol and 1-methyl-3-
(hydroxymethyl)benzoate as the products (entries 6 and 7).

The hydrogenation of diethyl carbonate (g) was tested, as
well. This gave methanol and ethanol as the major products in
17 h with a TON value of 187 (entry 8). This has a lower
activity than that of complex 1a (TON = 910 in 8 h based on
ethanol)*' and a much lower one than the hydrogenation of
dimethyl carbonate catalyzed by the hydrido—amido complex
of 1e—=Ru (TON = 1700 in 5.7 h);'® on the other hand, these
two systems utilize higher temperatures and hydrogen
pressures.lg’31

A series of lactones were tested for hydrogenation reactions
using complex 2 as the catalyst. Phthalide (h) was hydro-
genated to 1,2-benzenedimethanol in 96% conversion in 4 h
with a TOF value of 1510 h™". This represents much greater
catalytic activity than for complex 1j (TON = 89 in § h, at 50
atm and 100 °C).>* The aliphatic lactones i and j were
hydrogenated to their corresponding diols as the only products,
confirmed by "H and *C NMR spectroscopy, with TOF values
of 402 and 501 h™', respectively (entries 9—11). Of interest, the
lactone j, which contains a methyl group at the a-carbon
position adjacent to the ester functionality, was hydrogenated
faster than i, which lacks such a methyl group.

The reaction profile for ester hydrogenation was sigmoidal
with variable induction periods, depending on the substrate of
interest (Figure 1). This observation was similar to ketone
hydrogenation catalyzed by complex 2'"** and some other
ketone hydrogenation catalysts. Such an observation was
attributed to an alcohol-assisted mechanism in which the
alcohol product acts as a proton shuttle to aid in the heterolytic
splitting of the 7*-H, ligand.""*** In the case of the
hydrogenation of aliphatic lactones (y-caprolactone (i), for
example, Figure 1), the reaction profile plot plateaus at around
30% conversion, at which point the TOF decreases.

Computational Studies of an Outer-Sphere Bifunc-
tional Mechanism for Ester Hydrogenation. We propose,
on the basis of the results of our calculations by DFT methods,
an outer-sphere bifunctional mechanism for ester hydro-
genation catalyzed by complex 2. The M06>**° functional
was used because this was shown to give better predictions of
geometric parameters in organometallic compounds.*>*°
Solvent correction (THF) was made to the gas-phase-
optimized structures using the integral equation formalism
polarization continuum model (IEF-PCM)*”** with radii and
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Figure 1. Reaction profiles showing the hydrogenation of methyl
benzoate (a, in red) and y-caprolactone (i, in blue) catalyzed by
complex 2 in THF at 25 bar of H, pressure and S0 °C in the presence
of KO'Bu as the base. The C/B/S ratio was 1/8/1500.

non-electrostatic terms from Truhlar’s SMD solvation model.*

A reaction of the precatalyst 2 with KO'Bu is assumed to afford
a ruthenium(IT) amido complex in the catalyst activation step.''
The catalytic cycle (Scheme 2) then follows, which consists of

Scheme 2. Proposed Mechanism for the Outer-Sphere
Bifunctional Mechanism for Ester Hydrogenation

t.
RCH,0H _ 2"

stepD R R\ 0-—Ru CHs R 2w CH
A h H Ru M3
+ROH Y [ *N “N
>\ovH—,N N RO/QO-H---;I\II f
Step C H [ H

four important steps: (1) the activation of H, by the ruthenium
amido complex (step A);"'"*> (2) the transfer of the
bifunctional Ru—H/N—H pair from the ruthenium hydride-
amine complex to an ester in the outer-sphere via a 6-
membered ring transition state, forming a hemiacetal molecule
(step B); (3) ruthenium-assisted cleavage of the C—O bond of
the hemiacetal coupled with proton transfer from the hydroxyl
oxygen to the amido nitrogen via a 6-membered ring transition
state (step C);*° (4) regeneration of the ruthenium hydride—
amine complex and the reduction of the aldehyde in the outer-
sphere via a similar transition state (step D). This is given in full
detail in the Supporting Information. The 77°-pentamethylcy-
clopentadienyl ligand was simplified to an 7°-cyclopentadienyl
(Cp) ligand to ease computation. Methyl acetate was used as
the model substrate unless otherwise stated.

Activation of H, (Step A). At the initial stage of reaction
(step A in Scheme 2), the amido complex A activates a
hydrogen molecule via coordination to ruthenium (TS,pg),

dx.doi.org/10.1021/cs300619q | ACS Catal. 2013, 3, 32—40
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Scheme 3. Activation of H, Starting from the Amido Complex A®
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“Step A in Scheme 2. The gas phase and the solvent-corrected free energies (M06/1 atm, and THF, 298 K) are given in parentheses (kcal/mol)
relative to A and H,. The calculated bond lengths (A) and the imaginary vibrational frequencies (cm™) are given in the structures TS ap and TS ¢

Scheme 4. Bifunctional Addition of a Hydride/Proton Pair across the Carbonyl Group of Methyl Acetate Starting from the

Hydride Complex C*
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“Step B in Scheme 2. The gas phase and solvent-corrected free energies (M06/1 atm, and THF, 298 K) are given in parentheses (in kcal/mol)

relative to C and methyl acetate.

forming B, which contains an 5*H, ligand. Subsequent
heterolytic splitting of the n>-H, ligand across the ruthe-
nium—amido bond (TSgc) leads to the hydride—amine
complex C (Scheme 3). The solvent-corrected free energy
barriers (AG*1yg) for the coordination and heterolytic splitting
of hydrogen are 16.1 kcal/mol (AH*1yr = 7.6 kcal/mol) and
18.0 kecal/mol (AH 1y = 9.6 kcal/mol), respectively, starting
from the model amido complex A and hydrogen. The gas phase
free energy barriers for the coordination and the heterolytic
splitting of hydrogen are similar (15.8 and 16.3 kcal/mol,
respectively). These results are similar to our previous
calculations using the MPWIPW91 functional."' Of interest,
the hydride—amine complex C is —4.7 kcal/mol more stable
(AGryr = —7.9 kcal/mol) than the amido complex A and
hydrogen (AG(MPW1PW91) = —8.8 kcal/mol).
Bifunctional Addition of a Hydride/Proton Pair Across
the Carbonyl Group of Methyl Acetate (Step B). The
hydride—amine complex C that forms from the heterolytic
splitting of H, at the amido complex A transfers its bifunctional
Ru—H/N—H pair to methyl acetate in the outer-coordination
sphere via a 6-membered ring transition state, involving
hydrogen bonding of the N—H group with the oxygen of the
ester, and an attack of the carbonyl carbon by the Ru—H group
(step B in Scheme 2). A transition state search reveals only one
structure, TSp 5. The solvent-corrected, free energy barrier on
going from C and methyl acetate to such a transition state is
22.3 kecal/mol. The final product, E, which consists of the
amido complex A and a (§)-1-methoxyethanol molecule
hydrogen-bonded through its hydroxyl oxygen to the amido
nitrogen, is 0.9 kcal/mol lower than TSy (Scheme 4). This
results from a re face attack by the Ru—H bond on the carbonyl
group of the ester. The solvent-corrected, free energy barrier to
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reach to a similar transition state (TSp ') as a result of a si face
attack by the Ru—H bond is 22.2 kcal/mol.

The structure TSpy is a late transition state involving a
proton transfer step’’ "> (v = 1040i cm™') from the amine
nitrogen to the carbonyl oxygen of methyl acetate (N—H2 =
1.19; Ru—H1 = 193 A, Figure 2, top). The structure TSpx'

Figure 2. Computed transition state structures for the hydrogenation
of methyl acetate (TSp g, top) and for the ruthenium(II)-assisted C—
O bond cleavage of 1-methoxyethanol (TSgg, bottom). The color
codes for the atoms are ruthenium (orange), nitrogen (blue), oxygen
(red), carbon (gray), and hydrogen (white). Selected bond distances
(A): TSp g, Ru—Cl, 2.04; Ru—N1, 2.12; Ru—H1, 1.93; C2—HI, 1.21;
N-H2, 1.19; O1-H2, 1.29; C2—01, 1.31; C2—-02, 1.42; TSy, Ru—
Cl, 2.05; Ru—N1, 2.17; Ru—02, 2.31; N—H2, 1.20; O1-H2, 1.29;
C2-01, 1.32; C2—02, 1.52.

dx.doi.org/10.1021/cs300619q | ACS Catal. 2013, 3, 32—40
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also has similar geometric parameters (v = 939i cm™, see the
Supporting Information, Figure S1). An intrinsic reaction
coordinate (IRC) calculation on the forward reaction from D to
TSpr shows an absence of a local maximum in the reaction
profile. This suggests that a transition state structure of a
hydride transfer step is likely to be situated on a flat potential
energy surface (PES, see Figures SS and S6 in the Supporting
Information).**~* In addition, the presence of a saddle point
in the reaction profile shows that an ion-pair structure
containing an agostic interaction of the C—H bond (C—H1
~ 1.32; Ru—H ~ 1.86 A) of I-methoxyethoxide with the
ruthenium center'”'"*"* is likely to be present as a short-lived
intermediate during the course of the reaction. All of these are
indicative of a concerted, asynchronous bifunctional mecha-
nism*' in ester oydrogenatlon, as observed in ketone
hydrogenation.****

Explanation of a Steric Effect in Ester Hydrogenation.
We have also computed similar transition states for such a
proton transfer step starting from methyl pivalate and tert-butyl
acetate as the substrates. These results are summarized in
Figure 3 and Table 2. The steric effect for non-transition metal-

= =
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u 212’(
1310128H12/° J
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1:\ 130 119/z1f(J 131\ 431, 118 212(-7
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1017i cm’ H 951'°m(ﬁ b
TSp,E(TBA) TSprBA)

(Re-face attack) (Si-face attack)

Figure 3. Computed transition state structures for the hydrogenation
of methyl pivalate (TSpgp), top) and of tert-butyl acetate
(TSp,e(rea)y bottom). The calculated bond lengths (A) and the
imaginary vibrational frequencies (cm™) are given in the structures.

Table 2. Computed Solvent-Corrected Energy Barriers for
the Proton Transfer Step Involving a Bifunctional Ru—H/
N—H pair of Complex C and Esters of Interest

(0] (0] (0]
CH3OJ\F ><0J\ \O/U\
b c h
transition AGH g AH AE
entry ester states (kcal/mol)“ (kcal/mol)® (kcal/mol)“
1 b TSprom 213 114 137
2 b TSpyw) 19.7 10.1 13.0
3 ¢ TSprrsa) 266 15.1 17.5
4 ¢ TSprsa) 255 142 17.0
5 h TSpe 223 115 139
6 h TSy 222 11.0 13.1
“Measured relative to C and the corresponding ester. YMeasured

relative to D. “Electronic energy. Measured relative to D.
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catalyzed ketone hydrogenation has been studied computa-
tionally.*” When a bulky tert-butyl group was attached adjacent
to the carbonyl functionality (b), the solvent-corrected energy
barriers (AG¥ryp, AH*yp, and AE ;) were smaller relative
to those of methyl acetate (entries 1, 2, S and 6). On the other
hand, the barriers were larger starting from ester ¢, in which a
tert-butyl group is now attached to the ester oxygen (entries 3—
6). These observations explain our experimental findings as
described above. Of interest, the free energy barriers as a result
of a si face attack on the carbonyl group by the metal hydride
via TSpy' are about 1 kcal/mol smaller for esters b and c.
These have an OR group (R = methyl, tert-butyl) pointing away
from the metal center and the N—H functionality.

A direct comparison of the solvent-corrected ground state
free energies (AGryp) of the substrates (CgH;,0,) b (methyl
pivalate) and c (tert-butyl acetate) reveals that c is 6.7 kcal/mol
more stable than b. In fact, the ground state free energy of ethyl
isobutyrate (d from Table 1) was calculated to be 2.9 kcal/mol
more stable than b. It appears the relative stability of the ester
substrates has a significant impact in contributing to the
difference in barrier heights that was computed; thus, the
difference in rates of hydrogenation that was observed
experimentally. In fact, the transition state energies (G, H,
and E as listed in the Supporting Information Table S2) of
TSp gmp) and TSp g(ra) (or TSp gmp)’ and TSD,E(TBA),) have
values within ~1—2 kcal/mol of each other.

Effect of Conformational Differences in Ester Hydro-
genation. We also investigated the effect of the alkoxy group
of the ester that is either syn- or anti-coplanar to the carbonyl
functionality to the energy barrier for bifunctional addition of
an H'/H™ pair across a carbonyl group of the ester as a result of
free rotation about the C—O bond. We have considered a syn-
coplanar conformation of the alkoxy group of all of the esters
throughout (vide supra). The discussion of the anti-coplanar
conformation will be given here. The solvent-corrected free
energy barrier for the hydrogenation of methyl acetate (h) via a
re face attack by the Ru—H bond on the carbonyl group
(TSp g antw Figure 4) is 24.8 kcal/mol, but it requires 25.3 kcal/
mol to reach to a similar transition state (TSp ' .. Figure 4)
as a result of a si face attack by the Ru—H bond. These free
energy barriers include the difference in ground state energies
of syn and anti conformers of methyl acetate, for which the
latter is 4.2 kcal/mol higher than its syn configuration. On the
other hand, the geometric parameters of all of these transition
states are strikingly similar (Figure 4). Of particular interest, the
transition state structure TSpy ,nq is the only transition state
that has a methoxy group of the ester directed toward the
coordinated 7°-Cp ligand (Figure S). It is expected that the
barrier height for an analogous transition state for tert-butyl
acetate (c) will be much higher because of the steric interaction
of the tert-butyl group with the coordinated #°-Cp ligand.

In fact, a comparison of the solvent-corrected ground state
energies of the esters b, ¢, and h reveals that esters with the
conformation anti-coplanar to the carbonyl functionality are
always higher in energies (AGryp, AHryp, and AEpyg) than
their syn conformers. The free energies are 10.8 and 6.5 kcal/
mol higher for anti-methyl pivalate (b) and anti-tert-butyl
acetate (c), respectively, compared with their syn conformers.
Although steric repulsion of the alkoxy group of the ester with
the 77°-Cp* ligand is one factor that contributes to the increase
in barrier height, it is apparent that the barrier height at such a
transition state is dependent on the ground state energies of the
ester substrate. Because the alkoxy group can undergo

dx.doi.org/10.1021/cs300619q | ACS Catal. 2013, 3, 32—40
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Figure 4. Computed transition state structures for the hydrogenation
of methyl acetate (TSpg) with a methoxy group of the ester syn-
coplanar (above) or anti-coplanar (below) to the carbonyl group. The
calculated bond lengths (A) and the imaginary vibrational frequencies
(cm_l) are given in the structures.

conformational change at its ground state as a result of free
rotation of the C—O bond in solution, it is expected that
catalysis should proceed with the lowest energy pathway,
therefore, starting from the ester in a syn-coplanar
conformation.

Ruthenium-Assisted Cleavage of the C—O Bond of a
Hemiacetal Coupled with Proton Transfer (Step C). The
hydrogen-bonded 1-methoxyethanol molecule in structure E
(Scheme S) undergoes a rearrangement reaction in which the
methoxy oxygen is in close proximity to ruthenium. This leads
to a transition state structure TSy, which is 4.8 kcal/mol uphill
(AG¥rye) compared with E (AH ue = 3.0 kcal/mol). This
structure shows a ruthenium-assisted cleavage of the C—O
bond in 1-methoxyethanol (step C in Scheme 2), coupled with

a proton transfer from the hydroxyl oxygen to the amido
nitrogen, in a 6-membered ring transition state (v = 869i cm™’,
C2—02 = 1.52; N—H2 = 1.20 A; Figure 2, bottom). This forms
a ruthenium—methoxide complex (F) with a hydrogen-bonded
acetaldehyde through the N—H group, which is 5.8 kcal/mol
downhill (AGryg). The loss of acetaldehyde and methanol
regenerates the amido complex A (Scheme 5).%8 Wang and co-
workers have modeled a similar transition state structure
involving a proton transfer step during the C—O bond cleavage
of a hemiacetal catalyzed by complex 1a.*® An IRC calculation
on TS reveals that this is a concerted, synchronous reaction
involving C—O bond cleavage of the hemiacetal and a proton
transfer from the O—H bond to the amido nitrogen (see
Figures S7 and S8 in Supporting Information).

Of interest, Li*” and Wang28 have calculated a transition state
structure for the C—O bond cleavage and a proton transfer step
of 2-methoxy-1-(methoxymethoxy)ethanol (hemiacetal of
methoxymethyl 2-methoxyacetate) catalyzed by the same
hemiacetal molecule in a 6-membered ring transition state.
These have higher energies in comparison with our calculations
for a ruthenium-assisted C—O bond cleavage
(AG*(TPSSTPSS) = 29.4 kcal/mol; AH*(TPSSTPSS) = 17.7
keal/mol;*® AG¥*(B3LYP) = 27.9 kcal/mol””). It is likely that a
transition-metal catalyzed reaction takes place during the course
of the reaction as this provides a more feasible energy pathway.

B CONCLUSIONS

In conclusion, we report the catalytic activity and substrate
scope for the hydrogenation of esters catalyzed by complex 2
containing an NHC-amine (C—NH,) ligand. This uses a
moderate hydrogen pressure (25 bar) and the reactions are
carried out at a lower temperature (50 °C) than those of other
reports. Our studies show that a concerted, asynchronous
bifunctional mechanism for ester hydrogenation, via a six-
membered ring transition state involving hydrogen-bonding
interaction of the carbonyl oxygen of the ester and the N—H
group, is operative. The calculated energetics of the catalytic
cycle (steps A—C in Scheme 2) for the hydrogenation of
methyl acetate to acetaldehyde and methanol are summarized
in Figure 6: the rate-determining step in this cycle appears to be
the transfer of a Ru—H/N—H pair from C to the carbonyl
group of methyl acetate in a 6-membered ring transition state
(TSpg). This has a solvent-corrected, free energy barrier

TS

D,E-anti

Figure S. Computed transition state structures for the hydrogenation of methyl acetate via a re face (TSp g 4q) OF a si face attack (TSp g ) by the
ruthenium hydride. The methoxy group of the ester is anti-coplanar to the carbonyl functionality. The color codes for the atoms are ruthenium
(orange), nitrogen (blue), oxygen (red), carbon (gray), and hydrogen (white). Selected bond distances (A): TSp g oo Ru—C1, 2.04; Ru—N1, 2.12;
Ru—HI, 1.93; C2—HI, 1.21; N-H2, 1.17; O1-H2, 1.31; C2—01, 1.30; C2—02, 1.43; TSp 5’ 1oy Ru—Cl, 2.04; Ru—N1, 2.12; Ru—H], 1.94; C2—

HI1, 1.18; N—H2, 1.19; O1-H2, 1.31; C2—01, 1.31; C2—02, 1.45.
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Scheme 5. Ruthenium-Assisted Cleavage of the C—O Bond Coupled with a Proton Transfer Step in 1-Methoxyethanol Starting

from the Complex E*
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“Step C in Scheme 2. The gas phase and solvent-corrected free energies (M06/1 atm, and THF, 298 K) are given in parentheses (kcal/mol) relative

to E.
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Figure 6. The energy profile for outer-sphere bifunctional mechanism in the hydrogenation of methyl acetate to acetaldehyde and methanol (steps
A, B, and C in Scheme 2) starting from the amido complex A, H,, and methyl acetate and moving to the right. The blue pathway shows the gas phase
free energies (AG, 1 atm, 298 K), and the red pathway shows the solvent-corrected free energies (THF, 298 K). All of the free energies are reported

relative to A, H,, and methyl acetate, in kcal/mol.

(AG*5) of 22.3 keal/mol for a re face attack by the Ru—H
bond, or 22.2 kcal/mol for a si face attack. This is an enthalpy
driven process. The ruthenium-assisted cleavage of the C—O
bond coupled with a proton transfer step starting from E is
associated with a small free energy barrier (AG 1y = 4.8 kcal/
mol). This is, on the other hand, an entropy-driven process.
According to our calculations, the difference in rates of
hydrogenation with esters of different steric bulk is attributed to
the difference in ground state energies of the esters, which in
turn contributes to the barrier height of such bifunctional
transition states. We suggest that the ground state energies of
the different conformers of the ester (syn- or anti-coplanar)
contribute to the barrier height for ester hydrogenation. This
study will contribute to the expanding research areas that
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1nclude coupling reactions using hydrogen borrow method-
ology, and the hydrogenation of other polar double bonds,
such as those of organic carbonates.””*°

B EXPERIMENTAL SECTION

Catalysis. Details are found in the footnotes of Table 1 and
in the Supporting Information.

Computational Details. All density functional theory
(DFT) calculations were performed using the Gaussian 09
package with the M06>*** functional. This was shown to give
better predlctlons of geometric parameters in organometallic
compounds.*>*® Ruthenium was treated with the SDD*"*>
relativistic effective core potential and an associated basic set.
The keywords 6d and 10f were used to specify the use of
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Cartesian d and f functions. The 10f polarization function was
given the exponent of 1.24, obtained from a study by Frenking
and co-workers.>®> All other atoms were treated with the
double-{ basis set 6-31++G**, which includes diffuse func-
tionals®**> and additional p-orbitals on hydrogen as well as
additional d-orbitals on carbon, nitrogen, and oxygen.56 All
geometry optimizations were conducted in the gas phase, and
the stationary points were characterized by normal-mode
analysis. Reported free energies were obtained at 1 atm and
298 K using unscaled vibrational frequencies. All transition
states reported were found to have a single imaginary
frequency. Solvent correction (THF) was made thereafter to
the gas-phase-optimized structures using the integral equation
formalism polarization continuum model (IEF-PCM)>"*® with
radii ar;cgl non-electrostatic terms from Truhlar’s SMD solvation
model.

B ASSOCIATED CONTENT

© Supporting Information

Details for catalysis, Cartesian coordinates, energies for all of
the computed structures, the complete citation for reference 50
(PDF), and AVI files giving animations for loose vibrations
characterizing the computed transition states. These material
are available free of charge via the Internet at http://pubs.acs.
org.
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