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Abstract: The mechanism of the Ru(arene)(amino alcohol)-catalyzed transfer hydrogenation of ketones using
isopropyl alcohol as the hydrogen source has been studied by means of hybrid density functional methods
(B3PW91). Three mechanistic alternatives were evaluated, and it was shown that the reaction takes place via
a six-membered transition state, where a metal-bound hydride and a proton of a coordinated amine are transferred
simultaneously to the ketone. Further calculations provided a general rationale for the rate of the reaction by
comparison of steric effects in the ground and transition states of the ruthenium hydride complex. It was
found that the TS has a strong preference for planarity, and this in turn is dependent on the conformational
behavior of the O,N-linkage of the amino alcohol ligand. Finally, a general model, rationalizing the
enantioselectivity of the reaction, was developed. Experimental studies of both rate and enantioselectivity
were used in order to support the computational results.
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Ru-Catalyzed Transfer Hydrogenation of Ketones
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Figure 1. Three different mechanistic alternatives for metal-catalyzed
transfer hydrogenation.

the 6-31H#G** basis set for all atoms except for ruthenium,
where SDD augmented with one f-polarization function was
used (BSIII). An optimized f-polarization function was obtained
by minimizing the BSPW91 energy of the free atom in the’s
ground state, resulting in an exponent of . Hessians and
zero-point corrections were calculated for some selected points
using B3PW91/BSI. Solvation free energies were calculated in
Gaussian 98 using the PCM metRédvith parameters for
ethanol together with B3PW91 and SDD for ruthenium and
6-31G* for other atoms.

To facilitate the computational part of this study, the small
2-aminoethanol was used as ligand in the mechanistic study,
whereas the 2-azanorbornyl-3-methanol ligands were used in

the part where the kinetic aspects and the selectivity process

were studied. The bicyclic ligands are well-suited for compu-
tational investigations due to their rigidity and their minimal
conformational freedom.

Results and Discussion

I. Mechanism. Mechanistically, metal-catalyzed transfer
hydrogenations may be divided into three main categorid$: (
direct transfer of am-hydrogen of an alcohol to the carbonyl
carbon of a ketoneB) migratory insertion (MI) of a coordinated
ketone into a metal hydride bond, &)(a concerted mechanism
where a proton and a hydride are transferred simultaneously to
the ketone, analogous to HANH reductions of unsaturated
systems (Figure ¢ Transfer hydrogenation reactions involving
a mild hydrogen donor such as isopropyl alcohol impose certain
restrictions on the reaction thermodynamics. Since the reduction
of acetophenone bitPrOH is almost thermoneutré,a very
narrow energetic window is available for all involved intermedi-
ates not to inhibit the reaction. Thermodynamically well
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Scheme 1.Mechanistic Proposal Involving a Direct Transfer
of a Hydride, TS A
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tone, is the generally accepted mechanism for aluminum(lll)-
catalyzed MeerweinPonndorf-Verley reduction of ketone¥.

It is also the presumed mechanism of the iridium(l)-catalyzed
transfer hydrogenation of keton®sA mechanism such aB

has been invoked in the analogous rhodium(l) reaétigrand

has also been suggested to be the mechanism for some
ruthenium(ll)-catalyzed transfer hydrogenations using ligands

balanced reaction steps are thus crucial for the catalyst turnoverother than arenég.Recently, Noyori et al. proposed a concerted

rate, and all reactions should be close to thermoneutral.
A mechanism such a&, involving a direct transfer of a hy-
dride from a metal-coordinated alkoxide to a coordinated ke-
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mechanism of typeC for the reduction of ketones by Ru(ll)
arene complexes with bidentate amino alcohol or amino
sulfonamide ligand®, a conclusion based on experimental
observations. To assign confidently a mechanism to the title
reaction, we examined all three alternatives.

Direct Transfer of a Hydride: Mechanism A. A mecha-
nistic proposal involving a direct transfer of a hydrideS(A)
is depicted in Scheme 1, and the energies of the stationary points
on the potential energy surface (PES) are given in Table 1. The
geometry ofTS A is shown in Figure 2.

The catalytic cycle hypothesized in Scheme 1 starts with the
formation of a very stable isopropoxyruthenium compl8x,
The transition state for the formation of this intermediate could
not be located, and optimizations starting from a loosely
coordinated isopropyl alcohol resulted in a barrierless proton
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Synthesis1994 1007.

(15) Zassunovich, G.; Bettella, R.; Mestroni, G.; Bresciani-Pahor, N.;
Geremia, S.; Randaccio, . Organomet. Chen1989 370, 187.

(16) Bernard, M.; Guiral, V.; Delbecq, F.; Fache, Sautet, P.; Lemaire,
M. J. Am. Chem. S0d.998 120, 1441.

(17) Bakvall, J.-E.; Chowdhuri, R. L.; Karlsson, U.; Wang, G. Z. In
Perspecties in Coordination ChemistryWilliams, A. F., Floriani, C.,
Merbach, G., Eds.; Verlag Helvetica Chimica Acta: Basel, Switzerland,
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Table 1. Potential Energy Surface of the Reaction Shown in
Scheme 1 (kcal/mol)

relative energy

species BS | BS I BS 1l
2 6.3 3.7 3.3
2-i-PrOH® 0.0 0.0 0.0
3 —10.3 -7.8 -5.8
4C
TSA 11.7 15.0 30.8

2The basis sets are described in Computational Details. ZPE
corrections were calculated at B3PW91/BS A hydrogen-bonded
molecular complex¢ This specieswas found to be a nonstationary point
on the PES.

1.366A

1.257A

Figure 2. The lowest transition state for a direct transfer of a hydride
from the hydrogen donor alcohdiS A (B3PW91/BS ).

transfer to the amide nitrogen. The next step in the reaction,
according to the proposal in Scheme 1, is coordination of a
ketone to the ruthenium. In our attempts to fimecomplexes

Alonso et al.

not located in the study. Subsequéghtlimination viaTS B
(Figure 3) leads to ruthenium hydriéewith az-bound ketone.
Energetically, both thg-agostic intermediaté and the TS for

the Ml/g-elimination TS B) were found to be rather high in
energy compared to the hydrogen-bonded molecular complex
2-i-PrOH.1° As seen in Table 2, the change in coordination
from n®-benzene toj>-benzene is unfavorable and also shows
a rather large basis set dependence. Apparently, polarization
functions are needed in order to describe #mergyof this
change in hapticity.

Concerted Transfer of both a Proton and a Hydride:
Mechanism C. This mechanism has recently been proposed
by Noyori and involves only two different ruthenium complexes
connected by a single transition state (SchenteT3je TS was
difficult to locate for the smallest systems used in this study,
and the PES aroun@dS C was found to be flat. A frequency
calculation showed one imaginary frequency as expected for a
TS (Figure 4). An IRC calculation supports the conclusion about
the flat shape of the PES and the characterization of the
stationary point as a TS. The energies are shown in Table 3.
The activation energy found for this reaction pathway was only
12.9 kcal/mol, and the conclusion is that the reaction takes place
in this manner and not via a migratory insertion or a direct
hydride transfer.

Mechanistic Conclusions.The hydride transfer step in the
three different mechanisms described above differs significantly
in energy. The activation energies 86 A—C were found to
be 30.8, 20.1, and 12.9 kcal/mol, respectively. On the basis of
these energies, mechanisthsand B could both be ruled out.
Some transition states and intermediates remain to be identified
for these two mechanisms, but irrespective of the energies of
those, the actual hydride transfer step will always inhibit these
pathways. Thereby, the mechanigDy initially proposed by
Noyori, can confidently be assigned to the Ru(arene)(amino
alcohol)-catalyzed transfer hydrogenation of ketones.

Il. Kinetics. A large range of different ligands has been
evaluated in the Ru(arene)-catalyzed transfer hydrogen&tion.
Among these, the aminoethanol-based ligands resulted in the

of this type,, all structures were optimized to geometries where |oqaqt igand acceleratidfabut the rates depend critically on

the benzene ligand is relf_eased. We could n_evertheless chate e specific structure of the ligand. As for the bicyclic ligand
TS for the proposed hydride transfer as a high-energy point ong {he rate is highly dependent on the substitution pattern of

the PES. Whether this TS couples ta-sor g-acetone complex

the carbinol carbofTo understand how steric factors influence

or to a complex where the acetone is expelled was not evaluatedo rate of the reaction. we decided to study this both by

Earlier studies have shown that the stereochemical outcome of,

the reaction is independent of the chirality of the hydrogen
donor®® This strongly suggests that a mechanism involving a
direct transfer of a hydride is not operative in this reaction. In
addition to the very high energy found fofS A, this
mechanistic alternative can confidently be ruled out. The
increase in energy ofS A is in part due to a better description
of the ground-stateg®-coordinated benzene, using a polarized
basis set such BSIII.

Migratory Insertion of a &-Bound Ketone into a Metal
Hydride: Mechanism B. A mechanistic proposal based on a
migratory insertion step is shown in Schen2 , and the
corresponding PES is given in Table 2.

Also in this case, the reaction starts by formation of the stable
isopropoxy ruthenium compleX The next step in the reaction
is slippage of the arene ligand fropf to 52 allowing the
formation of an agostic interaction between tidaydrogen of
the alkoxide and rutheniun®).18 The TS for this process was

(18) Complexegt and5 could potentially formy*-benzene complexes.
All attempts to locate such species resulted, however, in the formation of
less strainedy?-coordinated benzene complexes. In compleixe8 and6,
the benzene ligand was found to h&coordinated.

experiment and by means of quantum-chemical calculations.
The activation energies of hydrogen transfer were calculated
using TS C and four different amino alcohol ligands (Figure
5) in combination with benzene or dimethylbenzene (DMB) as
the arene ligands. In addition to the computational study, rates
were measured by means of spectrophotometry for the reactions
catalyzed by the bicyclic liganélin combination with benzene,
p-cymene, and hexamethylbenzene (HMB) as the arene ligands.
The rate was also measured for {reymene-based catalysts
of ligands 10 and 11, where a methyl substituent has been
introduced at the carbinol carbon. The results are shown in Table
4, and an illustration showing the decay of the acetophenone
absorption is given in Figure 6.
Effects on the Rate due to Arene Substitution.Experi-
mentally, we found transfer hydrogenations using lig8raahd
benzene troublesome to perform and the results were vaffable.

(29) In the study of both mechanismdsand B, a number of different
configurations around ruthenium were evaluated in order to find the lowest
energy pathway.

(20) The ruthenium complex of 2-aminoethanol and benzene has been
shown to be very labile and tends to decompose during the reaction. This
reaction has earlier been reported to have a TOF of 227%h
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Scheme 2.Mechanistic Proposal Involving a Migratory Insertion ofreBound Ketone into a Metal Hydride
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Table 2. Potential Energy Surface of the Reaction Shown in Scheme 3.Catalytic Cycle of the Mechanism Involving a
Scheme 2 (kcal/mol) Concerted Transfer of both a Proton and a Hydride
relative energy (MechanismC)
species BSI BSII BS Il <O
2 7.3 8.3 6.1 'tLCI
2--PrOH® 1.0 4.6 2.8 ol
3 -8.7 -6.9 -1.2 2
5 9.2 16.3 23.6
TSB 10.8 16.1 20.1
6 9.2 8.7 14.2
7-acetoné 0.0 0.0 0.0 <O
7 7.4 10.3 6.3 R =
2The basis sets are described in Computational Details. ZPE R.>—OH O\ /NH >»OH

corrections were calculated at B3PW91/BS° Hydrogen-bonded
molecular complexes.

TsC

2
R oVl
(N

ligand (Table 4, entries 3 and 5), whereas the 1,4-disubstituted
p-cymene complex (entry 4) shows a rate similar to that for the
benzene complex.

Effects on the Rate due to Substitutions at the Carbinol
Carbon. A set of calculations was performed on different
conformations of both the ruthenium hydride and the corre-
sponding pro-§)-TS. The results are illustrated graphically in
Figure 7, 9, and 10 (vide infra). Starting with the ruthenium
hydride complexes of ligand®8—11, these were all found to
exist in two different conformations, denotedand /3 in the
This ligand combination was nevertheless used in the compu-following text. Either the carbinol carbon is pointing toward
tational part of the study in order to enable an evaluation of the the hydride &) or it is pointing away from the hydrides). All
effects of arene substitution. As seen in Table 4, entries 1 andruthenium hydride complexes showed a preference for the
2, the calculations indicate that arene substitution at positions a-conformation possibly due to a more favorable binding to
facing the ketone should lead to an increase in the activation ruthenium (Figure 7). It was found that the relative energies
energy of hydrogen transfer. This effect is observed experi- between thea- and g-conformations are very sensitive to
mentally for ligand9 when benzene is exchanged for a HMB substitution at the carbinol carbon. When even such a small

Figure 3. The lowest transition state found involving a migratory
insertion, TS B (B3PW91/BS I).
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Table 4. Rate Constants for Hydrogen Transfer to Acetophenone
and Calculated Activation Energies Relative to the Corresponding
Ruthenium Hydride Complex 7AE, B3PW91/BS 111//B3PW91/

BS 1)
1000 AE*¢ (kcal/mol)
entry ligand (min1) BS| BS I BS Il

1 8+benzene 4.0 3.6 7.7
2 8+DMB 5.2 5.0 10.6
3 9+benzene ca. 29 4.6 4.6 8.0
4 9+p-cymere 30

5 9+HMB 9

6 10+p-cymeng 70 3.1 2.8 5.7
7 11+p-cymend 17 8.0 7.6 11.5

aIn entries 6 and 7 benzene was used in the calculatiofise
pseudo-first-order rate constants are given assuming a steady-state
concentration of the ruthenium hydride complex. The catalyst in entry
7 shows an initial zero-order rate dependence, and the first-order fit
was done in the final interval starting from 150 mfrfThe energies
refer to the formation of the major isomer of 1-phenylethanol, i.e., the
Sisomer.? The enantiomeric excess achieved in the reaction in entry

Figure 4. Concerted transfer of both a proton and a hydritig,C 6 using ligandl0 was 93.5%, and the ee in the reaction catalyzed by
(B3PW91/BS ). ligand 11 in entry 7 was 85%.
Table 3. Potential Energy Surface of the Reaction Depicted in 1.2
Scheme 3 (kcal/mol) 1
relative energy 1
species BSI BS I BS 1 0.9
2 7.3 8.3 6.1 .08 11
2-i-PrOH®P 1.0 4.6 2.8 S 07
TSC 9.8 12.3 12.9 <o 9
7-acetoné 0.0 0.0 0.0 0.6
7 7.4 10.3 6.3 05 10
aThe basis sets are described in Computational Details. ZPE 0.4 4
corrections were calculated at B3PW91/BS° Hydrogen-bonded
molecular complexes. 0.3 i T
0 100 200
Time (min)
L—~0H OH Figure 6. Kinetic traces for the reduction of acetophenone using Ru-
8 9 (p-cymene)9—11)Cl as catalyst precursor.

the conformation of the ligand in the transition states of the
reactions involving ligand€8—10 but has no effect on the
Lb?“’ MM‘* conformation of the respective ruthenium hydride complexes.
MeOH H ‘OH In the TS involving ligandL1, a severe steric interaction between
10 n the (§-methyl substituent and the arene is raising the energy
Figure 5. Ligands used in the kinetic study. of the S-conformation in the TS to an energy very close to the
energy of thex-conformation (Figures 9 and 10). Thus, the rate
group as a methyl is introduced, the relative energies of the drops for the reaction promoted by ligahdl compared to those
two conformers could be modulated in a range of-I75 kcal/ promoted by ligands8—10 having $-conformations of low
mol (Figures 7 and 10). This effect was found to be of energy in the TSs. The higher rate of the reaction with ligand
importance for the rate of the reaction (vide infra) and could 10 compared to ligan® is due to a destabilization of the
readily be explained in terms of steric interactions between either generally favoredo-conformation of the ruthenium hydride
the (R)-methyl group of ligand10 and the hydride in the  ground state having the carbinol carbon pointing toward the
o-conformation or between th&fmethyl group of ligandL1 hydride (Figure 7). The surprising effect found experimentally,
and the arene ligand in th&conformation. that the introduction of arR)-methyl substituent facing the aryl
An analysis of the conformational preference in the TS of ketone increased the reaction rate, could thus be fully explained
each catalyst, showed that the favored TS conformations did by the calculations usingS C.
not correlate in a straightforward manner with the lowest energy  The conformational analysis of ligar8lin TS C (Figure 8)
conformer of the ruthenium hydride ground states (Figures could serve as a basis for the kinetic analysis of acyclic 1,2-
8—10). Instead, a new factor was found to be responsible for disubstituted 2-amino alcohols such as ephedrine. In such
the energetic differentiation of the conformers, namely the catalysts, thex-conformation of the TS could be expected to
H—Ru—N—H dihedral angle, which shows a strong preference be lowest in energy and the carbinol substituent should be placed
for being planar. The planarity of the TS is controlled by the in an equatorial position. Using this rationale, it is possible to
conformation of the ligand, which in turn affects the-Ru— correctly predict and understand the selectivity in the formation
N—H dihedral angle (Figure 8). In fact, there is a very good of the ruthenium hydride.
linear correlation between this angle and the energy of the TS 1ll. Selectivity. The selectivity of the transfer hydrogenation
for ligands8 and9 (Figure 11). This dihedral effect determines has not yet been satisfactorily rationalized, although a consider-
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0.0 kcal/mol 0.0 kcal/mol

3.6 kcal/mol 1.7 kcal/mol ) 7.5 kecal/mol

Figure 7. Relative energies of conformeric ruthenium hydride complexes of ligdnd4 (B3PW91/BS ). andp refer to the different conformations
of the ligand (vide supra). Th&}-methyl group of ligandlLO causes selective destabilization of teeonformation, whereas th&¢tmethyl group
of ligand 11 destabilizes th@-conformation.

able amount of ligands and catalytic systems have beenand9: i.e., the configuration depicted in Figure 8. The results
studied?? It has recently been suggested by Noyori that carbonyl are presented in Table 5.

lone pair discrimination affected by a hydrogen bond to the  Gas-Phase Selectivity (BS I1).Assuming 2-aminoethanol
amine N-H group of the ligand could provide an explanation to pe a reasonably good model for ephedrine analogues, the
to the enantiose|ecti0n in the -PSTh|S iS, hOWeVer, in ConﬂiCt results presented in Table 5 Clearly ShOW that a gas_phase
with a concerted transfer of both a proton and a hydride to the treatment of the reaction is not sufficient for a correct prediction
ketone since, in that case, the lone pair of the carbonyl oxygen of the enantioselectivity of the reaction. The role of substituents
is not involved in any hydrogen bond interaction in the TS. o the arene ligand has been extensively studied experimehtally,
Instead, the proton and the hydride are transferred tatfi@e  4nd the results from that investigation demonstrate that the use
of the ketone. To find the reasons behind the enantioselectivity, 5f 5 penzene ligand is disadvantageous and an increased size
the selectivity was evaluated using two different amino alcohol f the arene is beneficial for the selectivity. It may thus be

ligands on ruthenium: first, 2-aminoethanBland then the  concjuded that the enantioselectivity of the reaction is governed
bicyclic 2-azanorbornyl-3-methanBl(Figure 5), whichwas also  py factorsnot included in the gas-phase calculations and that

evaluated experimentally. _ solvent effects are necessary for a correct description of this
In the case of the liganf, it has been shown in other reac- process.

tions that the face selectivity at the amide nitrogen is complete o .
when the ligand is coordinailed to a metakor théqrutheniumF3 So!vent Eff_ec_ts on the Se!ectlvny.One way of tal_<|ng the
catalyzed transfer hydrogenation, the energy between the tWOreactlon media into account is to perform single-point calcula-
diastereomeric forms of the Ru(bénze@é)ydride species was tions using an appropriate solvent model. Although absolute
determined to be 12 kcal/mol (Figure 12, B3PW91/BS I). The solvation energies usually are difficult to predict with high

- - L ' S accuracy, the difference in solvation between diastereomeric
evaluation of the enantioselectivity was performed using the transition states could be expected to be better described. In

same configuration at the ruthenium center for both liga®ds . . .
9 9 this paper we chose the polarized continuum model (PCM)
(21) (a) Brandt, P.; Hedberg, C.; Lawonn, K.; Pinho, P.; Andersson. P. included in the Gaussian 98 program package to estimate the

G. Chem. Eur. J.1999 5, 1692. (b) Brandt, P.; Andersson, P. G. gplyation free energied. As seen in Table 5, the PCM
Unpublished results on the mechanism of the rearrangement of epoxides

into allylic alcohols. See: Stergren, M.; Andersson, P. A. Am. Chem. calculations indicate that a chiral center at ruthenium indeed
Soc.1998 120, 10760. should be sufficient to turn the reaction highly enantioselective.
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Favored (a)-conformation 0.0 kcal/mol  Disfavored (B)-conformation 2.3 kcal/mol

17450  1.078A

!
1.395A 1-550A
I

Ru§|_{ 0 H H
|
H H H
I:)(H-Flu-N-H) =-10° D(H-RU-N-H) =-23°

Figure 8. Two different conformers of S C (ligand8) possessing differences in the planarity of theRU—N—H reaction core. Relative energies
were calculated at B3PW91/BS I.

This is an important piece of information that in combination by quantum-chemical methods. In the final part of this study
with the conformational analysis of the ethylene bridge described we were able to rationalize the product selectivity in terms of
in the kinetic part of this work nicely explains the selectivity two different steps. First, generation of an enantiopure ruthenium
of acyclic 2-amino alcohols such as ephedrine and analoguescenter is accomplished by the chiral ligand. This may be
thereof. Most interestingly, the effect of exchanging the benzene achieved by the use of a rigid ligand that strongly disfavors
for an HMB (modeled by DMB) is correctly described (Table one specific configuration of the coordinated NH group or
5, entry 2). The solvent effect on the larger model system using introduces a substituent at the carbinol carbon of the amino-
ligand9 is smaller but points in the same direction as the PCM ethanol backbone. The second step in the enantioselection is a

calculations performed for ligangl differentiation of the two enantiofaces of the acetophenone by
means of a ligand-specific combination of steric and solvent
Conclusions effects. In particular, the correlation between increased size of

) ) ] ] the arene ligand (hexamethylbenzene instead of benzene) is

In this paper, we have investigated the mechanism of the Ru-njicely explained by solvation. On the basis of the comprehensive
(arene)ﬁ-ammo alcohol)-cataly;ed transfer hydrogenation of knowledge presented in this paper, we are currently exploring
aromatic ketones, both by experiment and by means of quantum-some of the ideas of this new rate/selectivity model in our search
chemical calculations. We have been able to rule out two for petter catalysts. Finally, we would like to emphasize that
mechanistic alternatives: one involving a direct hydride transfer the conclusions derived in this study should in principle be

from the alcohol hydrogen donor to the ketone and the other gppjicaple to all Ru(arene)-catalyzed transfer hydrogenations
involving a migratory insertion of a ketone into a ruthenidm sing amino alcohols.

hydride bond. A third mechanistic alternative first suggested
by Noyori, involving a concerted transfer of both a hydride and
a proton from the catalyst to the ketone, was found to be the
mechanism of this reaction. For general experimental information see ref 22. HPLC analyses on
We have further investigated how the rate of the reaction is (S-a-methylbenzyl alcohol were carried out on a chiral column
affected by the ligand architecture and found a very strong (ChiralCel OD-H) using a 254 nm UV detector and a flow rate of 0.5
preference for a planar+Ru—N—H moiety. We have also been mL/min of 5% |-PrQH in hexane. Klnetlc_: measurements were
able to identify structural features of the ruthenium hydride, Pe'formed on a Varian Cary 3 BIO UWis spectrophotometer
which is important for the overall rate. The rates measured equipped with a temperature controller thermostat. The temperature

experimentally for our 2-azanorbornyl-3-methanol ligarfs ( (22) Bedekar, A. V.; Koroleva, E. B.; Andersson, P.5Org. Chem.
11) were found to correlate with activation energies calculated 1997 62, 2518.

Experimental Section
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Favored (B)-conformations Disfavored (ot)-conformations

Ligand 9

3.4 kcal/mol

7.4 kcal/mol

0.3 kcal/mol 0.0 kcal/mol

Figure 9. Relative activation energies of conformeric TS using liga®d41 (B3PW91/BS I).a andp refer to the different conformations of the
ligand (vide supra). TheS-methyl group of ligandL1 causes selective destabilization of fheonformation of the TS, thereby lowering the rate
of the reaction (B3PW91/BS I).

was measured with a digital thermomete0(1 °C) with type K thermal br s), 3.89 (1H, m);}3C NMR ¢ 20.4, 28.4, 32.1, 34.7, 38.9, 56.0,
couple wire. The reactions were monitored at 310 nm at@5and 67.9, 68.3; MS (70 eV, Eln/z): 141 (M", 35%), 140 (M — 1, 55),
first-order rate constants were calculated using the procedure included111 (80), 110 (100), 96 (23), 94 (23), 83 (28), 82 (55), 81 (32), 80
in the Cary WinUV program (absorbance of acetophenone versus time). (27), 69 (34), 68 (52), and 67 (22).

Synthesis of Ligands.Ligands 9,6 10,2 and 11?* were prepared Transfer Hydrogenation of Acetophenone. General Procedure.
according to the literature procedures. The ruthenium complex dimer (0.25 mol %) and the corresponding
(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3R)-methylmethanol ligand (2 mol %) were weighed into a round-bottom flask, and any
(9): mp (hexane/ether) 159160 °C; [a]?% = —50 (¢ = 0.2, CHC}); moisture was azeotropically removed via evaporation of benzere (5
IR (KBr) 3387, 2970, 1541, 1411 criy *H NMR 6 1.14 (3H, d,J = 5 mL) at reduced pressure. A condenser was attached, and the residue
6.4 Hz), 1.20 (1H, d) = 10 Hz), 1.36-1.44 (2H, m), 1.581.71 (4H, was dissolved in dry (freshly distilled from Cafli-PrOH (3 mL).

m), 2.21 (1H, br s), 2.49 (1H, d,= 8.4 Hz), 3.26 (1H, m), 3.54 (1H, The solution was refluxed under nitrogen for 30 min before it was
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Figure 10. Activation energies (TS) and energies of the ruthenium
hydride ground states (GS) for different conformeric pathways (B3PW91/
BS I). a andp refer to the different conformations of the ligand (vide
supra).
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Figure 11. Correlation between the activation energy of the hydrogen
transfer and the HRu—N—H dihedral angle for ligand8 and9, two
diastereomeric TS with two different conformations.

. o _ 12 kcal/mol
Table 5. Evaluation of the Selectivity in the Reduction of . . . . . . .
Acetophenone Starting from an Enantiomerically Pure Ruthenium ~ Figure 12. Diastereomeric ruthenium hydrides using ligedThe

Hydride (7) energy difference is 12 kcal/mol in favor of the diastereomer where
oa the proton at nitrogen is in #ans relationship to the carbinol carbon
TS C derived energy R—9° (kcal/mol) (B3PWOL/BS ).
entry fromligand %ee$ BSI BSIl BSIll PCMW

evacuated inside a Schlenk tube. A Teflon stopper and Parafilm were

% gig?\?éebne 12 1613 700;55 54'60 then placed on it, avoiding nitrogen bubbles inside the cuvette. All

) ) : . these operations were performed inside the Schlenk tube with a gentle
3 9+benzene 77 3.2 3.0 2.2 3.2 . ; h
4 9+p-cymene 94 nitrogen flow. The cuvette was then introduced in the thermostated
5 9+HMB® 95 cell compartment of the spectrophotometer, and the kinetic runs were

started exactly 3 min after the addition of the catalyst precursor.

aGeometries at B3PW91/BS1DMB = 1,2-dimethylbenzene. This

ligand was rotated in such a way that the methyl groups were facing ~ Acknowledgment. We thank the Swedish Natural Science
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