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Abstract: Chiral binap/pica-Ru” com-
plexes (binap=(S)- or (R)-2,2-bis(di-
phenylphosphino)-1,1"-binaphthyl;

pica=oa-picolylamine) catalyze both
asymmetric hydrogenation (AH) of ke-
tones using H, and asymmetric transfer
hydrogenation (ATH) using non-terti-
ary alcohols under basic conditions.
The AH and ATH catalytic cycles are
linked by the metal-ligand bifunctional

containing the Ru catalyst and base
under an H, atmosphere at ambient
temperature, giving the chiral alcohol
in 97-98% ee. The reaction utilizes
only H, as a hydride source with alco-
hol acting as a proton source. On the
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other hand, asymmetric reduction of
acetophenone is attained with both H,
(ambient temperature) and 2-propanol
(>60°C) with relatively low enantiose-
lectivity. The degree of contribution of
the AH and ATH cycles is highly de-
pendent on the ketone substrates, sol-
vent, and reaction parameters (H, pres-
sure, temperature, basicity, substrate
concentration, H/D difference, etc.).

mechanism. Asymmetric reduction of
pinacolone is best achieved in ethanol

nium

Introduction
General Background

Asymmetric hydrogenation (AH) of ketones by molecular
catalysts is a fundamental transformation in modern organic
synthesis and is of current industrial relevance."? Genera-
tion of chiral alcohols by AH has been best achieved using
transition-metal-based catalysts possessing appropriately de-
signed chiral ligand(s)."** Notably, no universal catalysts
exist because of the structural diversity of ketones. As
shown in Scheme 1, the binap/dpen-Ru" complexes (S,SS)-5
(dpen=1,2-diphenylethylenediamine) catalyze the AH of
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acetophenone (1) to (R)-1-phenylethanol ((R)-2) under mild
conditions in 2-propanol containing an inorganic or organic
strong base. For example, use of (S,55)-5a with a substrate-
to-catalyst (S/C) molar ratio of 100000 led to (R)-2 in
99% ee quantitatively.">>* This method allows for AH of
various aromatic, heteroaromatic, and olefinic ketones.[*”
However, AH of sterically congested tert-alkyl ketones is
achievable only by replacing the symmetrical 1,2-diamine in
5 by pica (a-picolylamine), an unsymmetrical NH,/pyridine
hybrid ligand, and by using ethanol instead of 2-propanol as
solvent.”! Thus, the binap/pica-Ru complex (S)-6a catalyzes
the AH of pinacolone (3) in basic ethanol with an S/C ratio
of up to 100000, resulting in the chiral carbinol (S)-4 in
97 % ee (Scheme 1).% Thus, this method allows, for the first
time, the efficient and general preparation of fert-alkyl car-
binols with high enantiomeric purity.

The efficiency of AH is highly dependent on the proper-
ties of the metal and the auxiliary anionic or neutral ligands,
and reaction conditions including H, pressure, temperature,
solvent, and additives. Notably, in the reactions of Scheme 1,
the use of Ru complexes having an NH, ligand is essential
because of the operation of the metal-ligand bifunctional
mechanism.”! Furthermore, the reaction system must be
slightly basic for mechanistic reasons, although AH of 1 and
3 is attainable without an extra strong base by the use of the
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Scheme 1. Asymmetric hydrogenation (AH) catalyzed by chiral Ru com-
plexes.
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H/BH, catalyst 5S¢ or 6b owing to the generation of a tiny
amount of base by alcoholysis of the BH, anion. Sometimes
asymmetric transfer hydrogenation (ATH) becomes possible
using functionally similar Ru catalysts and organic reducing
agents such as 2-propanol and formic acid.”!'¥! Since the AH
reaction generally proceeds via metal hydride or dihydride
species formed by splitting of H, molecules, one might
expect that common intermediates are generated from the
same catalyst precursor and organic reagents. The mechanis-
tic linkage between hydrogenation and transfer hydrogena-
tion offers novel opportunities to exploit an efficient reduc-
tion through appropriate catalyst design and careful consid-
eration of reaction parameters.””!*'7l In fact, we recently
discovered that the chiral arene Ru complexes 7, well-
known ATH catalysts, promote not only ATH but also AH
simply by switching the conditions from basic 2-propanol to
acidic methanol.'® The identical sense and degree of enan-
tioselectivity (S,S to S, 96 % ee) shown in the ATH and AH
of 1 suggests the involvement of the same RuH intermedi-
ate. Despite such potential, however, most of the existing
chiral catalysts are effective for only one of these reactions,
either ATH or AH.["?

Network of Asymmetric Hydrogenation (AH) and
Asymmetric Transfer Hydrogenation (ATH) Catalyzed by
the binap/pica-Ru System

In principle, both H, and 2-propanol, or other non-tertiary
alcohols possessing a-hydrogen atom(s), act as potential hy-
dride donors for the reduction of ketones. Our earlier stud-
ies!®” suggest the possible existence of the AH/ATH linkage
in the reaction catalyzed by the binap/pica-Ru complex 6, as
illustrated in Scheme 2. Exposure of the precatalyst 6 to an
alcoholic medium with or without base, depending on the
nature of the anionic ligand(s), readily generates the cation-
ic amino Ru complex 9 (solvate), which is in equilibrium
with the neutral amido complex 10 through proton relay.
The 16e cation 9 catalyzes AH of ketones, whereas 10 with
a partial Ru—N double bond can promote ATH of ketones
with non-tertiary alcohols. The AH reaction starts with the
1>-H, complex 11, which is deprotonated to give the reduc-
ing 18¢ RuH species 12. The simultaneous delivery of a hy-
dride on Ru and a proton of the NH, ligand to an approach-
ing prochiral ketone produces a chiral alcohol and 10. This
reduction occurs via a six-membered pericyclic TS of type
13 in an outer coordination sphere without Ru/carbonyl in-
teraction. Protonation on the amido nitrogen atom of 10, re-
generating catalytic 9, completes the AH cycle. Alcohol-as-
sisted heterolytic cleavage of H, by 10 via its short-lived n*-
H, complex can directly generate 10, though this is a minor
pathway. On the other hand, 10 dehydrogenates an alcohol,
typically 2-propanol, via 13 to form RuH 12, which reacts
with a ketone to give a chiral alcohol and 10. Thus, both the
AH and ATH cycles generate active RuH species 10
through distinctly different pathways and by using different
hydride sources. A non-tertiary alcohol provides a hydride
and proton for ATH but is used only as a proton source
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Ru—N— X
' 10
13 (TS)

during AH. The concentration of 12 would limit the turn-
over rate of both AH and ATH, and the product stereo-
chemistry is determined by the TS 13. AH of a ketone is ir-
reversible, whereas ATH could be reversible because of the
structural similarity of the starting materials and products,
namely, ketones and (secondary) alcohols.

Scheme 2 does not define the geometry of the Ru com-
plexes. In order for 12 to reduce ketones via a 13-type TS,
the H/N,N ligands on Ru must have a fac relationship. The
AH/ATH network involves 9, 10, and 11 as common inter-
mediates, but they may or may not have the same stereo-
chemistry. For 12, five (X=H; one trans and four cis iso-
mers) or six reactive stereoisomers (X=OR; two trans and
four cis isomers) are possible. These are interchangeable in
solution via pentacoordinate species, if formed, and the
equilibrium ratio is variable according to the reaction condi-
tions. The catalyst precursor (§)-6a, for instance, is a mix-
ture of five diastereomers in benzene or toluene at room
temperature, although the content of the most dominant
isomer is increased to less than 95% by heating at 80°C.
Throughout the catalytic reaction, the solution remains yel-
lowish orange, indicating that the formal 16e complex 10 is
not a major entity under the steady-state conditions.

This study actually stemmed from the work of Baratta
and co-workers on the transfer hydrogenation of simple ke-
tones in basic 2-propanol, effected by achiral and chiral Ru
complexes which are structurally similar to 6. In this
regard, since our first publication in 2005, we have re-
ceived many inquiries as to whether our AH of 3 to (5)-4
using (S)-6 (Scheme 1) truly uses H,, rather than alcohol, as
reducing agent. This paper reports that our conclusion is
correct and that the degree of ATH during AH is highly de-
pendent on the ketone structure, catalyst, and reaction con-
ditions.
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Scheme 2. Mechanistic network of asymmetric hydrogenation (AH) and asymmetric transfer hydrogenation
(ATH) of ketones catalyzed by binap/pica-Ru complexes 6. The stereochemistry of the Ru complexes (X'/
X*=CI/Cl or H/BH,; X=H, OR; P-P =binap; N=sp’ nitrogen atom) is not specified.
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+ Results and Discussion

] Asymmetric Reduction of

Pinacolone (3)

Confirmation of the AH mech-
anism. When an ethanol solu-
tion of 3 containing (S)-6a (S/
C\R P j C=2000 to 100000) and a

I >N small amount of KO-#-C,H, was
stirred under 1-20 atm of H, at
25°C for several hours, (S)-4
was obtained in 100% yield
and in 97-98% ee.l® Phospha-
zenes, metal-free strong organic
bases, can be used in place of
metal alkoxides. The reaction
with the chloride-free H/BH,
complex (S)-6b took place
smoothly without added base,
giving the same result. Many
lines of evidence indicate that
this reduction is indeed AH,
rather than ATH: 1) The reaction consumes H, gas; 2) The
reduction occurs, albeit less effectively, even in tert-butyl al-
cohol, which has no a-hydrogen atoms; (3) Reaction of 3
using CD;CD,0OH as solvent did not cause any deuterium
incorporation. Under optimum AH conditions with
CD;CD,OH ([(S)-6a]=0.1 mm, [3]=0.20M, [KO-t-C,H,]|=
20 mm, T=25°C, P(H;)=1 atm, V;=10mL), (5)-4 is ob-
tained in 97 % ee as expected. Even at 80°C, non-deuterated
(5)-4 was obtained with the same ee value. Attempted ATH
of 3 using ethanol without H, gas ([(5)-6a]=0.1 mm, [3]=
0.2M, [KO-t-C,Hy] =4 mm, T=80°C, V=10 mL) resulted in
a poor conversion, only 1% after 1h (TOF (turnover fre-
quency)=20 h™"), giving 4 with no enantiomeric excess. Al-
though the ATH reactivity was improved in 2-propanol
under similar conditions, the reduction remained inefficient
(TOF=460h"! at 80°C, 23% conversion after 1h, (S)-4 in
85% ee). Use of 6b did not improve the ATH reactivity.
Thus, it is clear that, under our AH catalytic conditions, the
degree of competition from ATH is negligible at both ambi-
ent and elevated temperatures.

Solvent effects. Alcoholic solvents appear to influence
strongly the catalytic activity and enantioselectivity in AH
of 3.1 Ethanol is the best solvent, forming (S)-4 with
97 % ee. Reduction in 2-propanol proceeds smoothly but
gives (S)-4 in only 36 % ee, whereas the AH in tert-butyl al-
cohol occurs with reversal of the asymmetric sense, afford-
ing (R)-4 in 68 % ee. No reduction takes place in pure meth-
anol, but (S)-4 with 97-99 % ee is produced in a methanol/
tert-butyl alcohol (>3:7) mixture. The stereochemical out-
come is interpreted in terms of an 18e cis-[RuH(OR)-
(binap)(pica)] intermediate(s) (cis-configurated 12, X=0OR)
as the dominant reactive species (Scheme 2). In an H, at-
mosphere, various RuH structures can be generated, but
this species is kinetically very appropriate for asymmetric
reduction of 3. In view of the different enantioselectivity in
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sluggish ATH, intermediary RuH complexes 12 would have
different structures. Hydrogenation of 3 catalyzed by 6 is
much faster and more enantioselective than the reaction
with the binap/dpen-Ru complexes 5, which are excellent
catalysts for the AH of 1.7

Function of diamine ligands. As seen in Scheme 1, the
AH reactions of 1 and 3 catalyzed by (S,SS)-5 or (5)-6, re-
spectively, possessing the same (S)-binap ligand display an
opposite sense of asymmetric induction. We consider that
this is due to the structural difference in reducing species,
trans-[RuH,(binap)(dpen)]” versus cis-[RuH(OR)(binap)-
(pica)].®¥! The function of the C,-symmetric dpen ligand in 5
in AH of the aromatic ketone 1 is twofold. An NH, moiety
donates a proton to the carbonyl oxygen atom and the other
NH, unit attracts electrostatically the phenyl ring of 1 (NH/
7 interaction) to stabilize the TS to form (R)-2 enantioselec-
tively.”! The latter function is absent in the NH,/pyridine-
hybrid pica ligand of (§)-6. Thus, the asymmetric bias in the
AH of 3 catalyzed by (S)-6, leading to (S)-4, results from
the difference in steric bulk between the tert-butyl and
methyl groups.

Asymmetric Reduction of Acetophenone (1)

Pivalophenone (8), an aromatic analogue of 3, is smoothly
hydrogenated with the binap/pica-Ru catalyst 6a in basic
ethanol to give the chiral alcohol with 97% ee in 100 %
yield.® The asymmetric sense is identical with that ob-
served for the bulky dialkyl ketone 3. Notably, however, the
simplest aromatic ketone 1 behaves differently from tert-
butyl ketones. In fact, both (S)-6a and (S)-6b are poor for
AH of 1, giving (R)-2 in only 54 and 58 % ee, respectively, in
ethanol under the optimum conditions for AH of 3.

Interestingly, Barrata and co-workers reported that the
structurally similar cis-[RuCL{(R,S)-josiphos}{(+)-MePyme}]
catalyzes the ATH (not AH) of 1 in basic 2-propanol at
60°C, giving (R)-2 in 96% ee.'"* In this regard, we found
that the simpler cis-[RuCL{(R,S)-josiphos}(pica)] gave (R)-2
in 83% ee by AH in 2-propanol (conditions: [Ru]=0.1 mm,
[1]=02m, [KO-t-CHyl=4mm, P(H,)=2atm, T=25°C,
V=10 mL). The enantioselectivity is the same as that ob-
tained by ATH without H, gas under the same conditions
but at 80°C."»% The temperature effect is not significant.
Thus, the degree of competition by ATH during AH of 1 be-
comes relevant in reaction in non-tertiary alcohols such as
2-propanol (Scheme 2), and offers an opportunity to probe
the mechanistic relationship between the two related path-
ways.

Reaction profiles and kinetics. Figure 1 shows typical pro-
files of reduction of 1 catalyzed by (S)-6a in 2-propanol. An
observed rate constant (k) was determined under the stan-
dard AH conditions ([(S)-6a]=0.1 mm, [1]=0.20M, [KO-z-
CHg]=4 mm, P(H,)=2 atm, T=25°C, (CH;),CHOH sol-
vent, V;=10mL) and the ATH conditions ([(S)-6a]=
0.1mm, [1]=020M, [KO--C;Hol=4mmM, T=80°C,
(CH;),CHOH solvent, V=10 mL). Ketone 1 was converted
into (R)-2 smoothly for both systems without formation of
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Figure 1. Reaction profiles for a) asymmetric hydrogenation (AH) and
b) asymmetric transfer hydrogenation (ATH) of acetophenone (1) cata-
lyzed by [RuCL{(S)-tolbinap}(pica)] ((S)-6a). Calculation of k, for
¢) AH and d) ATH. Conditions: for AH, [(S)-6a]=0.10 mm; [1]=0.20M,
[KO-t-CyHy]=4 mm, P(H,)=2atm, T=25°C, (CH;),CHOH solvent
(Ve=10mL); for ATH, [(S)-6a]=0.10 mm, [1]=0.20M, [KO-+-C,H,]=
4 mMm, T=80°C, (CH;),CHOH solvent (V=10 mL).

any side-products (Figure 1a,b). For AH, addition of an ali-
quot of 1 (=0), once steady-state conditions have been ach-
ieved, yields a pseudo-first-order dependence on [1], allow-
ing for kg, determination according to: In[l],=
—kons(1)+In[1], ([1]o=initial concentration of 1, t=0; Fig-
ure 1c). Typically, a TOF of 6000 h™' was observed (P(H,) =
2, T=25°C). No ATH took place at room temperature. For
ATH at 80°C, k, could be directly determined from the re-
action profile (Figure 1d). At this temperature, TOF ap-
proached 14000 h™'. Importantly, for both systems, the TOF
was not limited by [1] under the conditions used, showing
saturation kinetics.

The enantioselectivity of AH catalyzed by (S)-6a or (S)-
6b in 2-propanol was constant ((R)-2 in 18-19% ee). On the
other hand, the ee value of (R)-2 obtained by ATH using a
0.1-0.2m solution decreased slowly with time owing to the
inherent reversibility.”'*'”) The reduction gave (R)-2 with
45% ee at 50% conversion and 39 % ee at 96 % conversion,
and further decreased to 30 % ee when the reaction period
was prolonged. Furthermore, the reaction became slower
with increasing substrate concentration. Incomplete conver-
sion and lower enantioselectivity were observed at higher
[1] (a lower 2-propanol amount) even after a long reaction
period, for example, (R)-2 in 33 % yield and 37 % ee under
the conditions: [(S)-6a]=0.80 mm, [1]=1.6M, [KO-t-C,H,]=
20 mm, T=80°C, (CH,;),CHOH solvent, t=2h, V;=2mL.
ATH of the aryl ketone 1 (TOF=14000 h™"), giving (R)-2 in
40% ee, proceeded much faster than that of the bulky di-
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alkyl ketone 3 under the same conditions (TOF=460h"",
(5)-4 in 85% ee). Use of ethanol as solvent resulted in very
poor reactivity (TOF=80 h™') to afford (R)-2 in 28 % ee.

Solvent effect on enantioselection. As was seen in the re-
action of 3, the enantioselectivity of AH catalyzed by (S)-6a
was solvent-dependent, giving (R)-2 in 54 % ee in ethanol,
19% ee in 2-propanol, and 13% ee in tert-butyl alcohol
under the standard AH conditions at 25°C. AH of 1 pro-
ceeded smoothly in tert-butyl alcohol, a solvent incapable of
undergoing ATH, albeit with low enantioselection. Use of
(5)-6b at 25°C gave (R)-2 in 58 % ee (ethanol) or 18% ee
(2-propanol).

ATH of 1 at 80°C catalyzed by (S5)-6a and 2-propanol or
ethanol as solvent gave (R)-2 in 40% ee (93% conversion
after 0.6 h) and 28% ee (4% conversion after 1h), respec-
tively. Reaction with (§)-6b in 2-propanol led to (R)-2 in
39% ee with 96 % conversion.

Reaction in H, atmosphere. The reaction profiles and cor-
responding k., values were obtained for AH (and ATH) of
1 catalyzed by (S)-6 under different experimental conditions.
For all determined k,, values, linearity (R*>0.98) was main-
tained for a conversion range of greater than 60% (TON=
1200). Table 1 lists selected kinetic data obtained. Most im-
portantly, the reduction of 1 at ambient temperature pro-
ceeded solely by AH with H, acting as the only hydride
source. No reaction was observed at 25°C under the ATH
conditions (Table 1, entry 1). This was confirmed by several
trials. Upon addition of 1 atm of H, to the same catalytic
system, 1 was hydrogenated to give (R)-2 (Table 1, entry 2).
The reduction rate increased significantly with increasing H,
pressure. Thus, k., values of 4.8, 9.3, and 100.8m's™! were
obtained at 2, 4, and 20 atm, respectively, under otherwise
analogous conditions.

Table 1. Observed rate constants (k,, gradient of In[1] versus reaction time) for asymmetric hydrogenation
(AH) and asymmetric transfer hydrogenation (ATH) of acetophenone (1) in 2-propanol catalyzed by

[RuCL{(S)-tolbinap}(pica)] ((S)-6).1"
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Temperature effect on the degree of ATH. During AH in
2-propanol, increasing the reaction temperature clearly re-
sulted in competitive degrees of ATH. Thus, at 60°C, reduc-
tion of 1 with 6a proceeded by ATH (in the absence of H,)
although with incomplete conversion (50-58%, TOF=
1150-1250 h™!, several trials). Raising the temperature to
80°C further increased the ATH rate (ky,=10.5M's™,
TOF=14000h") and conversion (96%). Thus, 2-propanol
solvent can readily act as a hydride source at elevated tem-
peratures. Practically the same rate was observed under
1 atm of H,, although the reduction rates were further en-
hanced with increasing H, pressure. Thus, k., values of 9.8,
27.8, and 33.3M !'s™! were found at 80°C for 1, 2, and 4 atm
of H,, respectively, corresponding to a 4.4- (2 atm) and 5.3-
fold increase (4 atm) over the rate for ATH in the absence
of H,.

A survey of the reaction at 80°C (Table 1) reveals that
the overall reduction at very low H, pressure (0.5 atm) is
faster than the reduction in the absence of H,. Importantly,
however, the reaction rate actually decreases when the pres-
sure of H, is further increased to 1 atm. Since, in principle,
the independent rate for the ATH at elevated temperature
should remain constant, the variation in reduction rate ap-
pears to reflect changes in the relative concentrations of in-
terchangeable AH- and ATH-active species and, possibly,
inactive complexes. Although the rate for AH increases
with increasing pressure, the ATH cycle dominates under
low-pressure, high-temperature conditions (Scheme 2).
Facile (re)generation of 12 from ATH-active 10 would in-
crease the degree of ATH and, consequently, the overall re-
duction rate.”” At higher pressures, the drive toward AH is
a similar consequence of the mass balance for participating
species, particularly the increased [11] and then [12].

Basicity effect on the degree of ATH. The basicity of the
system is crucial to the overall
catalysis, because proton relay
is involved in the competing
AH and ATH cycles. Thus, the

Entry Cat. T[°C] H,[atm] [KO--CHy] [mM] ko [103s1]  kuoo[6] M 's™]  ee (R)-2[%] reduction rate at 2atm of H,
1 (562 25 0 1 1o reaction ~ and 25°C (conditions: [(S)-
2 (S)-6a 25 2 4 1.9 48 19 6a]=0.1 mm, [1]=0.20m, [KO-
3 (S)-6b 25 2 0 15 36 27 +-C,Hy]=4 mm, P(H,)=2 atm,
4 (S)-6a 25 2 20 2.1 53 17 T=25°C, (CH,),CHOH sol-
5l (8)-6a 25 2 20 0.7 1.8 13 10 h d
6 (S)6a 25 2 100 2.8 7.0 15 vent, Vr=10 mL) was enhance
7 (S)-6a 25 4 4 37 93 19 by increasing the solution basic-
8 (5)-6a 25 20 4 40.3 100.8 19 ity. The k., values changed
ot (5)-6a 60 0 4 0.5 1.3 45 from 3.6 to 4.8, 53 and
10 (S)—6a 80 0 4 4.2 10.5 40 7.0M—1 S—l for [KO't'C4Hg] Of 0’
11 (5)-6a 80 0.5 4 5.6 14.0 38 .

1 (S)6b 80 1 0 15 38 29 4, 20, and 100 mmM, respectively.
13 (S)-6a 80 1 4 39 9.8 33 The chloride-free H/BH,-Ru
14 (S)-6a 80 1 20 8.0 20.0 38 complex (§)-6b catalyzes the
15 (5)-6a 80 1 100 38 9.5 35 AH of 1 in 2-propanol without
16 (5)-6a 80 2 4 1 278 34 the addition of a strong base,®!
17 (S)-6a 80 4 4 133 333 31 ) trong -
18 (5)-6a 30 8 4 15.6 39.0 21 affordlng (R)-2 with 27 % ee in

[a] Conditions: for AH, [(5)-6]=0.10 mm; [1]=0.20M, (CH,;),CHOH solvent (V=10 mL),>90% conversion;
for ATH, [6]=0.10 mM, [1]=0.20m, (CH;),CHOH solvent (V;=10mL),>90% conversion. [b] Solvent=t¢-

C,HyOH. [c] Maximum conversion was 57 %.
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99% yield. Notably, this com-
plex, though slightly basic in 2-
propanol, is a feeble catalyst
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for the ATH of 1 even at 80°C in the absence of added
base, giving only 23% conversion after 4 h ([6b]=0.1 mwm,
[1]=0.20M, (CH;),CHOH solvent, V=10 mL). Upon addi-
tion of KO--C,H, (4 mm) under otherwise identical condi-
tions, ATH proceeded smoothly (kq,=6.27M"'s™"). The ee
value of (R)-2 obtained with or without KO-t-C,H, was simi-
lar, 39% versus 37 %. Further increase in the base concen-
tration, however, had a detrimental effect on the reactivity,
giving only 60% and 42% conversions after 1 h at a [KO-z-
C,H,] of 20 or 100 mwm, respectively. Under competing AH/
ATH conditions, the observed reduction rates reflect the en-
hanced AH and reduced ATH reactivity with increasing
[KO-t-C,H,] with k,,, values of 9.8, 20.0, and 9.5m's™" ob-
tained with [KO-t-C,H,] of 4, 20, and 100 mm.

The role of the base is critical to both the AH and ATH
pathways, as expected from the mechanistic scenario of
Scheme 2. In the AH cycle, a basic medium favors the turn-
over-limiting deprotonation of m-H, complex 11 under
steady-state conditions, in addition to the elimination of
HCI from 6 forming the catalysts 9 and 10. A strong base is
necessary for ATH as well, because the amido Ru complex
10 must be generated in a significant concentration from the
cationic amino complex 9. However, at very high base con-
centrations, ATH is hindered for unknown reasons.

Enantioselectivity in AH and ATH. Because of the NH,/
pyridine hybrid structure of pica, the Ru catalyst 6 is unable
to clearly differentiate the phenyl and methyl group in 1.
Although the enantioselectivity was subject to the reaction
conditions, a higher enantioselectivity was obtained for the
reduction of 1 by ATH (40%) compared to that by AH
(15-19%) for this system. Consequently, the higher enantio-
selectivity reflects an increased degree of ATH. AH of 1 at
25°C, in the absence of ATH, gives (R)-2 in 15-19% ee
under various conditions, while at 80°C the product enantio-
selectivity ranges from 21% (8 atm) to 40% (0 atm) de-
pending on the H, pressure (Table 1).

As noted earlier, the chiral arene-Ru catalyst (S,5)-7b cat-
alyzes both AH and ATH of 1, giving (S)-2 with the same
96 % ee, owing probably to the involvement of a common
RuH species, though the conditions vary from slightly acidic
to basic.™® Likewise, cis-[RuCL{(R,S)-josiphos}(pica)]!'? af-
fords the same degree of chiral induction, (R)-2 with
83 % ee, for AH (25°C) and ATH (80°C) of 1 in 2-propanol
containing KO--C,H,. Despite some difference in reaction
temperature, this observation is in accord with Scheme 2,
which contains a common RuH intermediate 12 for AH and
ATH. These phenomena are in contrast to the present AH
and ATH catalyzed by 6. Here, the different degree of enan-
tioselection in AH and ATH suggests the participation of
different chiral RuH species—for example, species with dif-
ferent geometries and/or auxiliary X groups. In view of the
similar behavior of precatalysts 6a and 6b, chloride would
not be involved in the catalytic intermediates. The equilibri-
um ratio of different RuH species 12 is variable depending
on the reaction conditions, because their precursors 10 may
have different chemical properties including the Lewis acidi-
ty of Ru and the basicity of amido nitrogen. However, more
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elaborate reaction pathways cannot be ruled out under
these reaction conditions.

Hydride source in AH and ATH. Scheme 2 suggests that,
if 6 does not cause the H/D exchange between H, and
(CH;),CDOH to any great degree,”” AH must exhibit no
deuteration in 2, since RuH species 12 is generated only
from H,.*® On the other hand, ATH in (CH,),CDOH sol-
vent is expected to lead to a deuterated product at the C-1
position, [D]-2, since dehydrogenation of the secondary al-
cohol generates a RuD complex, [D]-12, as reducing spe-
cies.??”) This was the case, as shown in Scheme 3. Under

Hy
(S)-6 H_OH

(R)-2 via AH

<

(R)-ID]-2 via ATH

o

(CH3),CDOH  (CHj3),C=0

Scheme 3. Hydride source in asymmetric hydrogenation (AH) and asym-
metric transfer hydrogenation (ATH) of 1 in 2-propanol catalyzed by
[RuCL{(S)-tolbinap}(pica)] ((S)-6a).

1atm of H, in (CH;),CDOH (98% D content; [(S)-6a]=
0.1 mm, [1]=0.2M, [KO-t-C;Hg] =4 mM, V=10 mL), hydro-
genation of 1 proceeded smoothly at 25°C, giving (R)-2 in
17 % ee with no detectable deuterium incorporation (2/[D]-
2=100:0). No decrease in D content was seen in the recov-
ered (CH;),CDOH. Thus, at ambient temperature, a net
AH occurs overwhelmingly by using H, with alcohol solvent
acting merely as a proton donor. Without H,, no reduction
occurred at 25°C. Heating 1 at 80°C in (CH;),CDOH in the
absence of H,, under otherwise analogous conditions, yield-
ed a mixture of (R)-2 and (R)-[D]-2 (37 % ee) in the ratio of
2:98 ("H NMR). These observations are fully consistent with
Scheme 2. This result also indicates that ATH-active RuH
12 does not undergo isotope exchange by protonation with
2-propanol solvent. This in turn suggests that deprotonation
of 11, depending on its geometry and X, to 12 is virtually ir-
reversible. -]

Deuterium isotope effect. 2-Propanol does not reduce 1 at
25°C in the presence of 6 and a strong base, but does so
smoothly at 80°C. Furthermore, (CH;),CDOH cleanly acts
as a hydride source for generation of active [D]-12 under
the ATH conditions. Notably, the rate for ATH using
(CH;),CDOH at 80°C differs significantly from that with
non-deuterated (CH,),CHOH. Competition experiments
using a (CH;),CHOH/(CH;),CDOH (1:1) solvent mixture
gave the product in a 2/[D]-2 ratio of 80:20, corresponding
to a fourfold decrease in reactivity for the C,-deuterated sol-
vent.”) In comparison, AH proceeded with similar rates in
(CH;),CHOH and (CHj3),CDOH at 25°C (kgpspi/kopsp Of 1.1,
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kopsp/[62]=4.3M s} 2/[D]-2=100:0), although the isotope
effect could not be determined at elevated temperature
owing to the influence of competing ATH.

Competition of AH and ATH with H,/(CH;),CDOH. Re-
duction of 1 with H,/(CH;),CDOH and (S)-6a at 80°C and
0.5 to 8atm ([(S)-6a]=0.1 mm, [1]=02Mm, [KO--C,H,]=
4 mm, Vr=10mL) gave (R)-2 with a 2/[D]-2 ratio ranging
from 52:48 to 98:2 (Scheme 3). Table 2 summarizes the re-

Table 2. Degree of deuterium incorporation in (R)-1-phenylethanol ((R)-
2) and AH/ATH ratio for asymmetric reduction of acetophenone (1)
with H,/(CH;),CDOH catalyzed by [RuCL{(S)-tolbinap}(pica)] ((S)-
6a).

Entry H,[atm] T [°C] t[h] Yield [%] ee [%] 2/[D]-2
1 0 25 9 no reaction - -

2 0 80 9 98 37 2:98

3 0.5 80 4 93 26 52:48
4 1 25 9 99 17 100:0

5 1 60 8 87 17 78:221!
6 1 80 4 99 26 58:42
7l 1 80 5 96 22 64:36
8l 1 80 1 97 25 72:28

9 2 80 4 84 15 63:37
10 4 80 4 99 19 86:14
11 8 80 0.5 >99 17 98:2

[a] Conditions: [6a] =0.1 mm; [1]=0.2Mm; [KO-t-C,Hy] =4 mm;

(CH;),CDOH solvent (V=10 mL). [b] Maximum conversion was 48 %.
[c] [KO-t-C,H,y] =100 mm. [d] (S)-6b was used as catalyst, [KO--C,H,|=
0 mm.

sults. Bearing in mind the isotope effects on the reactivity in
ATH (ky/kp=4), the (R)-2/(R)-[D]-2 ratio provides an ap-
proximate measure of the degree of ATH and AH under a
given condition. At 80°C, the participation of ATH is con-
siderably high at low H, pressures (0.5-2 atm) and remains
significant, accounting for about 40% of the total conver-
sion even at 4 atm. At the higher pressure of 8 atm, howev-
er, the degree of AH increases dramatically giving an AH/
ATH ratio as high as 98:2 (Table 2, entry 11). These findings
are consistent with the observed ee values for (R)-2, which
decrease gradually from 26 % (0.5 atm) to 17% (8 atm) as
the pressure increases (Table 2, entry 3 and 11). By decreas-
ing the temperature to 60°C and the H, pressure to 1 atm,
the degree of ATH decreases to give an AH/ATH ratio of
78:22 (48 % conversion; Table 2, entry 5). The lower enan-
tioselectivity of the reaction in (CH;),CDOH (26 % ee;
Table 2, entry6) in comparison to the value with
(CH;),CHOH, 33% (Table 1, entry 13), similarly reflects
the reduced ATH rate. These observations agree with the
above arguments.

Conclusions
The ability of binap/pica-Ru complexes 6 to efficiently cata-
lyze AH of bulky fert-alkyl ketones such as 3 is ascribed to

the functional/structural characteristics of the hybrid pica
ligand in addition to the chiral recognition capability of
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binap. The reaction utilizes only H, gas as a hydride source
even in alcoholic solvents having a-hydrogen atom(s). The
pica complexes effect both AH and ATH of the aromatic
ketones including 1 but cannot rival the dpen catalysts 5 in
terms of reactivity and enantioselectivity. In general, the rel-
ative significance of the AH and ATH cycle is subject to the
particular catalyst ligand-framework structure, ketonic sub-
strates, and reaction parameters (solvent, H, pressure, tem-
perature, basicity, concentration, H/D difference, etc.), and
reflect a delicate balance for the catalytic species under
steady-state conditions.

Experimental Section

General

All manipulations were conducted in oven-dried glassware using standard
Schlenk techniques employing Ar gas (99.998%, purified through a
BASF R3-11 catalyst at 80°C). Toluene, benzene, hexane, and ether were
distilled from metal sodium/benzophenone and stored in Schlenk tubes
with a sodium mirror. CH,Cl,, CH;CH,OH, and (CH,),CHOH were
freshly distilled from CaH, prior to use. DMF was distilled from CaH,
and stored in a Schlenk tube with molecular sieves (4 A). CDCI,
(CH;),CDOH, CD;CD,0OH, [Dgltoluene, and [Dg]benzene were pur-
chased from Aldrich Chemical Company (Milwaukee, WI), stored in
Schlenk tubes (teflon taps) over CaH,, and freshly distilled and degassed
prior to use.

[RuCl,(n‘-benzene)], and a-picolylamine (pica) were purchased from Al-
drich Chemical Co. CaH, was purchased from Tianjin Beidouxing Fine
Chemicals. NaBH, was purchased from Shanghai Chemical Company.
KO-#-C,H, (purified by sublimation) was purchased from Tokyo Chemi-
cal Industry Co. Acetophenone (1) and pinacolone (6) were purchased
from Shanghai Chemical Company and purified by distillation from
CaH,. (S)-2,2'-Bis(di-4-tolylphosphino)-1,1’-binaphthyl ((S)-tolbinap) was
purchased from AZmax. H, gas (99.9999 %) was obtained from Shanghai
Pujiang Specialty Gases Co., Ltd. [RuCL{(S)-tolbinap}(pica)] ((S)-6a),l
[RuH(n'-BH,){(S)-tolbinap}(pica)] ((S)-6b),> trans-[RuCL{(S)-
tolbinap}{(S,S)-dpen}]  ((5,55)-5b),) and cis-[RuCL{(R,S)-josiphos}-
(pica)]™* were synthesized according to the procedures in the literature.
Gas chromatography (GC) analysis was conducted on a Hewlett Packard
6890 instrument equipped with a BETA-DEX 120 fused silica capillary
column (df=0.25 ym, 0.25 mm i.d., 30 m, Supelco). 'H- and “C NMR
data were collected on a JEOL a-400 NMR, Bruker DMX-500 or AMX-
400, and Varian Mercury vx 300 spectrometers. Chemical shifts are ex-
pressed in parts per million (ppm) relative to Si(CH;),, benzene, or tolu-
ene (0=0.0, 7.16, and 2.09 ppm for '"H NMR and 6=0.0, 128, 20.4 ppm
for ®C NMR, respectively).

Synthesis of Ru Complexes

[RuCL{(S)-tolbinap}(pica)] ((S)-6a): [RuCly(n’-benzene)], (105.5 mg,
0.21 mmol) and 2 equivalents of (S)-tolbinap (286.0 mg, 0.42 mmol) were
dissolved in DMF (5 mL) and placed in a 10 mL Schlenk flask under an
Ar atmosphere. Ar was bubbled through the solution for 5 min. The sus-
pension was then heated at 100°C for 10 min. Following solvent removal
under vacuum, pica (45.4 mg, 0.42 mmol) was added together with
CH,Cl, (3 mL). The solution was stirred for 2 h. Reduction of the volume
to about 0.5 mL and addition of hexane (2 mL) yielded a yellow precipi-
tate. The supernatant was removed by filtration and the resulting powder
was dried in vacuo to give (S)-6a in 86 % yield (322.0 mg) as a mixture of
stereoisomers. Heating at 80°C for 30 min in toluene resulted in the Ru
complex consisting predominantly of a single isomer (>95%). This was
used for hydrogenation and transfer hydrogenation without further pu-
rification. '"H NMR (400 MHz, [Dg]benzene): 6 =1.78 (s, 3, CH;), 1.90 (s,
3, CH3), 2.28 (s, 3, CH3), 2.33 (s, 3, CH;), 2.86 (brs, 1, NHH), 3.22 (brs, 1,
NHH), 3.95 (brs, 1, CHH), 4.93 (brs, 1, CHH), 6.19-8.36 ppm (m, 32, ar-

www.chemasianj.org 1807



FULL PAPERS

omatics); *'P (161.7 MHz, [Dg]benzene): 0=44.74 (d, J=35.6 Hz),
41.93 ppm (d, J=35.6 Hz).

[RuH(n'-BH,){(S)-tolbinap}(pica)] ((S)-6b): Compounds (S)-6a (50.2 mg,
0.052 mmol) and NaBH, (30.1 mg, 0.81 mmol) were placed in a 20 mL
Schlenk flask in an Ar atmosphere. Addition of a 1:1 mixture of degassed
benzene and C,H;OH (5 mL) immediately resulted in a pale red solution.
This mixture was stirred at 40°C for about 1 min, and then immediately
frozen in a liquid N, bath. The solvent was removed in vacuo. The resi-
due was extracted with benzene (5mL), and the solution was filtered
through a celite pad. The filtrate was concentrated to about 0.3 mL, and
hexane (3 mL) was added to precipitate a pale yellow solid. The superna-
tant was removed by filtration and the resulting powder was dried in va-
cuo to give (S)-6b (28.2mg, 60%): '"HNMR (400 MHz, [D¢]benzene):
0=-13.82 (t, 1, J=23.9Hz, RuH), —0.75 (brs, 4, BH,), 1.51 (m, 1,
NHH), 1.82 (m, 1, CHH), 1.85 (s, 3, CH;), 1.90 (s, 3, CH3), 2.13 (s, 3,
CH,), 2.16 (s, 3, CH;), 228 (m, 1, CHH), 329 (m, 1, NHH), 5.26-
8.81 ppm (m, 44, aromatics); *'P (161.7 MHz, [D¢]benzene): 6=71.6 (d,
J=41.4Hz), 74.2 ppm (d, J=41.4 Hz). Complex (S)-6b was used for hy-
drogenations immediately after synthesis.

Hydrogenation

Standard procedure: a) Acetophenone (1) as substrate: Accurately
weighed amounts of (S)-6a (2.3mg, 0.4mm) and solid KO--C,H,
(13.5 mg, 20 mm) were placed in a pre-oven-dried (120°C) 100 mL glass
autoclave containing a magnetic stirring bar and subjected to high
vacuum for at least 5 min before purging with argon. Freshly distilled sol-
vent (5.5mL) and purified 1 (0.56 mL, 0.80m) were placed into a pre-
dried Schlenk flask, degassed by running Ar through the solution
(5 min), then added to the autoclave in an Ar atmosphere. H, was intro-
duced under 4 atm pressure with several quick release—fill cycles before
being reduced to the desired pressure. The solution was vigorously stirred
at 25°C and H, consumption was monitored. Following the designated
reaction time, the H, was released, and a small aliquot of the crude prod-
uct mixture was analyzed by chiral GC to determine the conversion and
ee value of 2: BETA-DEX 120 fused silica capillary column (df=
0.25 um, 0.25 mm i.d., 30 m, Supelco); P=100.7 kPa; T=120°C; t of
(R)-2: 14.8 min; ty of (§)-2: 15.8 min. b) Pinacolone (3) as substrate: The
same procedure was used as in (a). Following the designated reaction
time, the H, was released, and a small aliquot of the crude product mix-
ture was analyzed by chiral GC to determine the conversion and ee value
of 4: CP-Chirasil-DEX CB column (df=0.25 um, 0.32 mm i.d., 25 m);
P=415kPa; T=60°C; ty of (R)-4: 17.2 min; t of (S)-4: 17.9 min.

Hydrogenation profile measurement: a) Hydrogenations were conducted
in a glass autoclave equipped with a sampling needle connected to a
three-way stop valve as previously described.” This experimental setup
allowed for samples to be taken from, or added to, the reaction mixture
in an H, or Ar atmosphere. An accurately measured mass of (5)-6 was
placed into a predried (120°C) glass autoclave containing a magnetic stir-
ring bar, which was then maintained under high vacuum for at least
5 min prior to purging with argon. Into a predried Schlenk tube were
placed accurately measured amounts of 1, KO-t-C,H,, and a solvent such
that desired [(S)-6], [1], S/C ratio, and [KO-t-C,H,] values were obtained.
The reaction mixture was degassed by three freeze-thaw cycles and
added under Ar to the autoclave. If needed, the autoclave was placed in
a prewarmed oil bath set at the desired reaction temperature. H, was in-
troduced under 4 atm pressure with several quick releasefill cycles
before being set to the desired pressure. Stirring and timing (f=0 min)
were immediately commenced. Reaction samples were obtained (two
drops into an ether-filled GC sample tube) at specified time intervals (¢),
and the degree of substrate consumption and ee value of 2 were deter-
mined by GC. Conditions: [(S)-6a or (S)-6b]=0.1 mm; [1]=0.2mMm;
P(H,)=1-8 atm; [KO-t-C,H,]=0, 4, 20, or 100 mm; S/C=2000; T=25,
60, or 80°C; t=05-9h; V=10mL, solvent=(CH;),CHOH or
(CH;);COH. b) The experimental setup and sample preparation were the
same as in (a). Assuming a similar reaction profile under the same exper-
imental conditions, a predetermined period of time was allowed such that
an estimated >95% amount of substrate was consumed. Following
sample collection, an aliquot of 1 was added as follows: Degassed (three
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freeze—thaw cycles) and distilled 1 (0.23 mL) and (CH;),CHOH (3.8 mL)
were added to a predried thick-walled Schlenk glass autoclave. The
argon atmosphere was changed to H,. This system was connected to the
hydrogenation autoclave through high-pressure tubing, and the contents
were added (r=0min) using a positive pressure flow of H,. Samples
were then obtained at regular time intervals (¢), and the degree of sub-
strate consumption and enantioselectivity were determined by GC. Con-
ditions: [(S)-6a]=0.1 mm; [1]=0.2m; P(H,)=2 atm; [KO--C,H,]=0, 4,
20, 100 mm; S/C=1000 (42000 for aliquot of 1); T=25°C; t=1-9h;
V=10 mL, solvent=(CH;),CHOH.

Kinetic k,,, determination: The observed reaction rate constant (k)
was derived from the gradient for the expression In[1],= —kq.,(¢)+In[1],
from data collected for reaction profiles in a and b; r=reaction time; fy=
initial sampling time; [1],=[1] at r=0. Data points covering greater than
60% consumption of 1 were used where the linearity (R?) was greater
than 0.98.

Deuterium content: Hydrogenations were conducted using the standard
procedure with (CH;),CDOH or CD;CD,OH as solvent. Conditions:
[(5,85)-5a or (S)-6a]=0.1mm; [1]=0.2m; P(H,)=1-2atm; [KO-t-
C,Hy]=0, 20, or 100 mm; S/C=1000; T=25, 60, or 80°C; t=4-9 h; V=
2 or 10 mL. The deuterium content was determined by '"H NMR analysis
of purified (S)-2. The relaxation time needed to be extended (DL=20s)
to obtain accurate and reproducible integration values. Deuterium incor-
poration was verified by ’H NMR analysis. The results are given in
Table 2.

Transfer Hydrogenation

Standard procedure: An accurately measured mass of (S,5S5)-5 (or (S)-6)
and KO--C,Hy were placed into a predried (120°C) Schlenk flask, and
(CH;),CHOH and 1 were added such that desired [1], [KO-t-C,H,], and
S/C values were obtained. The mixture was then placed into a pre-
warmed oil bath set at the desired reaction temperature. Sample aliquots
of the reaction mixture were taken at designated time intervals (f), and
the degree of substrate consumption and ee value of 2 were determined
by GC. Conditions: [(S,8S)-5 or (5)-6]=0.1mwm; [1]=02wm; [KO-t-
C,H,]=0, 4, 20, or 100 mm; S/C=1000; T=25, 60, or 80°C; t=1-5h;
V=2 or 10 mL.

Kinetic k,,, determination: The observed reaction rate constant (k)
was derived as described above. Data points covering greater than 60 %
consumption of 1 were used where the linearity (R?) was greater than
0.98.

Deuterium content: Transfer hydrogenations were conducted as de-
scribed above using (CH;),CDOH as solvent. Conditions: [(S,S5)-5 or
(5)-6]=0.1 mm; [1]=0.2m; [KO--C;Hog]=4 mm; S/C=1000; T=25 or
80°C; t=9h; V;=10mL. Deuterium incorporation was determined as
described above.
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