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ABSTRACT: The combination of a Goodwin—Lions-type
chiral N4 ligand, (R)-Ph-BINAN-H-Py ((R)-3,3'-diphenyl-
N*N?-bis((pyridin-2-yl)methyl)-1,1’-binaphthyl-2,2’-diamine;
L), with Ru(z-CH,C(CH;)CH,),(cod) (A) (cod = 1,5-
cyclooctadiene) catalyzes the hydrogenation of acetophenone
(AP) to (R)-1-phenylethanol (PE) with a high enantiomer
ratio (er). Almost no Ru complex forms, with A and L
remaining intact throughout the reaction while generating PE
quantitatively according to [PE] = k> An infinitesimal
amount of reactive and unstable RuH,L (B) with C,-A-cis-a
stereochemistry is very slowly and irreversibly generated from
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A by the action of H, and L, which rapidly catalyzes the hydrogenation of AP via Noyori's donor—acceptor bifunctional
mechanism. A CH-7-stabilized Si-face selective transition state, Cg; gives (R)-PE together with an intermediary Ru amide, D,
which is inhibited predominantly by formation of the Ru enolate of AP. The rate-determining hydrogenolysis of D completes the
cycle. The time-squared term relates both to the preliminary step before the cycle and to the cycle itself, with a highly unusual
eight-order difference in the generation and turnover frequency of B. This mechanism is fully supported by a series of
experiments including a detailed kinetic study, rate law analysis, simulation of t/[PE] curves with fitting to the experimental
observations at the initial reaction stage, X-ray crystallographic analyses of B-related octahedral metal complexes, and Hammett
plot analyses of electronically different substrates and ligands in their enantioselectivities.

1. INTRODUCTION

Since the BINAP—Ru method made its debut in 1987,
homogeneous asymmetric hydrogenation of ketones has
become established as one of the most reliable strategies for
the synthesis of optically active secondary alcohols. The first
report on homogeneous ketone hydrogenation dates back as far
as 1938, when Calvin demonstrated the catalytic activity of
CuOCOCHS,.” In the shadow of immense efforts toward the
development of homogeneous catalysts for olefin hydro-
genation using Rh, Ru, or Pt complexes in combination with
various organic ligands,” little progress in this area was made
until 1970, when Schrock and Osborn discovered the high
utility of monocationic RhH,(PPhMe,),(solvent), in the
hydrogenation of acetone to 2-propanol.* Their discovery
triggered an increase in the number of studies using chiral
phosphines,® eventually leading to the revolutionary catalyst
system consisting of Ru(OCOCH,),(BINAP) and a strong
Bronsted acid." The first generation of BINAP—Ru chemistry
realized the hydrogenation of f-keto esters and a wide range of
functionalized ketones with nearly perfect enantioselectivity,®
the successful development of which relies on the concept of an
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intermolecular-type donor—acceptor bifunctional catalyst (In-
termol-DACat) (Figure 1a).'?”

A second revolution took place in 1995, when a chiral Ru
catalyst consisting of RuCL,(BINAP)(dmf),* and 1,2-diphenyl-
ethane-1,2-diamine (DPEN) was developed.9 This BINAP—
Ru—DPEN ternary system, which was based on the concept of
an intramolecular-type donor—acceptor bifunctional catalyst
(Intramol-DACat) (Figure 1b), shows high efficiency in the
hydrogenation of unfunctionalized ketones. Since the start of
this apparent trend of BINAP—Ru systems, a vast number of
hydrogenation-active Ru complexes with trivalent phosphorus
ligating atoms have been reported.'® Their effectiveness has
been examined and compared to that of the “privileged”"'
BINAP chiral catalyst and its derivatives. Nevertheless, no
omnipotent catalyst exists even now, and new frameworks for
designing asymmetric catalysts are required.

From this viewpoint, nitrogen-based ligands have hidden
potential because they have not been extensively researched as
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(R)-BINAP—Ru(OCOCH 3),/HCI
Intermol-DACat

(R)-BINAP-RuCl,—(R,R)-DPEN
Intramol-DACat

Figure 1. Two epoch-making asymmetric hydrogenation reactions of
ketones and the underlying concepts.

yet, although Ohgo et al. reported the first asymmetric
hydrogenation of ketones catalyzed by Co(II)-

(bisdimethylglyoximato)/quinine 1n 1971, around the same
time as Schlock—Osborn’s report.* After three unproductive
decades, there is now increasing attention on all nitrogen-
ligating systems. The Goodwin—Lions-type tetradentate sp’N/
sp°NH linear N4 ligand R-BINAN-R'-Py (3,3’-R,R-N°,N*'-
bis((6-R’ pyridin-2-yl)methyl)-1,1’-binaphthyl-2,2’-dia-
mine)">** 1s one of the key examples setting a precedent in this
new trend.'> A combination of the nonphosphine ligand Ph-

BINAN-H-Py (L) and the Ru z-allyl complex Ru(z-CH,C-
(CH;)CH,),(cod) (A)'® quantitatively hydrogenates various
aromatic ketones with a substrate/catalyst (S/C) ratio of
>10 000 to give the secondary alcohol with an enantiomer ratio
(er) of up to >99:1."° Most interestingly, the reaction proceeds
with almost no formation of any Ru complexes. Here, we would
like to present a mechanism explaining this unusual
phenomenon and the origin of enantioselection in the (R)-L/
A-catalyzed asymmetric hydrogenation of acetophenone (AP)
to (R)-1-phenylethanol ((R)-PE) (Figure 2).

2. RESULTS AND DISCUSSION
2.1. Characteristic Features of (R)-Ph-BINAN-H-Py ((R)-

L). 2.1.1. A-cis-a Selectivity. Theoretically, the linear
2mMm g‘:ﬁﬁﬁ (A)
o = OH OH
2mM (R)-L :
+ Hy +
2 mM tBuOK ©/\
2-propanol, 25 °C, 15 h
AP (R)}PE (S)-PE
2M 50 atm 97 : 3
>99% yield

(R)-Ph-BINAN-H-Py

Figure 2. Standard conditions used for this mechanistic study of
asymmetric hydrogenation of acetophenone (AP) catalyzed by the
(R)-Ph-BINAN-H-Py/Ru(z-CH,C(CH,)CH,),(cod) ((R)-L/A)
combined system (PE = 1-phenylethanol).
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tetradentate chiral ligand (R)-L can form five geometrical
isomers in an octahedral metal complex'*—C,-A-cis-a-, C,-A-
cis-a-, Cy-A-cis-f-, C,-A-cis-f-, and C,-trans-isomers—although
the C, symmetric A-cis-a and C; symmetric A-cis-ff isomers are
unlikely because of their highly distorted structures. These
isomers are in equilibrium with each other (Figure 3a), and the
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Figure 3. Equilibrium between three stereoisomers of (R)-Ph-BINAN-
H-Py—RuH, (B) (a) and (R)-H-BINAN-H-Py—RuH, (b). Red arrows
indicate a steric repulsion.

overall catalyst performance is the average of each isomer’s own
reactivity and enantioselectivity.'” A density functional theory
(DFT) calculation of an imaginary RuH,((R)-L) (B) complex
using the B3LYP/LANL2DZ set showed that the relative Gibbs
free energies of A-cis-f-B and trans-B isomers are, respectively,
14.8 and 19.2 kcal/mol higher than that of A-cis-a-B. Steric
repulsion (red arrow) between the C(3) phenyl group of the
naphthalene ring and the pyridylmethyl group in the A-cis-f
and trans isomers would shift the equilibrium to the A-cis-a-B
side. The energy difference indicates that the A-cis-f-B and
trans-B isomers exist at, respectively, only one-trillionth and
one hundred-trillionth of the level of A-cis-a-B. This property is
advantageous for unifying the catalytic species to enhance
catalyst performance. Regarding the original Goodwin—Lions
ligand,"* which has no 3,3'-phenyl substituents of (R)-L, the C,
symmetric A-cis-f isomer is the most stable (Figure 3b)
according to the same DFT calculation. The existence of the
two different possible reaction sites in the A-cis-f# isomer may
complicate the reaction pathways. In this sense, the C,
symmetric A-cis-a-B isomer is simple.

2.1.2. Metal Capturing Ability. [Ru((R)-L)(CH;CN),]-
(PFg), (1) was quantitatively prepared by mixing (R)-L and
[Ru(CﬁHé)(CH3CN)3](PF6)218 in CH;CN at room temper-
ature (rt) for 48 h, and yellowish prism crystals (melting point
(mp) = 245 °C) were obtained in 68% yield from a CHCl,—
THF (THF = tetrahydrofuran) solvent system. Ru-
(OCOCH;),-((R)-L) (2) was also quantitatively obtained
from Ru,(OCOCH,)," (CH;OH, rt/48 h then 60 °C/2 h)
and crystallized as reddish-brown platelets (mp = 225 °C) in
60% yield from CH,Cl, and hexane. In a similar way,
Mn(OTf),((R)-L) (60 °C, 30 min, CH;CN), Fe(OTf),((R)-
L) (25 °C, 1 h, THF), and Cu(OTf),((R)-L) (25 °C, 1 h,
C,H;OH) were prepared.”® The molecular structures in crystal
are shown in Figure 4, reflecting a general tendency of (R)-Ph-
BINAN-H-Py ligand ((R)-L) to form the C,-A-cis-a isomer.
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Figure 4. Molecular structures of (a) [Ru((R)-Ph-BINAN-H-Py)-
(CH;CN),](PF¢),, (b) Ru(OCOCH,),((R)-Ph-BINAN-H-Py), (c)
Mn(OTf),((R)-Ph-BINAN-H-Py), (d) Fe(OTf),((R)-Ph-BINAN-H-
Py), and (e) Cu(OTf),((R)-Ph-BINAN-H-Py) in the crystalline state.
OTf = OSO,CF;.

The structure of A-cis-a¢ in solution was confirmed by 'H
NMR analyses of two diamagnetic Ru complexes, [Ru((R)-
L)(CH;CN),](PFq), (1) and Ru(OCOCH;),((R)-L) (2). For
both complexes, only one set of signals was observed in the 'H
NMR spectra:*° (R)-1 (5 4.23 (dd, ] = 18.6 and 5.5 Hg,
CHH,), 4.58 (dd, J = 18.6 and 8.9 Hz, CHH,), 635 (dd, J =
8.9 and 5.5 Hz, NH)) and (R)-2 (6 1.46 (s, CH;COO), 3.97
(dd, J = 17.2 and 6.0 Hz, CHRH), 429 (dd, J = 17.2 and 8.1
Hz, CHzHy), 9.13 (dd, J = 8.1 and 6.0 Hz, NH)). These simple
spectra were consistent with both complexes 1 and 2 having a
symmetric C,-A-cis-a structure. In addition, this A-cis-a
geometry in solution phase was supported by the observation
of a nuclear Overhauser effect (NOE) between the closely
located naphthalene C(8)H and methylene Hg [(R)-1, 1.6%
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(irradiation of Hg) and 1.0% (irradiation of C(8)H); (R)-2,
3.5% (irradiation of Hg)].

2.2. Proposed Reactive Species: A-cis-a-RuH,((R)-L)
(B). 2.2.1. Catalyst Performance. The above preformed Ru
complexes (2 mM), A-cis-a-[Ru((R)-L)(CH;CN),](PFy), (1)
and A-cis-a-Ru(OCOCH;),((R)-L) (2), quantitatively hydro-
genate acetophenone (AP) (2 M) in 2-propanol (iPrOH)
containing potassium tert-butoxide (tBuOK) (20 mM) to give
(R)-1-phenylethanol ((R)-PE) and (S)-PE with an er of, at
most, 93:7 for complex 1 (H,, 100 atm, S0 °C, 24 h) and 84:16
for complex 2 (H,, 50 atm, 25 °C, 24 h).”° In contrast to the
present (R)-L/A combined system (Figure 2) and against
expectation, the catalyst performance of that system was low.
The RuX,—L-type complexes require an excess amount of base,
because the balance point lies toward the left side in the
equilibria of both “RuX,—L + H, 2 RuHX-L + HX” and
“RuHX-L + H, 2 RuH,—L + HX”.*'***° The reaction system
might be complicated by the remaining tBuOK and coproduced
salts such as KPF4 and KOCOCH;, which might disturb the
clean generation of the presumed reactive species, A-cis-a-
RuH,((R)-L) (B).

2.2.2. Trial for Detection of B. Related mechanistic studies
on the hydrogenation of ketones using Ru complexes of
phosphine-containing ligands suggest that a RuH, mechanism
operates.”' >* Furthermore, RuH, complexes can be prepared
in high yields from Ru(z-CH,C(CH;)CH,),(diphosphine) and
Ru(#-CH,C(CH,;)CH,),(cod) (A)/PNP ligand.25 On the
basis of this information, we tried to detect either RuH,((R)-
L) (B) or any Ru complexes from A and L with or without H,
and at 25 or 60 °C, but in vain (Table 1).*° Nothing occurred
at 25 °C, but a black precipitate, most probably a Ru(0) cluster

Table 1. Results of the Trial for Detection of Ph-BINAN-H-
Py—RuH, (B)“

% convn’ % yieldb
entry solvent H, atm temp, °C A L 1IB° IBD
1 (CD,),CDOH 0 25 0 0 0 0
2 (CD,),CDOH 0 60 29 0 1 3
3¢ (CD,),CDOH 0 60 0 0 0 0
4 (CD,),CDOH 50 25 0 0 0 0
s (CD,),CDOH 50 60 259 0 8 0
6 CeDs 0 25 0 0 0 0
7 C¢Dg 0 60 427 0 1 0
8° CDs 0 60 54 ) 2
9 CeDs 50 25 0 0 0 0
10 CeDs 50 60 24 0 0 4
11 THF-d 0 25 0 0 o0 0
12 THEF-d 0 60 637 0 6 3
13° THF-dj 0 60 6¢ 0 6 0
14 THF-d 50 25 0 0 0 0
15 THF-d, 50 60 s 0 0 16
16" hexane 0 25 0 0
17 hexane 0 60 414 0
18%  hexane 0 60 467 0
19" hexane 50 25 0 0
20/ hexane 50 60 419 0

“Conditions: [A] = [L] = 10 mM; 24 h. *Determined by the '"H NMR
analysis. “IB = isobutene, IBD = isobutene dimer (2,5-dimethylhexa-
1,5-diene). “Black precipitate was observed. No "H NMR signal except
for those of A and L was detected. “In the absence of L./"H NMR was
measured in C4Dj after evaporation.
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(“Ru(0)”) or a RuH cluster (“RuH”), was generated at an
elevated temperature. Figure S shows the possible pathways

2.2.3. In Situ NMR Study. Figure 6 shows the 'H NMR
spectra of the reaction mixture before and after introduction of

unstable

Figure S. Supposed decomposition pathways from A, (R)-L, and H, to
a black precipitate. L’ = cod, solvent, H,, (R)-L, etc; n = 1—4.

from A, (R)-L, and H, to the black precipitate. A’ is an
imaginary bismethallyl species, in which cod of A is fully or
partly replaced with solvent, H,, (R)-L, etc. In route (a),
coupling of the two methallyl ligands in A or A’ gives isobutene
dimer (IBD), 2,5-dimethylhexa-1,5-diene, and “Ru(0)”.>® In
route (b), A or A’ is converted to isobutene (IB) and a
trimethylenemethane Ru(II) species,”” which decomposes to
“Ru(0)” via “RuH”. In route (c), A or A’ directly reacts with H,
to generate IB and “RuH”,*® which decomposes to “Ru(0)”. In
all routes, the decomposition may proceed via RuH,((R)-L)
(B).

In discussing the results shown in Table 1, care must be
taken because (i) IB and IBD were not quantitatively detected
and (ii) the '"H NMR spectra tended to broaden. The black
precipitate may absorb these alkenes to some extent, and
aggregates of RuH species may be formed.”>*® With such
uncertainty in mind, the results were examined. In
(CD,;),CDOH, which is the solvent of choice in the present
asymmetric hydrogenation, no reaction of A with L occurred at
25 °C even after 24 h at 0 or 50 atm of H, (entries 1 and 4). An
increase in temperature to 60 °C at 50 atm of H, decomposed
25% of A to generate a black precipitate together with 8% of IB
(entry S). Little IBD was detected, negating route (a). Removal
of H, from the condition of entry 5 also led to a black
precipitate, but, in this case, IB and IBD were generated in ca.
1:3 ratio (entry 2). Routes (a—c) may proceed in parallel.
Interestingly, in the absence of L, nothing occurred (entries 2
and 3). The NH proton of L or association of L with A may
accelerate the decomposition.”” A basically similar tendency
was observed in aprotic solvents such as CsD4 and THF-dg
(entries 6—15) in terms of the black precipitate. Unlike the case
with (CD;),CDOH, however, IBD was detected at S0 atm of
H, (entries 10 and 15). Routes (b) and (c) are suppressed in
aprotic solvents for some reason. In hexane, A decomposed at
60 °C regardless of whether H, or L was present or not (entries
16—20).

Although the decomposition occurred only at an elevated
temperature, the series of results in (CD;),CDOH are not
inconsistent with the view that an infinitesimal amount of B is
formed via hydrogenolysis of methallyl groups by two hydrogen
molecules under the real hydrogenation conditions at 25 °C
(see sections 2.4 and 2.5). As compared with the phosphorus
atom-ligating RuH,, B, which possesses electron-donating and
non-z-acceptable sp°N atoms trans to two hydrides, would be
significantly destabilized to decompose without AP. Further-
more, replacement of cod in A would be more difficult with L

than with the phosphorus-based ligand.
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Figure 6. In situ 'H NMR monitoring of the hydrogenation of
acetophenone (AP, 75 mM) to l-phenylethanol (PE) in
(CD,),CDOD containing (R)-Ph-BINAN-H-Py ((R)-L, 10 mM),
Ru(z-CH,C(CH,)CH,),(cod) (A, 10 mM), and tBuOK (6.7 mM) at
25 °C. (a) Spectrum obtained 1.5 h after allowing the reaction mixture
to stand without H,. (b) Spectrum obtained 27 h after applying 50 atm
of H, pressure to the reaction in (a) in a pressure-tight sapphire tube.
The signal/noise ratio in spectrum (b) is calculated to be 177, as
shown in the inset. The signals are indicated by O ((R)-L), A (A), X
(AP), and O (PE).

H, ([(R)-L], = [A], = 10 mM, [tBuOK] = 6.7 mM, [AP], =75
mM, 50 atm H,, (CD,),CDOD, 25 °C, 27 h). In the 'H NMR
spectrum obtained 1.5 h after the addition of all components
except for H, (Figure 6a), sets of signals corresponding to A
(A\), (R)-L (O), AP (x), and tBuOK were independently
observed, although the CHj; signal intensity of AP had
decreased owing to hydrogen—deuterium (H/D) exchange
via formation of the enolate of AP. After pressurizing the
system to SO atm of H,, the AP signals (X) disappeared and the
PE product signals ([]) appeared, whereas there was no change
in the signals of A or (R)-L. The R/S ratio of the PE product
formed was 86:14. Within the limits of the signal-to-noise (S/
N) ratio (177), no Ru—(R)-L complex formed. Nonetheless,
we believe that a very tiny amount of a chiral and reactive
species B ([B] < 10/177 mM = 0.0565 mM) is slowly
generated under the hydrogenation conditions and is operating
in this catalysis. B would survive only in the presence of the
substrate AP.

2.3. Time—Conversion (t/[PE]) Curves. The time course
of the IR C=O0 stretching band intensity of AP at 1690 cm™"
was obtained by use of a total internal reflectance measurement
system during the hydrogenation of AP using the (R)-L/A
combined catalyst under the standard conditions ([(R)-L], =
[A], = [tBuOK] = 2 mM, [AP], = 2 M, 50 atm H,, iPrOH, 25
°C).2° The data were converted to the ¢/[PE] curve shown in
Figure 7a, together with those obtained at [AP], = 0.5 and 1 M.

DOI: 10.1021/jacs.5b02350
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Figure 7. (a) Intriguing phenomenon observed in the ¢/[PE] relation
at [AP], = 0.5, 1, and 2 M (conditions: [(R)-L] = [A] = [tBuOK] =2
mM, 50 atm H,, iPrOH, 25 °C). (b) Plot of [PE] versus £.

The following intriguing observations can be made from the
three t/[PE] curves: (i) the velocity of PE production (d[PE]/
dt) increases exponentially in the early stages but follows a
rather straight relationship in the later stages; (ii) d[PE]/dt
does not decelerate even at the very final stage; and (iii)
d[PE]/dt decreases as [AP], increases. Observation (i) is not
inconsistent with the scenario that the reactive species B is
gradually generated during the course of the reaction, but it
argues against the possible existence of an acceleration effect of
product PE. The slight rate deceleration (0.28 M h™" ([AP], =
0.5 M), 027 M h™" (1 M), and 026 M h™! (2 M)) in the
straight line region of 70—100% conversion would instead
indicate very weak product inhibition. Observation (ii) implies
a zeroth-order dependence on AP concentration in the reaction
system, while observation (iii) clearly shows that the reaction is
inhibited by the initial concentration of AP ([AP],). The
difference between the reaction profile in the early stages and
that in the later stages may be ascribed not only to the time-
dependent change in [AP], [PE], and [B] but also to the
decomposition of B at a lower concentration of AP. The rate is
not enhanced as much as expected in the later stages, where the
concentration of B increases. The balance between B
generation and decomposition may result in observation (i).
To simplify the subsequent discussion, we will focus on the
kinetic scheme of the present asymmetric hydrogenation only in the
early stages (0—30% conversion of AP) of the reaction.

2.4, Supposed Catalytic Cycle and Rate Law Analysis.
On the basis of the above experimental results and the
mechanism reported for other Ru(II)-catalyzed hydrogena-
tions,” ~>* we supposed the kinetic model shown in Figure 8, in
which there are two processes occurring in parallel. One is the
preliminary step with the rate constant k, from Ru(z-
CH,C(CH,)CH,),(cod) (A)/(R)-Ph-BINAN-H-Py ((R)-L)/
H, to the reactive and unstable A-cis-a-B intermediate, and the
other is the catalytic cycle itself for hydrogenation of AP to PE
based on the Intramol-DACat mechanism (Figure 1b). In the
absence of AP, the short-lived B easily decomposes by the
liberation of L, while in the presence of AP, the polarized H**—
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Figure 8. Reaction pathway and enantioface selection in the Intramol-
DACat-based hydrogenation of acetophenone (AP) using (R)-Ph-
BINAN-H-Py ((R)-L) and Ru(z-CH,C(CH,;)CH,),(cod) (A).

PrOH

N°~---Ru’*—H?" moiety of the 18e Ru dihydride B captures the
similarly polarized C**=0°" of AP to move to transition state
C. In this charge-alternating six-atom system, the red and blue
hydrogen atoms are delivered to the C=0O double bond to
release PE together with generation of the 16e Ru amide D,
which would have a trigonal bipyramidal structure with a Ru=
N double-bond character.”'* The coordinatively unsaturated D
interacts with H, in an 5> manner to form F, which undergoes
heterolytic cleavage to reproduce the chain carrier B, thereby
completing the catalytic cycle. The rate of the cycle would be
determined by the D —> B step with k, and not by the B —> D
step with k; (k, < k;).>' The Ru amide D interacts not only
with H, but also with AP, PE, and iPrOH to form equilibria
with the corresponding Ru enolate and Ru alkoxide Eqy and
the equilibrium constant Kqy, thereby causing inhibition.*'#*3

In the present particular case, the catalyst precursor A is
consumed by the action of H, and L to generate B with an
extraordinarily slow rate on the time scale of hydrogenation,
enabling [A] and [L] to be approximated by [A], and [L],,
respectively ([A] ~ [A], and [L] ~ [L],). Hydrogen pressure
([H,]) and tBuOK concentration ([tBuOK]) do not change
during the reaction. Therefore, the total concentration of the
Ru species in the cycle ([Rucyde]) can be expressed as
ko[Al[L]y"[H,]"t>° Furthermore, under the condition of k,
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Figure 9. Dependence of the rate constant kg, on [Ru(z-CH,C(CH;)CH,),(cod) (A)],, [(R)-Ph-BINAN-H-Py ((R)-L)],, H, pressure (pH,), and
[acetophenone (AP)], in the hydrogenation of AP in iPrOH at 25 °C. (a) Plot of k,, as a function of [A], from 0.5 to 4 mM ([(R)-L], = [BuOK]
=2 mM, [AP], =2 M, 50 atm H,). (b) Plot of k, as a function of [(R)-L], from 0.1 to 4 mM ([A], = [tBuOK] = 2 mM, [AP], = 2 M, S0 atm H,).
(c) Plot of k, as a function of pH, from 25 to 90 atm ([A], = [(R)-L], = [tBuOK] = 2 mM, [AP], = 2 M). (d) Plot of ky, as a function of pH,* of
graph (c). (e) Plot of kg, as a function of [AP], from 0.5 to 4 M ([A]y = [(R)-L], = [tBuOK] = 2 mM, 50 atm H,). (f) Plot of k, as a function of

1/[AP], of graph (e).

< ky, the Ru is distributed mainly to D and Eqy ([Rucyde] =
[D] + Z[Equ] = [D](1 + ZKQH[Q_H])), leading to eq 1.

[D] = k[Al) [L],"[H,]"t/(1 + Y. Kou[QH]) 1)

Steady-state assumption for D gives d[PE]/dt = k,[D][H,] =
kok[Alg[L]o"[H,]™ 't /(1 + ZKqu[QH]). With the definitions
of ZKqu[QH] = Kyp[AP] + K(g)pe[ (R)-PE] + K(s)pg[(S)-PE]
+ Kip,on[iPrOH] and Kpg[PE] = K(g) pe[(R)-PE] + K(5) pg[(S)-
PE] = ZK,p[PE], integration of the d[PE]/dt equation from 0
to t followed by the second-order Taylor expansion at t = 0
gives eq 2.2

[PE] = (kOkZ[A]Ol (L], [H,]""" /2(K,p[AP], + Kp,ouliPrOH]
+ ) = kgt (2)

Consistent with eq 2, time-squared plotting of the t/[PE]
relations in Figure 7a gave straight lines, at least in the early
reaction stages (Figure 7b), implying that the preliminary step
from (R)-L/A/H, to B and the catalytic cycle converting AP to
PE are operating in parallel.

2.5. Reaction Orders for [A],, [L],, [H,] (pH,), and [AP],.
The time-squared equation, [PE] = k%, was used to deduce
the reaction orders for A, (R)-L, pH,, and AP. The values of
kgp in all of the kinetic experiments were derived by using data
obtained at the initial stages of the reaction, between 0% and
30% conversion, where the linearity is the highest (Figure 7b,
red line).*° The relationship between kg, and each parameter is
shown in Figure 9a—f.

The plots of k., versus [A], from 0.5 to 4 mM gave a
reasonably linear relationship from the origin with a correlation
coefficient of 0.964, indicating a first-order dependence on [A],
(I=1ineq2) (Figure 9a). The rate was essentially not affected
by [L], (0.1—-4 mM) (m = 0 in eq 2) within the range of error
distribution (Figure 9b). The k,, value exponentially increases
as pH, increases from 25 to 90 atm (Figure 9¢) according to an
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accurate cubic function. Figure 9d shows a third-order plot
affording a straight line from the origin with a correlation
coefficient of 0.978, establishing n + 1 = 3 in eq 2. In contrast to
the acceleration effect of pH, on the rate, the kg, value
exponentially decreases as [AP], increases from 0.5 to 4 M
(Figure 9e). Replotting the kg values versus the reciprocal of
[AP], established a reasonable linearity with a correlation
coefficient of 0.987 (Figure 9f). The —1st-order dependence on
[AP], is consistent with eq 2. The rates observed with [AP], at
3 and 4 M were rather slower than those expected from the
0.5—2 M data. This deviation is probably due to changes in the
properties of the solvent, which comprises iPrOH and AP in a
2:1 to 1:1 ratio, because the characteristics of AP exert a
significant effect on the polarity and dielectronic constant of the
solvent system.” In all cases, the high enantioselectivity was
maintained with [A],, [L],, pH, and [AP], varied (Figure 9,
red squares).
Equation 2 can therefore be rewritten as eq 3.

[PE] = (kok,[A],[H,T} /2(K\p[AP], + K,pouliPrOH] + 1))t

©)

2.6. Inhibitory Effect. Equation 3 applies only in the early
stages of the reaction; therefore, no [PE] term is included.
Inhibition of the catalytic activity, however, should be related to
all possible QH species, including substrate AP, product PE,
and solvent iPrOH, in the equilibrium D + QH 2 Eqgy with
Kqp in Figure 8. Formation of the Ru enolate and alkoxide as
Eqy is the most probable inhibitory process,”***> and the order
of the inhibitory effect is thought to be AP > PE > {PrOH
based on the pKa (H,O) values (AP enol (10.34),>° PE
(15.4),>" and iPrOH (16.5)**). The inhibitory factor is not
simple, being affected not only by acid and base principles but
also by the concentration, steric and electronic properties of
Eqp, and the emergence of other reaction pathways specific to

= kobst2

EQH.
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Figure 10. Comparison of the inhibitory effect of acetophenone (AP), cyclohexyl methyl ketone (CMK), and 2,2-dimethylpropiophenone (DMPP)
under the standard conditions ([(R)-Ph-BINAN-H-Py ((R)-L)], = [Ru(z-CH,C(CH,;)CH,),(cod) (A)], = [BuOK] = 2 mM, 50 atm H,, iPrOH,
25 °C). (a) Reciprocal plot of k,, versus [AP],. (b) Reciprocal plot of kp, versus [CMK],. (c) Reciprocal plot of kg, versus [DMPP],. In (a), (b),
and (c), the slope corresponds to 2(Kqu[QH]y + Kipou[iPrOH] + 1)/kok,[A]o[H,]® (QH = AP, CMK, or DMPP). Because the value of the
denominator is constant under a given condition, a steeper slope means greater inhibition.

To make a qualitative interpretation of the inhibitory effect,
the following experiments were carried out by using AP,
cyclohexyl methyl ketone (CMK), 2,2-dimethylpropiophenone
(DMPP), (R)-PE, and (S)-PE: CMK is enolizable but lacks the
benzene ring of AP, whereas DMPP is not enolizable but has a
benzene ring. (R)-PE is the major product of (R)-L/A-
catalyzed asymmetric hydrogenation, while (S)-PE is the minor
enantiomeric product. In comparing inhibition among AP,
CMK, and DMPP, however, care must be taken because these
ketones are completely different both sterically and electroni-
cally and vary in reactivity and selectivity in the (R)-L/A-
catalyzed asymmetric hydrogenation: namely, 94:6 er and k,, =
2.50 X 1072 M h™? for AP; 42:58 er and k,,, = 8.31 X 107> M
h™2 for CMK; and 93:7 er and k,,, = 1.67 X 107> M h™> for
DMPP at a substrate concentration of 1 M. Bearing this in
mind, and with the assumption that the same mechanism is
operating as for AP, the inhibitory effect was investigated as
discussed below.

2.6.1. Ketone Substrates: AP, CMK, and DMPP. To analyze
the inhibitory effect of ketone substrates and iPrOH, eq 3 was
converted to eq 4.

1/kobs = Z(KAP[AP]O + KiPrOH[iPrOH] + 1)
/kokz[A]o [H2:|3 (4)

The plots of 1/kg, versus [AP], gave a straight line with a
small y-intercept value (—4.98) within the range of 0.5-2 M
(Figure 10a). The direct proportion from the origin shows that
(i) AP is the major inhibitor of the formation of D; (ii) the D
2 E,p equilibrium point lies toward the far E,p side (1 <
K,p); and (iii) inhibition by iPrOH is negligible (Kp,on <
K,p)- The inhibition profile of CMK also showed the same
tendency as that of AP (Figure 10b), albeit with a 4.5-fold
shallower slope than AP (47.5 vs 10.5). We assume that this
difference may originate from CH-z stabilization of E,p,
whereby the C;H; 7 system interacts with the PyC(6)H of the
Ph-BINAN-H-Py ligand. The extra inhibitory factor exists only
for AP and not for CMK, reflecting the lower reactivity of AP
(kops = 2.50 X 107> M h™2 for [AP], = 1 M; kg, = 8.31 X 1072
M h™? for [CMK], = 1 M). By contrast, DMPP, which has no
proton, gave a straight line with a shallow slope (20.4) and a
large y-intercept (+39.7) as shown in Figure 10c. This profile
can be understood by assuming that nonenolizable DMPP
relatively enhances the degree of the iPrOH inhibitory effect
toward the catalytic cycle via a 16e Ru amide D. Nonetheless,
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because DMPP causes little inhibition in the present catalysis, it
shows less reactivity than AP (k. = 1.67 X 1072 vs 2.50 X 107>
M h™2). A steric effect of DMPP would be the reason.

This series of experiments indicates that the inhibition
resulting from AP and CMK would be caused mainly by
formation of the Ru O-enolate®*** and partly by the phenyl
group of AP. In addition, the reaction of AP at 1 M was not
inhibited by the addition of ethylbenzene in the range of 1-2
M under the standard conditions.”® This result supports the
idea that the major inhibitory factor of AP originates from
formation of the CH-z-stabilized Ru O-enolate E,p and not
from the arene—Ru complex.

2.6.2. Enantiomeric Products: (R)-PE and (S)-PE. To
evaluate the inhibitory effect of PE quantitatively, reaction
rates were determined for the hydrogenation of AP (0.5 M)
under the standard conditions except for the presence of 0.5
and 1 M PE. By defining the externally added (R)-PE and (S)-
PE as (R)-PE, and (S)-PE,, respectively, eq S can be
deduced.”

1/kobs = 2(I<AP[AP:|O + I<(R)—PE[(R)' PEex]
+ K5).pel(8)- PE,] + Kpp,on[iPrOH] + 1)
Jkoky[Aly [H, ] (8

Because 1/k_,, shows a linear relation to both [(R)-PE,,] and
[(S)-PE,,] in eq S, the slope in the plots of 1/kg, against
[PE,,] indicates the degree of the inhibitory effect. As shown in
Figure 11a, the product (R)-PE, which is generated from (R)-
L/A catalysis, had little effect on the reactivity, giving a shallow
slope. By contrast, the enantiomeric product (S)-PE, which is
the minor product in the present R catalysis, significantly
inhibited the reaction. The K(5) pp/K(r).pg ratio approached 15
(slope ratio = 176/12). The 15-fold difference in the
equilibrium constant may be due to a CH-z interaction
between the phenyl group of (S)-PE alkoxide and PyC(6)H of
(R)-L, which would stabilize E(S),I,E.34 The conformer with such
a CH-z interaction in the corresponding Ru—(R)-PE alkoxide
(E(r).pe) would be energetically unfavored for steric reasons.
The methyl group is forced into a location in the crowded
region (see Figure 11, upper structure). These results imply
that chiral amplification may occur in the present asymmetric
hydrogenation via a new mechanism.””3*

2.7. Simulation. A series of kinetic studies revealed that the
present asymmetric hydrogenation of AP proceeds without
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Figure 11. Quantitative analysis of the inhibitory effect of (R)-1-
phenylethanol ((R)-PE) and (S)-PE, and possible structures of the Ru
alkoxides, E(z) pg and Eg) pg. (a) Reciprocal plot of ki, versus [(R)-
PE,,]. (b) Reciprocal plot of kg, versus [(S)-PE,,]. Hydrogenation of
AP (0.5 M) was carried out in the absence and presence of PE (0.5
and 1 M) under the standard conditions ([(R)-Ph-BINAN-H-Py ((R)-
L)], = [Ru(z-CH,C(CH,;)CH,),(cod) (A)], = [tBuOK] = 2 mM, S0
atm H,, iPrOH, 25 °C). The red arrow indicates a steric repulsion.

significant inhibition from the solvent iPrOH and the major
product (R)-PE; therefore, the kinetic profile shown in Figure 8
can be expressed by eq 6 in the early stages of the reaction
under the standard conditions.

[PE] = k> = kok,[A],[H,]’t*/2K,p[AP], (6)

To confirm its validity, eq 6 was used to simulate the
relationships between time and PE concentration, which were
then compared with the t/[PE] curves observed under different
conditions of [A], pressure pH,, or [AP],. The k,, values
obtained under the conditions of [A], = 1—4 mM, pH, = 25—
90 atm, and [AP], = 0.5—2 M (Figure 9a, ¢, and e) gave kok,/
Kyp = 4.1 X 10° M™> h™? as the average value.*® This value was
substituted into eq 6 to simulate the t/[PE] relationship
(Figure 12a—c). Close agreement between the simulated (blue
surfaces) and experimental (red lines) curves confirmed that

the hydrogenation proceeds according to eq 6 with a kok,/Kyp
value of 4.1 X 10> M2 h™? in the early stages.

2.8. Effect of [L], and [tBuOK]. As shown in Figure 9b, the
initial concentration of (R)-L in the range of 0.1—-4 mM has
little effect on the rate. Therefore, even a reaction with a smaller
amount of L than A ([L], = 0.5 mM; [A], =2 mM; L/A =1/
4) showed essentially the same reactivity and selectivity as that
with an L/A ratio of 1:1. Moreover, a further decrease in the L/
A ratio to 1/20 ([L], = 0.1 mM; [A], = 2 mM) produced PE in
an R/S er of 96:4 without a significant loss of reactivity. As
shown in Figure 13, an even further decrease in the L/A ratio

25
0.0743M h=' 0.0271 M|h-"
2
s 15 0.05 mM
m 1
e [L]o = 0.02 mM
0.5
0

0 20 40 60 80
th

Figure 13. Time—product concentration curves obtained with an
extremely low concentration of (R)-L ([L], = 0.02 mM and 0.05 mM,
[A], = [tBuOK] = 2 mM, [AP], = 2 M, SO atm H,).

to 1/40 ([L], = 0.05 mM; [A], = 2 mM) led to a straight line
in terms of the t/[PE] relationship to the point of the reaction
completion, giving (R)-PE with a 94:6 er. In the L/A ratio of 1/
100 ([L], = 0.02 mM and [A], = 2 mM), the straight-line
phenomenon was observed. Although the enantioselectivity
decreased to 87:13, the degree of chiral multiplication
approached 87 000. Under these conditions, the t/[PE] curve
no longer follows the time-squared equation ([PE] = k,t*). At
such an extremely low concentration of L, all Ph-BINAN-H-Py
molecules would be used to generate B. Consistent with this
view, the rate of [L], = 0.02 mM was proportionally slowed to
2/5 that of [L], = 0.05 mM (0.0271 vs 0.0743 M h™"). The rate
of 0.26 M h™" in the later stages under the standard conditions
(Figure 7a) determines the approximate concentration of
Ru,q to be 0.1-0.2 mM, supporting the fact that the rate is
essentially not affected by [L], > 0.1 mM (Figure 9b).
Within the range of 1—20 mM, the initial concentration of
tBuOK was also not influential on the rate and enantiose-
lectivity (Figure 14a). A concentration of tBuOK (1 mM) that
was 50% lower than that of the Ru z-allyl precursor A (2 mM)

Figure 12. Simulation (blue surfaces) and observation (red lines) of the t/[PE] relationship from 0% to 30% conversion in the (R)-L/A-catalyzed
hydrogenation of AP in iPrOH at 25 °C. (a) t/[PE] relationship as a function of [A], ([(R)-L], = [(BuOK] = 2 mM; [A], = 1, 2, and 4 mM; [AP],
=2 M; 50 atm H,). (b) t/[PE] relationship as a function of pH, ([(R)-L], = [A], = [fBuOK] = 2 mM; [AP], = 2 M; 25, 50, 70, and 90 atm H,). (c)
t/[PE] relationship as a function of [AP], ([(R)-L], = [A], = [BuOK] = 2 mM; [AP], = 0.5, 1, and 2 M; 50 atm H,). Simulation conditions: [PE]

= koky[A]o[H, 3/ 2K \p[AP], with koky/Kap = 4.1 X 10° M2 h™2,
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was enough to maintain reactivity. When [tBuOK] was
decreased to 0.5 mM, the reactivity was halved (k. = 1.17 X
1072 vs 6.89 X 10> M h™?). Furthermore, as shown in Figure
14b, even in the absence of tBuOK ([A], = 1, 1.5, 2, and 4
mM), the reaction went to completion, although the rate was
extremely slow in the early stages. Replotting the t/[PE]
relation in Figure 14b as a function of £* exhibited a reasonably
linear relationship (Figure 14c), although the £/[PE] curve
obtained with [A], = 1 mM deviated from the ideal one. The
change in the order of ¢ from second to third in the absence of
[fBuOK] implies that the ever-changing species [Rucyde] , [AP],
and [PE] are involved in this cycle in a different way than when
[fBuOK] is present under the standard conditions. The slopes
of the linear lines in the £/[PE] plotting (blue lines) have a
second-order dependence on [A],. So, when [A], is increased
from 1 to 1.5 mM, the slope is steeper by a factor of (1.5/1)* =
2.25, which is close to the observed value, (0.80 x 107)/(0.40
X 107*) = 2. The second-order dependence on [A], can be also
observed when 1.5 mM is increased to 2 mM ((2/1.5)* = 1.78
vs (1.52 X 107%)/(0.80 X 107*) = 1.9), and when 2 mM => 4
mM ((4/2)* = 4 vs (6.84 x 107*)/(1.52 X 107™*) = 4.5). One
possible explanation is that two Ru. molecules are involved
in the catalytic cycle established in the absence of tBuOK. One
Ru,q species may act as a base instead of tBuOK. [Ruyq]
increases with a first-order time dependence; as a result, the
involvement of another Ru,. in the cycle would alter [PE] =
ko to [PE] = k. The inclusion of at least 1 mM tBuOK
might prevent the aggregation of intermediary Ru species
leading to B, or it might enhance the reactivity of A toward H,,
thereby initiating the reaction without an induction period.

2.9. Enantioface Selection. Figure 15 shows the B + AP
—> D + PE step in detail. We believe that the reaction proceeds
via the prior formation of an N—H---O=C hydrogen bond
between B and AP. A clockwise rotation®” of the C=0 axis
forms the transition state Cg, in which the Si face of the
electrophilic C=O group is facing the nucleophilic Ru
hydrogen atom. An anticlockwise rotation®’ gives Cg,, the
structure of which is sterically more favored than that of Cg;
Nevertheless, Cg; is more favored than Cg,, resulting in the
production of (R)-PE as the major product. This sense of
enantioselectivity holds for various aromatic ketones.'> An
attractive interaction is expected to stabilize the Cg; transition
state: possible candidates would be (i) a CH-z interaction
between PyC(6)H and the aromatic 7 system of AP (factor I)
and (ii) a CH-x interaction between ortho-HPh of AP and the
C(3)-,C(3')-Ph « system of (R)-L (factor II).

2.9.1. Hammett Analysis. To determine which of these
factors is involved, we examined the enantioselectivity of AP
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Figure 15. Proposed mechanism of enantioselection in the (R)-Ph-
BINAN-H-Py—RuH,-catalyzed hydrogenation of AP.

possessing a different ring substituent X at the para position,
including CH;O, CHj, and CF;.*° All of the reactions were
completed within 18 h under the standard conditions. The
presence of an electron-donating substituent tended to increase
the enantioselectivity, which ranged from an R/S er of 90:10
(4-CF;) to an R/S er of 99:1 (4-CH;0). The Hammett plot of
In(R/S) versus the standard o constants for the substituent
parameter exhibited a reasonably linear relationship (Figure
16a), indicating that a single reactive mechanism is operating in
the asymmetric hydrogenation with the involvement of factor L
By contrast, the enantioselectivity with (R)-Ph-BINAN-H-Py
ligands possessing a substituent Y at the para position of the
C(3)-,C(3’)-phenyl group virtually remained unchanged (R/S
er = 96:4—97:3) (Figure 16b). Overall, the transition state Cg;
is most likely to be stabilized by factor I: namely, a CH-x
interaction between PyC(6)H and the aromatic 7 system of
AP. This is the origin of the enantioselectivity in the (R)-L/A-
catalyzed hydrogenation of AP giving (R)-PE.

2.9.2. "2C/"C Kinetic Isotope Effect. In this B —> D step,
the hydrogen bond formation between B and AP would have
no energy barrier, and the rate would be determined by the
hydride transfer step via Cg;, where the blue-colored hydrogen
atom on Ru and the red-colored hydrogen atom on sp°N are
delivered to the C=0 bond in a concerted manner (see Figure
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15). Direct attack of RuH on C=O0 without formation of an
sp’N—H---O=C hydrogen bond is the most unlikely
possibility.

To confirm the occurrence of Intramol-DACat-based h(?rdride
transfer, the '>C/13C isotope effect was measured.’® The
catalytic hydrogenation of AP was conducted on a 50 mmol
scale under the standard conditions, and the reaction was
stopped at 93% conversion (13 h). The reaction mixture was
concentrated and subjected to silica gel column chromatog-
raphy, which gave PE with an R/S er of 97:3 and AP (421 mg)
in 6.9% yield. The recovered AP was subjected to *C NMR
measurement, whereby the '*C signal intensities were
compared by using the "C signal at Cpare of the phenyl
group of AP (not involved in the reaction) as an internal
standard. The relative proportion of the C isotopic
composition at C(1)=O was increased by 8.4% (Figure
17a). No other signals showed significant changes in "*C

(@) (b)

1.00821) @ 1084(21) 1.003(11) o 1.031(8)
1.000 1.000
(standard) \4 ! (standard) \4 <
ipso
NEAS N \
para met;\ 1.011(22) P \ 1.004(8)
1.006(25) 1.009(28) 1.002(9) 1.003(11)

Figure 17. Measurement of the 2c/13¢ isotope effect in
acetophenone (AP) recovered in 6.9% yield after 93% conversion to
PE under the standard conditions. (a) "*C isotopic composition
determined by *C NMR analysis. (b) ?C/'*C kinetic isotope effect
calculated by using C,,,, as a standard.

isotopic composition. Using the equations of Singleton and
Thomas,*® the 2C/3C isotope effect was calculated to be 1.031
(Figure 17b). This observation of the *C/"*C isotope effect at
C(1) is consistent with the Intramol-DACat mechanism. In
addition, the lack of an isotope effect at C(2)H; of AP argues
against the involvement of hydrogenation of the AP enol.

2.9.3. N—H---O=C Hydrogen Bond. The molecular
structure of A-cis-a-Ru(OCOCH,;),((R)-L) (2) in crystal
(Figure 4b) suggests the existence of an spN—H--O=C
hydrogen bond. The H---O length is considered to be 2.067—
2.112 A, as judged by the theoretical location of H on N (see
top view). In addition, the dihedral angle made by CH;COO—
Ru—N-H is 17.93°. The hydrogen bond, as well as the small
dihedral angle, would also be reflected in the B/AP complex,
effecting Intramol-DACat ability to transfer the two hydrogen
atoms to the C=O double bond of AP via Cg;

2.10. Hydrogenation versus Transfer Hydrogenation.
The present asymmetric reduction was proved to proceed via
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2112 A

top view

hydrogenation but not via transfer hydrogenation from iPrOH
as follows.?®?** Under the standard conditions using
(CH;),CDOH instead of iPrOH, (R)-PE and (S)-PE were
quantitatively obtained in a 94:6 ratio. After separation of the
enantiomers, the degree of protium incorporation into (R)-PE
and (S)-PE was determined by '"H NMR analysis. The relative
H signal intensities toward the C,,,—H signal of the phenyl
group ranged from 0.990 to 1.007 (Figure 18). Within the error

(a) (b)

OH «—0.950 OH «—0.945
1.000 : 1.000
(standard) «0.996 (standard) «——1.005
N
AN 0.991 AN 0.990
1.001 1.007 1.005 1.007

Figure 18. Ratio of protium incorporation in (R)-1-phenylethanol
((R)-PE) (a) and (S)-PE (b) obtained under the standard conditions
using H,/(CH;),CDOH and H,/iPrOH, respectively (acetone-dq with
45° pulse and 30-s relaxation delay).

of the analysis, no D was introduced at any carbons of (R)-PE
or (S)-PE, clearly indicating that a transfer hydrogenation
mechanism was not involved in the (R)-L/A-catalyzed
reduction. The most likely explanation is that the major and
minor products, (R) PE and (S)-PE, are both produced by the
same mechanism'” with an energy difference of 2.07 kcal/mol
between Cpg, and Cg;.

3. CONCLUSION

The present asymmetric hydrogenation of acetophenone (AP)
using a combined system of (R)-Ph-BINAN-H-Py ((R)-L) and
Ru(z-CH,C(CH,;)CH,),(cod) (A) proceeds with virtually no
change in L and A, giving (R)-PE with an R/S ratio of 97:3."
The series of mechanistic studies described has revealed the
complete picture of the catalysis, which follows the rate law of
[PE] = kok,[A]o[H,]*f/2K,\p[AP], with kok,/Kap = 4.1 X 10°
M~ h™% The time-squared term relates to two processes
occurring in parallel: namely, the preliminary step before the
cycle and the cycle itself.

The detailed reaction sequence in the preliminary process is
unclear. Most probably, the introductory step would initiate
with very slow and irreversible hydrogenolysis of the Ru-z-allyl
bonds of A with 2-mol amounts of H, molecules by generation
of (CH,;),C=CH,,* producing a tiny (<1%) amount of an
ambiguous RuH, species in first-order for [A], and second-
order for [H,]. Immediately after its generation, the RuH,
species is trapped without any energy barrier by the particular
tetradentate sp’N/sp’NH linear N4 ligand (R)-L. The
characteristics of (R)-L, including very strong metal capturing
ability with a high level of cis-a selectivity in the formation of
octahedral metal complexes, enable the generation of such a
delicate A-cis-a B intermediate, which works as a very reactive
catalyst in the presence of AP but readily decomposes in its

DOI: 10.1021/jacs.5b02350
J. Am. Chem. Soc. 2015, 137, 8138—-8149


http://dx.doi.org/10.1021/jacs.5b02350

Journal of the American Chemical Society

absence. The first- and zeroth-order kinetics observed for [A],
and [L],, respectively, as well as the minimal effect of [A],,
[L]p, and [H,] (pH,) on enantioselectivity, excludes the
possibility of prior replacement of the cod ligand of A with (R)-
L, followed by hydrogenolysis of the Ru-z-allyl bonds. In
parallel to its reluctant generation, B rapidly converts AP to PE
by means of another H, molecule. In the B —> D step, the NH
in B quickly captures AP to move to a charge-alternating six-
membered transition state Cg;. Here, the two hydrogen atoms
of the polarized H**—N°"---Ru®*—H®~ moiety are delivered in a
concerted manner to the similarly polarized C**=0°" of AP
via the prior formation of an N—H---O=C hydrogen bond, for
which the energy barrier is lower than that for the subsequent
hydride transfer. The Si face of AP is selected because of a CH-
7 attractive interaction between the PyC(6)H of L and the
aromatic & system of AP. The electronic factor surpasses the
steric advantage in Cg, The Intramol-DACat mechanism
operates in Cg; to give the coordinatively unsaturated Ru amide
D. This B —> D step proceeds with a zeroth-order dependence
on [AP] in the reaction system, but the turnover rate is slowed
mainly by the formation of a Ru enolate of AP, which is also
stabilized by a CH-z attractive interaction. Inhibition from
iPrOH and (R)-PE is negligible, but the degree of inhibition by
the enantiomeric product (S)-PE is 15 times higher than that
by (R)-PE.

The reaction frequency of the induction step is <2.1 X 107*
h™!, while the turnover frequency of the cycle is >5.7 X 10*
h™'.* The eight-order difference in these frequencies causes the
seemingly unusual phenomenon that PE is quantitatively
produced without any detectable Ru complex formation. The
L/A/2H, to B process follows a first-order dependence on [A],
and a zeroth-order dependence on [L]; as a result, even a 1/
100 ratio of L (0.02 mM) to A (2 mM) maintains high catalytic
performance, attaining a chiral multiplication of 87 000.

There are likely to be many other examples in which a
negligible amount of reactive and unstable species is operating
in catalysis.*' The present study should stimulate our ideas for
the further development of asymmetric molecular catalysis. By
using preformed well-defined metal complexes, opportunities to
find a high performance catalyst may sometimes be missed.
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