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Abstract

[Ru((R)-BINAP)(1-3:5,6-7-CsH; 1 )(MeCN)]BF, (1; BINAP is 2,2'-bis(diphenyl-
phosphino)-1,1'-binaphthyl) rapidly reacts with an excess of dihydrogen gas in solutions of
weakly coordinating solvents to generate cyclooctane and [Ru((R)-BINAP)(H)-
(MeCN),(sol)s-»]BF4 (2; n = 0-3, sol = acetone, methanol, or THF, depending on reaction
medium). Complex 2 catalyzes the enantioselective hydrogenation of the olefinic substrate
MAC (methyl a-acetamidocinnamate) to give (R)-MAC(H). (N-acetylphenylalanine
methyl ester) in up to 94% ee. The mechanism of this catalytic hydrogenation was
investigated using in situ NMR spectroscopy, and by comparing the stereochemistry and
regiochemistry of deuterium-labeling studies conducted on the catalytic reaction to those
conducted on an isolated possible catalytic intermediate. This isolated species is the
olefin—hydride insertion product [Ru((R)-BINAP)((S)-MAC(H))MeCN)]BF; ((Scez)-3)
that is formed by both catalytic and stoichiometric reactions of the active catalyst 2 with
the substrate MAC. Complex (Sce)-3 is the only ruthenium species present in detectable
amounts (by NMR) during the catalytic hydrogenation of MAC at room temperature. The
absolute configuration (determined by X-ray diffraction) at the stereogenic c-carbon of
MAC(H) in (Sce)-3 is the same (assuming stereospecific replacement of ruthenium with
hydrogen) as that of the major product enantiomer of the catalytic hydrogenation. The
structure and the absolute configuration of the predecessor complex of (Sc.)-3, the
transient catalyst—substrate adduct [Ru((R)-BINAP)(H)(MAC)(MeCN)]BF, (si-4), was

determined by low-temperature NMR methods. The hydrido—olefin species si-4 is of the
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same absolute configuration as (Sc.)-3, and it undergoes direct first-order olefin—hydride
insertion to generate (Scz)-3. Results obtained from the stoichiometric hydrogenolysis and
deuteriolysis of (Sce)-3, from the catalytic deuteration of (£)-MAC and (Z)-MAC, and
from the reaction of (Sc.)-3 with excess (Z2)-MAC-CO,CD; all indicate that formation of
(Sca)-3 is rapid and reversible prior to the irreversible hydrogenolysis of the ruthenium-—
carbon bond. The sum of the stereoselectivities and regioselectivities of the formation and
hydrogenolysis of (Sca.)-3 equals the overall stereoselectivity and regioselectivity of the
catalytic hydrogenation. Solvolysis of the ruthenium—carbon bond occurs to less than 4%
during the catalytic hydrogenation conducted in methanol. Removal of MeCN from the
catalyst system has no effect on the enantioselectivity of the catalytic hydrogenation, but

causes a significant increase in rate.
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Chapter 1

Introduction

Definitions and General Principles of Catalysis. Asymmetric synthesis, or
stereoselective synthesis, is any reaction in which one of a set of stereoisomers is
predominantly, or exclusively, formed over the other.! An enantioselective reaction is an
asymmetric reaction that preferentially transforms a prochiral substrate, possessing two
enantiotopic atoms, faces, or groups, into one of two product enantiomers. The most
efficient enantioselective reactions involve homogeneous, and to a much lesser extent,
hetereogeneous catalysts.”* Homogeneous catalysts, typically chiral transition-metal
complexes® or enzymes,® promote a one-phase (solution) reaction that transforms a
prochiral substrate into a chiral product (eq 1-1). The concentration of the catalyst enters
into the kinetic equation (eq 1-2) but does not enter into the equilibrium constant for the
reaction (eq 1-3); therefore, the catalyst does not modify the change in standard Gibbs

energy, AG® = -RT7 In K, for the reaction.’ By definition, a catalyst is not consumed in a

ky
substrate + catalyst ——k—~ product + catalyst (1-1)
1

—d[substrate]/dt = ki[substrate][catalyst] — £_;[product][catalyst] (1-2)

K = ky/k_, = [product]/[substrate] (1-3)

reaction (less than stoichiometric amounts can, therefore, be used), and it cannot displace
an equilibrium. Both the rates of the forward and reverse reactions are increased to the
same extent, and, therefore, the ee of a reversible enantioselective catalytic reaction, such
as that shown in eq 1-1, will be zero if the system is allowed to equilibrate. Catalysis is

purely a kinetic phenomenon. The catalyst provides an alternative reaction pathway, a
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2
catalytic cycle, in which the activation energy is lower, causing an increase in the rate of
the reaction. Completion of one catalytic cycle is commonly known as a turnover. The
turnover number (TON) is defined as the number of turnovers achieved by a catalyst
(moles of product formed per mole of catalyst). The turnover frequency (TOF), or the
productivity of the catalyst, is defined as the number of moles of product formed per mole
of catalyst per unit time (TON time™, usually expressed as TON min™").°

For rapid preequilibrium enantioselective catalytic systems, where the rate of
interconversion of diastereomeric intermediates (adducts of the chiral catalyst and a

prochiral substrate; the simplest case is shown in Scheme 1-1, A and B) is considerably

Scheme 1-1. The Curtin—~Hammett Principle

k4
A
k-4
Ka ks
Pa P

where K1, k.1 >> Ka, kg

greater than the rate of formation of the enantiomeric products (Scheme 1-1, P, and Pg),
the ratio of the enantiomeric products depends only on the difference in Gibbs energies of
the transition states (Gg* — G4%) for the two diastereomeric slow steps (ka and kg), as

shown below (eq 1-4). This phenomenon is known as the Curtin~Hammett principle.” In
P/Pp = e¥8° ~OAWRT (1 4

general, the ee of a product derived from a catalytic cycle is determined by the first

irreversible step in the catalytic cycle involving diastereomeric transition states

(corresponding to ka and 4g for the respective diastereomeric pathways). This step is

known as the enantioselective step.® The greater the difference in Gibbs energies of the
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respective diastereomeric transition states, the greater the catalytic enantioselectivity. The
difference need not be large to obtain high enantioselectivity; a difference of only 8 kJ
mol™" gives 92% ee at 300 K.

It is conceivable to model the two diastereomeric transition states, in an attempt to
account for their difference in energies, based on structural data of the predecessor
complexes (A and B). The Hammond postulate® states that for any single reaction step,
the geometry of the transition state for that step resembles more the side of the reaction
coordinate to which it is closer in Gibbs energy; thus, for an exergonic reaction, such as
the conversion of A to P, (and B to Pg), the transition state resembles the reactants more
than products. Accumulation of A and B to detectable amounts that will allow their
structural characterization, and possible transition-state modeling, can only be achieved if
the conversion of A to P, (and B to Pg) proceeds with the lowest rate constants in the
catalytic cycle (and no side reactions consume the catalyst). Such a step is known as the
turnover-limiting step. Note that for this simplest of examples, the enantioselective and
the turnover-limiting steps coincide. This special case is not necessarily universal in
enantioselective catalysis.

Transition-metal catalysts effect highly chemo-, diastereo-, enantio-, and regio-
selective reactions with high efficiency—in some cases producing millions of chiral
product molecules using only one molecule of a catalyst (chiral multiplication). Further,
the minimization of waste and the reduction of raw material consumption is an attractive
feature of all catalysts. Transition-metal catalysts also have advantages that complement
biocatalysts (enzymes): (a) transition-metal catalysts can promote reactions using
substrates that are not accepted by enzymes; (b) transition-metal catalysts can promote
unnatural reactions such as hydroboration; (c) the structures and, therefore, the reactivities
of transition-metal catalysts can be readily modified to augment the rates and the
stereoselectivities of the reactions they catalyze; and (d) transition-metal catalysts are
often used in non-aqueous media, allowing relatively easy separation and recovery of
products. '

Catalytic Hydrogenation. Enantioselective catalytic hydrogenation is one of the

most powerful synthetic approaches to producing chiral compounds that contain a
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hydrogen atom at the stereogenic center. Catalytic enantioselective hydrogenation of
prochiral unsaturated functional groups can be achieved using dihydrogen gas or a
hydrogen donor (e.g., secondary alcohols or formic acid) as the hydrogen source. The
latter method, known as transfer hydrogenation or the Meerwein—Ponndorf-Verley
reaction, has only recently emerged as a practical alternative to the use of dihydrogen
gas."! Enantioselective catalytic hydrogenation, using dihydrogen gas, is commonly
effected by late transition-metal complexes (usually of ruthenium, rhodium, or iridium)
that contain a chiral ligand (usually bis(phosphines)). This technique is now a standard
synthetic tool for the organic chemist, and has especially found widespread use in the
production of chiral organic molecules for biological applications such as agrochemicals'?
and pharmaceuticals.”” These applications usually require the industrial syntheses to be
highly enantioselective.'* In biological systems, one enantiomer of a compound may give
a desired effect through interactions with a natural binding site; however, its enantiomer
may be inactive or it may have different, undesired reactivity. For example, Ritalin®, a
drug used for the treatment of attention deficit disorder in children, is marketed in the
United States by Novartis as the racemic threo diastereomer of methylphenidate
hydrochloride. To avoid the side effects of insomnia and appetite suppression caused by
Ritalin®, the pharmaceutical firm Celgene have recently developed methods to
stereoselectively produce the innocuous and therapeutically active enantiomer, (2R,3R)-

methylphenidate (Scheme 1-2)."

Scheme 1-2. An Alternative to Ritalin®: (2R,3R)-Methylphenidate

Mechanism. It is surprising, considering the fundamental importance of and the
financial opportunities associated with enantioselective catalysis, that only a few

enantioselective catalytic systems have been thoroughly studied to investigate their
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mechanisms. The true origins of catalytic enantioselection can only be determined through
detailed mechanistic investigations that include structure determinations of the
diastereomeric intermediates responsible for the enantioselection during the enantio-
selective step(s). Such studies are rare'® because they require well-defined catalyst
systems and they require either that the enantioselective step is turnover-limiting or that it
precedes the turnover-limiting step. Rather than conducting detailed mechanistic studies
of enantioselective reactions, it is more common that these reactions are optimized (rates
and selectivities) through systematic modification of variables (metal, phosphine,
substrate, solvent, temperature, etc.). In fact, combinatorial methods strive to automate
this optimization process."’

The most detailed mechanistic studies of enantioselective catalysis are those of the
hydrogenation of prochiral @-aminoacrylic acid derivatives using chiral rhodium(l)-
bis(phosphine) catalysts, and the hydrogenation of prochiral «,f-unsaturated acids using
ruthenium(II)-BINAP catalysts. It is appropriate that these systems were the subject of
the first mechanistic studies as both represent the earliest successes in enantioselective
hydrogenation of important classes of substrates. For example, the chiral products from
hydrogenation of a-aminoacrylic acid derivatives are valuable for the preparation of
peptides and peptidomimetic therapeutics. Specifically, this technology is used in the
commercial production of (§)-DOPA and Aspartame by Monsanto and Enichem,
respectively, using rhodium catalysts.'® Also, the enantioselective hydrogenation of 2-
arylacrylic acid derivatives using ruthenium—-BINAP catalysts provides a low-cost route to
analgesic profen drugs, namely (S)-Naproxen and (S)-Ibuprofen, in high enantiomeric
purity'® (Scheme 1-3).

Rhodium—Bis(phosphine)-Catalyzed Hydrogenation. An early advancement in
the field of enantioselective catalysis was the development of the hydrogenation of
prochiral olefins, albeit in modest ee, using chiral rhodium—phosphine complexes as
catalysts in 1968.%° These results initiated intense study by Knowles et al.?! and Kagan et
al.? that resulted in an attractive synthesis of natural and unnatural amino acid derivatives
via a-aminoacrylic acids. Further development of the enantioselective hydrogenation of

a-aminoacrylic acid derivatives showed that rhodium—bis(phosphine) catalysts, rather than
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Scheme 1-3. Common Products Prepared Via Enantioselective Catalytic

Hydrogenation
I
N._-CO->CH3s
© Sy
(S)-DOPA Aspartame
CH30O
(S)-Naproxen (S)-Ibuprofen

rhodium-phosphine catalysts, afforded high enantioselectivity. It was not until the late
1970s that mechanistic studies of this reaction were initiated. The first studies focused on
the spectroscopic detection and characterization of possible catalytic intermediates (under
catalytic and stoichiometric conditions)* and on inference of mechanistic information from
deuterium-labeling of the catalytic reactions.”® Later studies included X-ray crystallo-
graphic characterization of intermediates,” inference of the structures of highly reactive
rhodium intermediates through more stable iridium analogues,® determination of the
mechanism of interconversion of intermediates,?® kinetic measurements of key steps in the
catalytic cycle,” and calculations that rationalize the relative reactivities of intermediates
with dihydrogen gas.®® Many workers have contributed significantly to the mechanistic
understanding of this reaction, but Halpern® is the principal investigator attributed to
discovering key aspects of the mechanism. The accepted mechanism®® for the enantio-
selective hydrogenation of MAC using [Rh((R,R)-DIPAMP)(MeOH),;]BF,; (1) as the
catalyst is shown below (Scheme 1-4)3™

The catalytic cycle begins with binding of the substrate MAC to the catalyst 1 to
reversibly form the catalyst—substrate adducts 2 and 2'. The formation of 2 and 2' is rapid

and essentially complete even at moderate concentrations of MAC at ambient tempera-
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Scheme 1-4. Proposed Mechanism for the Enantioselective Hydrogenation of MAC
Catalyzed by [Rh((R,R)-DIPAMP)(MeOH);|BF;
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tures. At 25 °C, the equilibrium ratio of the two diastereomers is =11:1. It is the
relatively high reactivity of the minor diastereomer (2'; less-favored binding mode) of the
catalyst—substrate adduct toward dihydrogen gas, rather than the preferred initial binding
of the substrate to the catalyst, that is responsible for the enantioselectivity of the reaction
(k"o/k'y = 580 at 25 °C). The predominant product enantiomer, (5)-MAC(H),, is therefore
derived from the minor diastereomer (2'), not from the major diastereomer (2; more-
favored binding mode). Oxidative addition of dihydrogen gas is the crucial step in the
catalytic reaction, as it is the enantioselective step (first irreversible step in the catalytic
cycle involving diastereomeric transition states) and, under ambient pressures and
temperatures, the turnover-limiting step (step with the lowest rate constants in the
catalytic cycle) in both diastereomeric pathways. Under ambient conditions, the system
operates under Curtin—~Hammett kinetics where a rapid preequilibrium of the
diastereomeric catalyst—substrate adducts (corresponding to &'/K'_; and k"\/k".;) is
established prior to the turnover-limiting step (corresponding to &, and £";). The kinetic
analysis of this system, therefore, required only the consideration of the substrate-binding
and the oxidative-addition steps. At lower temperatures (ca. 40 °C), the turnover-
limiting step becomes the reductive-elimination step (corresponding to &5 and £";), which
allows the hydrido—alkyl intermediate 4' to accumulate to detectable quantities. Under
these conditions, only the prominent structural features of 4' have been directly
determined;?****"? a more detailed structure has been inferred from structural data of a
stable iridium analogue > The detailed structures and absolute configurations of both 4'
and the dihydrido intermediate 3' must be directly determined before the structural study
of the major product-forming pathway is complete. Only recently has a dihydrido
intermediate similar to 4' been detected, but not fully characterized, in a related system.™
Although the mechanism for this reaction is understood, the true origins of
enantioselection (involving the oxidative-addition step) are unclear. The origins for the
observed thermodynamic diastereomeric ratio (2:2') and why the minor diastereomeric
catalyst—substrate adduct (2') is more reactive toward dihydrogen gas than the major

diastereomer (2) have been rationalized by calculations® based on steric interactions
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alone; however, electronic factors have also been suggested using the 'Rh nucleus as a
probe.**

Ruthenium—~BINAP-Catalyzed Hydrogenation. It was discovered shortly after
the development of rhodium-catalyzed hydrogenation of a-aminoacrylic acid derivatives
that complexes of ruthenium were also effective catalysts for enantioselective
hydrogenation. The first example, disclosed by James et al.,** used a ruthenium complex
of the chiral bis(phosphine) DIOP as the catalyst for the enantioselective hydrogenation of
an a-aminoacrylic acid derivative. The low enantioselectivities observed for ruthenium—
bis(phosphine) catalysts, compared to the corresponding rhodium catalysts, and the
difficulty in their preparation (no universal synthesis) may account for the slow
development of chiral ruthenium catalysts during this period that witnessed rapid
advancements using rhodium catalysts. It was not until the inception of the bis(phosphine)
ligand BINAP*® that the potential of ruthenium catalysts, and enantioselective

hydrogenation in general, was realized (Scheme 1-5). The first ruthenium—-BINAP

Scheme 1-5. Successful Bis(phosphine) Ligands Used In Ruthenium-Catalyzed

Enantioselective Hydrogenation

H
><° = PPh,
o PPh,

H

(2R,3R)-DIOP (R)-BINAP

complexes were described by Ikariya et al’’ and Noyori et al®® in 1985 and 1986,
respectively (Scheme 1-6). The performance of these ruthenium—BINAP catalysts in the
enantioselective hydrogenation of a-aminoacrylic acid derivatives (and other enamides)
were similar to, and in some cases superior to, that of the previously developed rhodium—
BINAP system. Whereas rhodium-bis(phosphine) hydrogenation catalysts are mostly

limited to c-aminoacrylic acid substrates, ruthenium—-BINAP catalysts demonstrate
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Scheme 1-6. The First Syntheses of Ruthenium—BINAP Complexes

NEt;
lkariya: [RuChL(COD)], + (S)-BINAP — [Ru,Cls((S)-BINAP),(NEt3)] 85%
refluxing (proposed structure)
toluene
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CHs
o
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Noyori:  [RuaCis((S)-BINAP)>(NEt3)] - < ‘Ru’
refluxing " l ~o
t-BuOH ol
CHs

® For example,

impressive generality and reactivity in enantioselective hydrogenation.’
many industrially feasible processes using ruthenium—BINAP catalyzed enantioselective
hydrogenation have been developed (Scheme 1-7) that include: (1) hydrogenation of «,3
unsaturated acids used in the production of profen drugs® (e.g., Naproxen and Ibuprofen,
see Scheme 1-3) and the core component of HIV protease inhibitors;*' (2) hydrogenation
of allylic alcohols used in the syntheses of carbapenem antibiotics,** prostaglandins,*® and
the side chain of a-tocopherol (vitamin E);** (3) hydrogenation of enamides in the
production of Dextromethorphan*’ (a cough suppressant) and Clozylacon' (a fungicide).
In addition, a recent report highlighted the remarkable TONs (up to 2.4 x 10%) and TOFs
(up to 5.63 x 10° h™') observed when using ruthenium—BINAP catalysts in the
enantioselective hydrogenation of prochiral ketones to generate chiral secondary
alcohols.*

Despite the importance of these reactions catalyzed by ruthenium-BINAP

1*” is the enantioselective

complexes, the only mechanism that has been studied in detai
hydrogenation of ¢,f-unsaturated acids (specifically tiglic acid) catalyzed by [Ru((R)-
BINAP)(CH;CO,);]. The accepted mechanism, as determined by Ashby and Halpern®

and Ohta et al.,* is shown below (Scheme 1-8). Subsequent studies by Chan et al.’***
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Scheme 1-7. Applications of Ruthenium—BINAP Catalyzed Hydrogenation
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Scheme 1-8. Proposed Mechanism for the Enantioselective Hydrogenation of Tiglic
Acid Catalyzed by [Ru((R)-BINAP)(CH3CO,)]
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and Saburi et al.’! support this proposal. Chan et al. and Ohta et al. have also postulated,
in addition to the catalytic cycle shown, that hydrogenolysis of the ruthenium-alkyl
intermediate also occurs when higher pressures of dihydrogen gas (>20 atm) are used.
These claims are supported by an increase in hydrogen incorporation into the S-position of
a,Bunsaturated acids with increasing pressure of dihydrogen gas in catalytic reactions
carried out in CH;0D.

Prior to entry into the catalytic cycle, the catalyst precursor [Ru((R)-BINAP)-
(CH3COz),] undergoes rapid carboxylate substitution with the substrate. It may be safely
assumed that the catalyst precursor becomes [Ru((R)-BINAP)((CH;)CH=C(CH;)CO,),]
since (a) the concentration of [Ru((R)-BINAP)(CHsCQO,),] and acetate are low compared
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to the initial concentration of substrate, and (b) the acetate ligand and the conjugate bases
of both the substrate and the product bind to ruthenium with comparable binding
constants. The equilibration step is followed by turnover-limiting heterolytic cleavage of
dihydrogen gas to generate a ruthenium dicarboxylate monohydrido species. This step is
followed by insertion of the olefin group into the ruthenium-hydride bond to give a 5-
membered metallaoxacycle where the ruthenium is bonded to the S-carbon of the
substrate.  Protonolysis of the ruthenium—carbon bond regenerates the ruthenium—
dicarboxylate adduct, and the product is released from the catalyst by subsequent
carboxylate exchange with the substrate. The detailed kinetic study of this system,
however, could not provide information about the enantioselective step because it
occurred after the turnover-limiting step. Further, the catalyst—substrate adduct, [Ru{(R)-
BINAP)((CH;)CH=C(CH;)CO,);], was isolated and characterized by both X-ray
crystallography and NMR spectroscopy; however, the prochiral olefin group was not
bonded to the ruthenium center in the solid state or in solution.”® The steric interactions
that contribute to the enantioselectivity are, therefore, unknown. A subsequent structural
study of a related ruthenium—BINAP catalyst—substrate adduct also showed that there was
no interaction of the prochiral olefin group of the ¢, f-unsaturated acid substrate with the
ruthenium center.”” Although there have been reports of observations of unidentified

#3154 there are no reports of a structure

species observed by NMR spectroscopy,
determination (even by spectroscopy) of a possible catalytic intermediate with a prochiral
group bonded to ruthenium. The structures, and the origins of enantioselectivity, are
speculative as they have been inferred from indirect methods: stereochemical, isotope-
labeling, and kinetic studies.

A further mechanistic study of the enantioselective hydrogenation of prochiral
olefins using ruthenium-BINAP catalysts is warranted when considering the shortfalls of
the previous studies described above. The purpose of this study is to expand our
understanding of the role of ruthenium—-BINAP complexes in enantioselective catalytic
hydrogenation to include other substrates and to complement the previous studies

regarding mechanism. This study will also test the validity of another mechanism that has

been proposed by Kawano et al.*® for the enantioselective hydrogenation of (2)-a-
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aminoacrylic acids catalyzed by a ruthenium—BINAP complex that involves reversibility in

the catalytic cycle (Scheme 1-9). The reversible formation of the proposed catalyst—

Scheme 1-9. Proposed Mechanism for the Enantioselective Hydrogenation of (2)-c-

Aminoacrylic Acids Catalyzed by a Ruthenium—BINAP Complex

or Xy~ CO2H
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substrate adduct IT and of the proposed ruthenium-alkyl species III was supported by
formation of substantial amounts of (Z)-a-aminoacrylic acids during the catalytic
hydrogenations of the corresponding less-stable (£)-isomers. This can be rationalized by
stereoselective [-hydride elimination within IIT (formed via a species resembling IT that
contains an (£)-a-aminoacrylic acid) that favors the formation of the Z isomer of the

substrate to generate II. There were no direct observations, however, of the proposed
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intermediates II, III, and IV. Their existence and their structures were proposed
exclusively from data obtained from the stereochemistry of the products derived from the
catalytic hydrogenations of (£)- and (£)-a-aminoacrylic acid derivatives.

Research Mission. The success of a mechanistic study often relies on the design
and synthesis of a well-defined system that is amenable to such an investigation. It has
been suggested that the catalytically active species in enantioselective hydrogenation
catalyzed by ruthenium-bis(phosphine) complexes of BINAP’“** and DIOP*® are
ruthenium hydrides. An important objective, therefore, is to prepare a ruthenium-hydrido
complex of BINAP from a robust ruthenium-BINAP catalyst precursor that will readily
produce a ruthenium hydride in high concentration under mild conditions. The ruthenium
hydride should also contain weakly coordinating solvento ligands (for late transition
metals, these include acetone, methanol, and THF) that can be easily displaced by the
substrate during catalysis. This will facilitate the detection and study of enantioselective
catalyst—substrate interactions. Further, it is advantageous to use a benchmark substrate
so that the results can be compared with other systems. A sensible choice is the prochiral
olefin MAC because its hydrogenation was studied using rhodium catalysts and because
the products derived from its hydrogenation are of practical importance. The strategies
that will be used for studying the present catalytic mechanism include: (a) identification of
the catalytically active species; (b) determination of the rate of the catalytic reaction and
the stereochemistries of the hydrogenation products; (c) monitoring the catalytic reaction
by in situ spectroscopic methods to detect and identify possible catalytic intermediates; (d)
full characterization of possible catalytic intermediates (either isolated from the catalytic
reaction or from the stoichiometric reaction of the catalytically active species and the
substrate) that contain interactions between the prochiral group of the substrate and the
ruthenium center; (e) determination of the rate of reaction of dihydrogen gas with the
isolated possible intermediates and determination of the stereochemistries of the
subsequent hydrogenation products; (f) investigation of the catalytic reaction and the
reactivity of the isolated possible intermediates using isotope-labeling (dideuterium/di-
hydrogen gas and deuterated/protiated solvent) to determine the source of hydrogen

(protonolysis/solvolysis or dihydrogen gas) incorporated in the hydrogenation products.
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Only once a full study of a well-defined catalytic system is completed, which includes the
isotope-labeling, kinetic, and stereochemical studies described above, can the origins of
enantioselection be proposed. This thesis describes the strategies and methods used to
study the mechanism of the enantioselective hydrogenation of MAC using a new

ruthenium-hydrido complex of BINAP as the catalyst.
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Chapter 2T

Syntheses, Characterization, and Reactivities of Ruthenium(II)-BINAP Complexes:

A Versatile Catalyst System for Hydrogenation, Hydrosilylation, and Isomerization

Introduction

Nearly all reported examples of enantioselective reactions catalyzed by chiral
ruthenium(Il)-bis(phosphine) complexes (the most common are of BINAP) are
hydrogenations' and transfer hydrogenations (Meerwein—Ponndorf-Verley reaction)® of
olefins or ketones. These reactions generally occur with high TOFs, TONs, and ee's.?
Reports of other reductive-type additions to double bonds (transformations that usually
involve oxidative additions, insertions, and reductive eliminations) catalyzed by
ruthenium(IT)-bis(phosphine) complexes are rare, and tend to require either reactive
substrates or elevated temperatures.* Of the numerous reports describing ruthenium—
BINAP or related catalysts, there are only two examples that describe enantioselective
catalysis of such reactions: hydrosilylation of reactive nitrones* and one isomerization of
an olefin.’ Both the enormous success of chiral ruthenium(II)-bis(phosphine) catalysts in
enanticselective hydrogenations, and their near absence in other reductive-type additions
to double bonds encouraged this research group to extend ruthenium(II)-BINAP
chemistry to the catalyst system described here. This chapter will describe the
development of moderately air-stable complexes of ruthenium(II) and (R)-BINAP that
undergo facile hydrogenation to produce catalysts for hydrosilylation and hydrogenation
of ketones; and for isomerization, intramolecular hydrosilylation, and hydrogenation of

olefins.

T Reproduced in part with permission from Wiles, J. A_; Lee, C. E.; McDonald, R.;
Bergens, S. H. Organometallics 1996, 15, 3782-3784. Copyright 1996 American
Chemical Society.
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Results and Discussion

Syntheses and Characterization of Catalyst Precursors. Schrock et al.®
reported that reaction of cis-[Ru(MeCN),(COD)(7’-C3:Hs)]BF, (1) with phosphines such
as PPh;, PPhMe,, and DIPHOS yielded complex mixtures of products in which extensive
replacement of COD had occurred. In this laboratory, it was found that reaction between
1 and (R)-BINAP in acetone did not result in displacement of COD, but rather, resulted in
activation of an allylic C—H bond of COD, and subsequent formation of propene’ and two

equimolar diastereomers of [Ru((R)-BINAP)(1-3:5,6-7-CsH;1)(MeCN)]BF, (2) (eq 2-1)8

C
n
HaC N
*‘N,,,,*L _____ w7 (R)-BINAP
‘Ru »
\K/, \/ acetone

Complex 2 was isclated as moderately air-stable, lemon-yellow needles in 90% yield after
recrystallization from diethyl ether and MeCN. This synthetic approach was also used for
preparing the related complex [Ru((R)-TolBINAP)(1-3:5,6-r7-CsH;;)(MeCN)]BF, (3).
Mass spectrometric data, multinuclear one- and two-dimensional NMR spectroscopic
data, and elemental analyses data were all consistent with the formulation of two
diastereomeric forms of 2. The low-resolution positive-ion electrospray ionization mass
spectrum displayed a signal of correct mass (m/z = 872.2) and isotope pattern for the
molecular ion of 2 ((M — BF,)"). The *'P{'H} NMR spectrum showed an expected AB
pattern for two inequivalent *'P nuclei that occupy cis coordination sites (3/p_p = 38.5 and
33.5 Hz) for each of the two diastereomers of 2. The presence of both the 1-3:5,6-7-
CsH;, and MeCN ligands was ascertained by “C{'H} NMR spectroscopy. Two sets of
five methine (CH) resonances (Guytic 31.1-90.0; Sotefinic 62.9—117.3) and two sets of three
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methylene (CH>) resonances (& 20.6-35.6) appeared in the “C{'H} NMR spectrum of 2,
which are characteristic of the 1-3:5,6-77-CsH,,; ligand.® “C{'H} NMR resonances at §
4.8 and at & 4.9 were ascribed to the methyl groups of the MeCN ligands of 2. The 'H
NMR spectrum of 2 was poorly resolved (even at —80 °C) and, therefore, required two-
dimensional techniques to obtain conclusive data. The connectivities in the framework of
the 1-3:5,6-7-CsHy; ligands were determined by 'H-'"H COSY and 'H-°C HETCOR
NMR experiments, and are consistent with the unconjugated 7°-assignment. Ranges for
'H NMR resonances attributed to aliphatic, allylic, and olefinic groups of the 1-3:5,6-7-
CsH,, ligand are as follows: §-0.21-3.26, §2.4-3.95, and 6 3.17-5.08, respectively. Full
assignments for each of the diastereomers are listed in the Experimental Section.

The lability of the MeCN ligand in each of the diastereomers of 2 allowed the
preparation of 2-MeC"N by treating solutions of 2 with excess MeC”N at room
temperature.'® That only one signal was observed in the "N{'H} NMR spectrum of 2-
MeC"N at room temperature (Figure 2-1) indicated that the MeC"N ligand of one of the
two diastereomers (the labile diastereomer) was dissociating'' at a rate that was similar to
the timescale of the NMR technique (ca. 107'-107° s)."* This conclusion is supported by
the observation of one “N{'H} NMR signal from each diastereomer at lower
temperatures, where dissociation of MeC"*N is suppressed. Further, the 'H and *'P{'H}
NMR signals from the labile diastereomer of 2 were broad at room temperature with
respect to the corresponding signals at lower temperature. Unlike the *'P{'H} NMR
signals from 2-MeC"N at 20 °C, no “Jp.y was observed at room temperature. The
magnitude of */p_y (2.5-4.0 Hz) for 2-MeC"N at —20 °C indicated that the MeC"N
ligand in each of the diastereomers occupy coordination sites cis to both phosphines. We
believe that the two diastereomers of 2 have opposite absolute configurations about the
sp” carbons in their respective 1-3:5,6-7-CsHy, ligands. Crystals of one of the diastereo-
mers of 2 suitable for X-ray analysis were obtained by slow liquid-liquid diffusion of
methanol into a saturated 1,2-dichloroethane solution of 2 at room temperature. Crystals
used for the X-ray analysis were not subsequently analyzed by NMR spectroscopy to

assign signals to the diastereomer of 2 that was crystallographically characterized.
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Figure 2-1. “N{'H} NMR spectra of 2-MeC"’N (40.5 MHz, CD,Cl,) at 25 °C (top) and
at —20 °C (bottom).
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Figure 2-2 shows the molecular structure of ($)-2:0.5C;H,Cl; (§ designates the
absolute configuration of the central allylic carbon (C2) in 1-3:5,6-7-CgHi1) as determined
by single-crystal X-ray diffraction. Selected bond lengths and angles are listed in Table 2-
1. Complex (5)-2-0.5C,H,Cl; is best described as a pseudo-octahedron about the ruthe-
nium atom defined by the two phosphorus atoms of (R)-BINAP, by the nitrogen atom of
the MeCN ligand, and by the facially coordinated 1-3:5,6-7-CgH,; ligand. The dissym-
metric (R)-BINAP ligand imposes a rigid A conformation of the skewed seven-membered
chelate ring that forces the phenyl substituents on the phosphorus atoms to be arranged in
a chiral array. Figure 2-3 depicts this chiral environment where two of the phenyl groups
(on opposite phosphorus atoms) are equatorially oriented and the remaining two phenyl
groups are axially oriented with respect to the P-Ru—P plane. The Ru—P bond distances
(Ru-P1, 2.332(2) A; Ru-P2, 2.378(2) A), the P1-Ru-P2 angle (91.20(8)°), and the
dihedral angle between the two planes defined by the naphthalene rings (80.1(11)°) are all
within the range reported for related ruthenium-BINAP complexes.”> The Ru—N bond
length (2.075(9) A) is similar to those values reported for related ruthenium(II)-phosphine
complexes.'""* Evidence against any z~backbonding component in the MeCN—Ru inter-
action is supported by the similarity of the N-C11 bond length (1.155(14) A) to that
determined for uncoordinated MeCN in the gas phase (1.157A)."" The 1-3:5,6-7-CsHy;
ligand is coordinated to the ruthenium atom through an olefin group (Ru-CS5, 2.395(14)
A; Ru-C6, 2.402(12) A) and through a nonsymmetric 7/-allylic interaction®>'¢ (Ru-Cl,
2.260(11) A; Ru-C2, 2.165(11) A; Ru-C3, 2.289(10) A). That some of the C—C bond
lengths in the cyclooctadienyl ligand are not chemically reasonable (C3—-C4, 1.64(2) A;
C4-C5, 1.64(3) A; C6-C7, 1.39(3) A; C7-C8, 1.36(2) A) and that the thermal ellipsoids
for the some of the cyclooctadienyl ring carbons are severely elongated implies that
disorder is present. The accuracy of this structure determination, as well as those reported
in the literature, is also limited by data that were collected at room temperature; however,
the structural information obtained is adequate for the purposes of confirming the bonding
mode of the cyclooctadienyl ligand in (§)-2-0.5C,H,Cl, that was established by two-
dimensional NMR spectroscopy.
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Figure 2-2. View of the complex cation of (5)-2:0.5C,H,Cl, showing the atom-labeling

scheme.
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Table 2-1. Selected Bond Lengths (A) and Angles (deg) for (S)-2-0.5C,H,Cl,

29

Ru-P1 2.332(2) Ru-C5 2.395(14)  C4-C5 1.64(3)
Ru-P2 2.378(2) Ru-C6 2.402(12)  C5-C6 1.23(2)
Ru-N 2.075(9) C1-C2 1.41(2) C6-C7 1.39(3)
Ru—Cl 2.260(11)  C1-C8 1.50(2) C7-C8 1.36(2)
Ru-C2 2.165(11)  C2-C3 1.41(2) N-C11 1.155(14)
Ru-C3 2.289(10)  C3-C4 1.64(2) C11-C12 1.46(2)
P1-Ru-P2  91.20(8) C2-Ru-C1  37.2(4) C2-Ru-C6  95.2(5)
N-Ru-P1  85.5(2) C2-Ru-C3  36.8(4) C1-Ru-C6  75.7(6)
N-Ru-P2  95.3(2) C1-Ru-C3  66.7(4) C3-Ru-C6  84.9(5)
N-Ru-C3  95.4(4) C2-Ru-P2  134.8(3) P1-Ru-C6  177.4(6)
Cl1-Ru-P1  103.5(3) Cl-Ru-P2  101.6(3) C2-C1-C8  123.7(10)
C2-Ru-P1  85.4(3) C3-Ru-P2  167.0(3) C3-C2-C1  124.8(11)
C3-Ru-P1  97.0(3) N-Ru-C5  76.7(5) C2-C3-C4  126.7(10)
C3-Ru-P1  97.0(3) C2-Ru-C5  90.1(5) C5-C4-C3  100.4(9)
C5-Ru-P2  110.5(5) C1-Ru-C5  88.3(5) C6-C5-C4  125.9(17)
C6-Ru-P2  86.6(5) C3-Ru-C5  65.1(6) C5-C6-C7  128.9(19)
N-Ru-C2  129.1(4) P1-Ru-C5  152.9(5) C8-C7-C6  117.5(22)
N-Ru-C1  160.6(3) N-Ru-C6  96.0(7) C7-C8-C1  121.3(15)
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Figure 2-3. View of the complex cation of (§)-2-0.5C,H,Cl, illustrating the chiral
environment of the (R)-BINAP ligand (MeCN and 1-3:5,6-n-CgH;; ligands are omitted
for clarity).
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Generation and Characterization of Catalysts. Complex 2 reacted with an
excess of dihydrogen gas under mild conditions (pressure of dihydrogen gas =~ 1 atm,
room temperature) in solutions of acetone, methanol, or THF'" to yield cyclooctane'® and
the extremely air-sensitive hydride, [Ru((R)-BINAP)(H)(MeCN),(sol);-,]BF; (4, sol =

acetone, methanol, or THF; n = 0-3, depending on reaction medium) (eq 2-2)."° Further

N H —|+
Pu..... [ _____ v/ Ha Pu,... I -
<P /Ru’\) — A _~RUMeCN)A(s0l)3n BFs™ + (2-2)

2 BF4 4, n=0-3

sol = acetone, methanol, or THF

reaction between 4 and dihydrogen gas under these conditions was not detected by NMR
spectroscopy. Solutions of 4 do, however, readily react with dideuterium gas (even at —78
°C) to generate 4-d with concomitant formation of HD gas. No detectable quantities of
1°-dihydrogen complexes were observed. It is believed that hydrogenolysis of 2 requires
dissociation of MeCN prior to reaction with dihydrogen gas as the labile diastereomer
(containing the more labile MeCN ligand) reacts faster than the non-labile diastereomer.
Consistent with this hypothesis is that reaction of both diastereomers of 2 with dihydrogen
gas is impeded by the presence of excess MeCN in solution. Exchange of the MeCN
ligand between all the solvento coordination sites of 4 was rapid at room temperature in
all solvents. This exchange slows upon cooling to give a static mixture of 8 hydrides
ranging from fac-[Ru((R)-BINAP)(H)(acetone);]BF, to fac-[Ru((R)-BINAP)(H)-
(MeCN);]BF, at —80 °C in acetone. These complexes all contain the hydrido ligand in a
coordination site cis to both phosphorus centers as shown by the magnitude of the
coupling between the phosphorus atoms and the hydride (3/p.z = 2430 Hz). The mutual-
ly cis disposition of the coordinated hydride and phosphorus centers presumably results

from the high trans influence commonly observed for both of these ligands.*® In THF
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solution, the system exists mainly as one diastereomer of [Ru((R)-BINAP)(H)(MeCN)-
(THF),]BF,;.*' In MeCN solution, or when >2 equiv of MeCN are added to solutions of
4, the system exists solely as fac-[Ru((R)-BINAP)(H)(MeCN);]BF, (5). Likewise,
[Ru((R)-TolBINAP)(H)(MeCN),(sol);-.|BFs (6, sol = acetone, methanol, or THF; # = 0—
3, depending on reaction medium) and fac-[Ru((R)-TolBINAP)(H)(MeCN);]BF, (7) can
be prepared from 3 using the above methodology.

Catalysis. The availability of a hydrido ligand and at least two coordination sites
(containing labile solvento ligands) makes 4 an attractive candidate for enantioselective
catalysis. These features also distinguish 4 from other ruthenium—BINAP catalysts that
have appeared in the literature. The versatility of 4 as a catalyst was evaluated using test
reactions that are common in enantioselective catalysis. Tables 2-2, 2-3, and 2-4 sum-
marize the reactions effected using 1-2 mol % 4 as the catalyst.

Reaction of (rac)-3-buten-2-ol ((rac)-8) with 4 (eq 2-3; Table 2-2, entry 1)
resulted in a stereoselective isomerization to generate significant quantities of the simple

enol, (Z£)-2-buten-2-ol (9; maximum concentration ~0.055 M). (F£)-2-Buten-2-ol was not

/\{OH : S/OH - kfo 2-3)

(rac)-8 9 10

detected in solution by NMR spectroscopy. Although 9 was previously generated via
isomerization of (rac)-8 using rhodium-bis(phosphine) catalysts,?* the rhodium catalysts
were less stereoselective than 4, and generated the enol as a mixture of the £ and Z
stereoisomers. A partial kinetic resolution of the R and S enantiomers of (rac)-8 occurred
during the isomerization catalyzed by 4. The ee of 8 was 42% (S) at 50% conversion (Z =
60 min; reaction mixture composition: 50% 8, 42% 9, 8% 2-butanone (10)). The rate of
isomerization of 9 to 10 (eq 2-3; Table 2-2, entry 2) varied little over the course of the
reaction.

Reaction of dimethyl(2-propen-1-oxy)silane (11)* with 4 (eq 2-4; Table 2-2, entry

3) resulted in competing intramolecular hydrosilylation and isomerization to generate (Z)-
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Table 2-2. Hydrosilylation and Isomerization Reactions Catalyzed by 4°

entry substrate product  TOF, min~" vyield, % ee, % abs conf
(time, h)®
1€ (rac)-8 9 2.2¢ 50 42 S
2° 9 10 0.1 100 — —
3 11 12/13 1.6 94° — —
& 12/13 14% (48) 100 — —
5 15" 17 0.6 (1.5) 100 7 R

% Reactions conditions: 2 mol % 4; [4] = 2.6 mM in THF unless stated otherwise. Complex 4 was
generated before addition of substrate by hydrogenolysis of 2 (pressure of dihydrogen gas =~ 1 atm, t = 2
min) followed by bubbling of the solution with argon gas (1 min). ® The value in parentheses is the time
required for complete reaction. ° Reaction carried out in a mixture of THF and methylene chloride
(=20:1). ¢ Initial rate of isomerization. € 87% 12 and 13% 13. The remaining product (6%) was 14.
fReaction carried out at 60 °C. 8 Generated as a mixture of monomer and polymer.> * Excess chloro-
dimethylsilane (3 equiv) was added to minimize the effect of its loss from evaporation on the hydro-

silylation reaction. ‘ Obtained by hydrolysis of 16 with potassium carbonate in methanol.*

dimethyl(1-propen-1-oxy)silane (12; 81%), (£)-dimethyl(1-propen-1-oxy)silane (13;
13%), and 2,2-dimethyl-1-oxa-2-silacyclopentane (14; 6%, resulting from intramolecular
hydrosilylation). Both 12 and 13 underwent intramolecular hydrosilylation to generate 14

upon heating to 60 °C (eq 2-4; Table 2-2, entry 4). The hydrosilylation of the silyl enol
ethers, 12 and 13, most likely proceeded via reverse isomerization to 11 followed by

hydrosilylation of 11 to generate 14.

O...
K/O\§f(cHs>z +  TTTUSiCHa),

% H H
4 12

o< 13
i Si(CHa)2 major minor (2-4)

H
O....
< SI(CH3)2
14

11 4
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The hydrosilylation of ethyl acetoacetate (15) by chlorodimethylsilane (eq 2-5;

Table 2-2, entry 5) using 4 as the catalyst proceeded at a reasonable rate to generate the
corresponding silylated f-hydroxy ester (16). Subsequent hydrolysis of 16 with potassium
carbonate in methanol afforded ethyl (R)-3-hydroxybutyrate ((R)-17) in 7% ee. Although
the observed enantioselectivity for this reaction was poor, the above hydrosilylations of an
olefin, 11, and a ketone, 15, are the first examples of such reactions to be catalyzed by a

ruthenium—-BINAP complex.

M HSi(CH2),Cl /‘ﬁ/ﬁ\ K,COs OH O 05
o —_— -
OEt 4 OEt  methanol OEt

15 16 (R)-17

R = Si(CH2),Cl

The hydrogenation of 15 to give (5)-17 (eq 2-6; Table 2-3, entry 1) proceeded in a
quantitative fashion, but with poor enantioselectivity (15% ee). Mashima et al. reported
that addition of 2 equiv of HX (i.e., X = Cl or Br) to [Ru(BINAP)(CH;CO5;).], followed
by removal of all volatile components in vacuo, generated highly enantioselective catalysts
for the hydrogenation of various f-keto esters, giving the corresponding secondary
alcohols in >98% ee."** Addition of 10 equiv of LiCl to 1 (Table 2-3; entry 2) marginally
increased the enantioselectivity, but generated the opposite enantiomer as major product

(20% ee (R)). The role of LiCl is unclear.

O o H, OH ©
» = -8
)J\/U\oa : /\)J\oa (2-6)
15 (S)-17

The hydrogenation of tiglic acid (18) was quantitative under mild conditions giving
(R)-2-methylbutyric acid ((R)-19) in 90% ee (eq 2-7; Table 2-3, entry 3). The enantio-
selectivity observed for this particular substrate is among the highest reported for

ruthenium-BINAP catalysts.** As is common with other ruthenium-BINAP catalysts, >
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Table 2-3. Hydrogenation Reactions Catalyzed by 4°

entry substrate product P@H,),°atm 7,°C time, h ee, %
1 15 (S)-17 100 50 24 15
2° 15 R)-17 100 50 24 20
3 18 (R)-19 3 25 9.5 90
4 18 (R)-19 55 25 17.5 72
5 20 R)-21 1 25 5 21
6 20 5)-21 4 25 5 70
7 20 (S)-21 100 25 0.25 86

¢ Reaction conditions: 1 mol % 4; [4] = 3.0 mM in methanol; stir rate = 1100 rpm; 100%
conversion of reactants to products. ® Pressures of dihydrogen gas are quoted as gauge pressure plus 1

atm. ° LiCl (10 equiv) was added.

/\rCOZH - :
4 z

18 (R)-19

the ee for the hydrogenation of tiglic acid catalyzed by 4 decreased when the initial
pressure of dihydrogen gas was increased (Table 2-3, entry 4).

The enantioselectivity for the hydrogenation of geraniol (20) catalyzed by 4 to
generate [-citronellol (21) was also highly dependent on the pressure of dihydrogen gas

(eq 2-8). The enantioselectivity inverted and its magnitude increased when the pressure of

X X oH R on @

20 4 (S)-21

dihydrogen gas was increased from 1 atm to 4 atm (Table 2-3, entries 5 and 6).
Compound (S)-21 was obtained in 86% ee when the pressure of dihydrogen gas was
elevated to 100 atm (Table 2-3, entry 7). Takaya et al. reported increases in ee from 70 to

98% (S) when the pressure of dihydrogen gas was increased from 4 to 100 atm using
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[Ru((R)-BINAP)(CH;CO,),] as the catalyst precursor.”® Blackmond and co-workers
determined that the isomerization of 20 to y~geraniol occured at a rate that was similar to
that of the hydrogenation when using Et;NH,[(RuCI((S)-TcIBINAP)),(£-Cl);] as the

catalyst precursor (Scheme 2-1).>*’ The enantioselectivity for the direct hydrogenation of

Scheme 2-1. Competing Hydrogenation and Isomerization of Geraniol

OH  (catalyst OH
[ catalyst |
geraniol »geraniol
20
Hy | catalyst H, | catalyst
A Y
OH OH
| I
(R)-21 (S)-21

20 was found to be opposite to that for the direct hydrogenation of y~geraniol, resulting in
an inversion of enantioselectivity over the course of the catalytic hydrogenation. The
results from the present study indicate that similar behavior occurs when 4 is the catalyst.
It should be noted, however, that reaction of 20 with catalytic amounts of 4 in the absence
of dihydrogen gas results in a complex mixture of olefin isomerization products rather than
the exclusive formation of y~geraniol as noted by Blackmond and co-workers.

The enantioselectivity observed for the hydrogenation of MAC (Table 2-4, entry 1)
in methanol (87% ee (R)) catalyzed by 4 is comparable to values reported for other
ruthenium—((R)-BINAP) catalysts.'®'°>*®* Higher enantioselectivity (92% ee (R)) and TOF
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Table 2-4. Catalytic Hydrogenation of MAC”

NN CO,CH3 Ha o CO,CHgz
NHCOCH; catalyst NHCOCH;
entry solvent catalyst P(H,), atm TOF,” min™ ee % abs conf®
1 methanol 4 4 2.7 x 1072 87 R
2 acetone 4 4 0.9 92 R
3 acetone 6 4 — 87 R
4 acetone 22 4 — 33 S
5 methanol 22 4 2.7 19 S
6 MeCN 4 50 no reaction — —
7 acetone 24 4 — 92 R
8¢ acetone 24 1 11.9 96 R
94 acetone 4 1 0.1 — —
10¢ acetone 22 1 9.8 — —

¢ Reaction conditions: 2 mol % catalyst; [catalyst] = 2.6 mMj stir rate = 1100 rpm; 7 = 30 °C
except where noted otherwise. ® The TOFs were determined by setting up and taking down the pressure
reactor as quickly as possible during a hydrogenation. Their values are, therefore, to be taken as approx-
imate. © Hydrogenations were allowed to react for 48 h to ensure complete conversion of reactants to
products before the absolute configurations and the ee's of the products were determined. ¢ Reaction

carried out at 25 °C.

(ca. 0.9 min™") were obtained in acetone (Table 2-4, entry 2) than in the traditional solvent
methanol (TOF =~ 2.7 x 107 min™). The (R)-TolBINAP catalyst 6 was less enantio-
selective than 4 in acetone, leading to the hydrogenation product (R)-MAC(H); in 87% ee
(Table 2-4, entry 3). The enantioselectivity of 4 and 6 are significantly higher than that
found for the benchmark catalyst precursor [Rh((R)-BINAP)(NBD)](CIOs) (22).
Hydrogenation of MAC in acetone and in methanol using 22 (Table 2-4, entries 4 and 5)
as the catalyst precursor generated MAC(H), in low ee and with the opposite enantioface
selection (33% ee (S) and 19% ee (), respectively). The TOF when using 22, however,

was greater than that when using 4 by approximately two orders of magnitude. A factor
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contributing to this difference in TOF may be the presence of MeCN in 4. Strong
evidence that supports this argument is that no hydrogenation product was detected when
the hydrogenation of MAC was performed in MeCN solution using 4 (effectively 5) as
catalyst even under forcing conditions (Table 2-4, entry 6). Other workers have also
recognized that MeCN, and other nitriles, are strong inhibitors of ruthenium-catalyzed
reactions.'"**?**  We anticipated that a ruthenium-BINAP catalyst without an MeCN
ligand (i.e., fac-[Ru((R)-BINAP)(H)(sol);]BF;, sol = acetone, methanol, or THF,
depending on reaction medium) would provide TOFs that are similar to those found for
22, while maintaining the high enantioselectivity exhibited by 4.

Catalysts and Catalyst Precursors Revisited. Recent experiments showed that
heating solutions of 2 in n-propanol results in isomerization of the 1-3:5,6-7-CgHy;
ligand® and loss of MeCN to generate 23 (eq 2-9) that contains 2 BINAP ligand formally

acting as 6-electron donor (7°-x*-biaryl coordination).’! Both mass spectrometric data

and multinuclear one- and two-dimensional NMR spectroscopic data are consistent with
the formulated structure of 23. The high-resolution positive-ion electrospray mass
spectrum displayed a signal of correct mass (m/z = 831.188043) and isotope pattern for
the molecular ion of 23 (M — BF,)", exact mass calcd for Cs;Hy3sPoRu 831.188351). The
presence of the 1-5-7-CgHy, ligand was unequivocally determined by 'H and “C NMR
spectroscopy. Initial inspection of the 'H NMR spectrum of 23 revealed a high-field
apparent quartet (6 —0.15 (J/ = 15.0 Hz, 1H, exo H-7)) that is typical for 1-5-7-CsHy,
ligands.>***?  Subsequent 'H-'H COSY and 'H-®C HMQC NMR measurements

confirmed this assignment, yielding data that are very similar to those obtained for the
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related biaryl bis(phosphine) complex [Ru((S)-MeO-BIPHEP)(1-5-7-CsH;1)]BF..*™® The
3p{'H} NMR spectrum of 23 showed a typical AX pattern for two inequivalent *'P nuclei
that occupy cis coordination sites (5—6.0 (d) and §63.9 (d), 2/p-p = 44.5 Hz), with one of
the *'P nuclei suspiciously resonating at higher field than is commonly associated with a
coordinated phosphine. Widely dispersed *'P chemical shifts are now recognized as an
indicator of the unconventional 7?-x*-biaryl bis(phosphine) coordination. The “C
chemical shifts for the coordinated biaryl double bond (an expected upfield shift upon
coordination), however, is a more reliable criterion. The 'H-13C HMBC NMR spectrum
of 23 shows correlations that locate resonances from the coordinated biaryl double bond
carbons® at §64.0 (d, Joc =35.0 Hz, BINAP C-2) and §97.8 (dd, Jo_c = 5.5 Hz, 4.0 Hz,
BINAP C-1). These data fully support the proposed structure of 23 and are in accord
with the values reported for other genuine ruthenium—7°-x*-BINAP complexes. "

Analogous to 2, complex 23 rapidly reacted with an excess of dihydrogen gas in
solutions of acetone to yield cyclooctane and fac-[Ru((R)-BINAP)(H)(acetone);|BF, (24;
eq 2-10). Complexes 4 and 24 were found to catalyze the hydrogenation of MAC (Table

Bk H 1+

BF,~ 24

sol = acetone, methanol, or THF

2-4, entries 7 and 8) with equally high enantioselectivities (92% ee (R); 7 = 30 °C,
pressure of dihydrogen gas = 4 atm); however, a substantial improvement in TOF was
observed when 24 was the catalyst (24: ca. 11.9 min™'; 4: ca. 0.1 min™, 7 = 25 °C,
pressure of dihydrogen gas = 1 atm). In comparison to 24, the hydrogenation of MAC
catalyzed by the benchmark catalyst [Rh((R)-BINAP)(acetone);](ClO,) (Table 2-4, entry
10) proceeds with similar TOF (ca. 9.8 min™), but with much lower enantioselectivity and

with an opposite sense of asymmetric induction (33% ee (S)).
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Conclusions

Two diastereomeric forms of the catalyst precursor 2 were readily prepared by
reaction of 1 with one equiv of (R)-BINAP. Thermally induced isomerization of the 1—
3:5,6-n-CsH,; ligand of 2 and loss of MeCN generates the highly reactive catalyst
precursor 23. Complexes 4 and 24 are most likely the active catalysts generated by
reaction of 2 and 23, respectively, with dihydrogen gas. Complex 24 is the most reactive
(MeCN-free) form of 4. The facile substitution of the solvento ligands in 4 (assuming that
MeCN is displaced during catalysis), and the ability of the hydrido ligand to undergo
insertion and elimination reactions, allows the ruthenium center to present the equivalent
of four vacant coordination sites during catalysis. Further, 4 is not sterically hindered, the
ruthenium center is in a low-oxidation state, and it apparently undergoes oxidative
additions, insertions, and reductive eliminations. The combination of these abilities
distinguishes 4 from previously reported ruthenium-bis(phosphine) complexes and
accounts for the activity of 4 towards the catalytic reactions presented in this chapter.
Finally, this catalyst system lends itself well to mechanistic investigations because the

active catalyst can be easily generated in high concentrations.

Experimental Section

Materials. Argon gas (Praxair, 99.998%) was dried by passage through a column
containing 3 A molecular sieves and phosphorus pentoxide before use. Dihydrogen gas
(Praxair, 99.99%) was passed through an Alitech Oxy-Trap to remove trace amounts of
oxygen before use. Dideuterium gas (Aldrich, 99.8%; Praxair, 99.7%) was used as
received. All protiated solvents (Anachemia, Caledon, and Fisher Scientific) and
deuterated solvents (99.5-99.9% D, Cambridge Isotope Laboratories) were distilled from
appropriate drying agents®* under an atmosphere of argon gas before use , except absolute
ethanol (200 proof) which was used as received. Unless stated otherwise, all reagents

were used as received from Aldrich. The following reagents were distilled before use
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under an atmosphere of argon gas or under vacuum (ca. 10 mm Hg), depending on their
boiling points: (rac)-3-buten-2-ol, allyl alcohol, allyl chloride, chlorodimethylsilane, COD,
ethyl acetoacetate, and geraniol. [Ph;C]BF, was recrystallized from MeCN before use.>’
Triethylamine (Fisher Scientific) and pyridine (Fisher Scientific) were dustilled from
calcium hydride before use. (R)-BINAP (Strem) was recrystallized by established pro-
cedures before use.’®* [Ru(COD)CL],,>" [Ru(COD)(7’-CsHs),],*” dimethyl(2-propen-1-
oxy)silane,”® (R)-MTPA-CL*® (R)-MTPA esters,”® and [Rh((R)-BINAP)(NBD)](ClOs)**
were prepared as previously described. MAC was prepared by the esterification of a-
acetamidocinnamic acid (recrystallized 5 times from boiling ethanol/n-hexanes) using
diazomethane.” (rac)-MAC(H), was obtained by hydrogenation of MAC using [Rh-
(NBD)(DIPHOS)](CIO,4)* as the catalyst. (S)-MAC(H), was used as resceived from
Serva. Florisil (60—100 mesh) was supplied by Fisher Scientific.

Measurements. One-dimensional NMR spectra were recorded using a Bruker
AM-400 spectrometer (‘H at 400.1 MHz, ®C at 100.6 MHz, **N at 40.5 MHz=, and 3'P at
161.9 MHz). Two-dimensional NMR spectra were recorded using a Variam Unity 500
spectrometer (‘H at 499.8 MHz and "*C at 125.7 MHz). The chemical shifis for 'H and
'3C are reported in parts per million (&) relative to external tetramethylsilame and were
referenced to signals of residual protons in the deuterated solvent. The chemical shifts for
"N and *'P are reported in parts per million () relative to external liquid arnmonia and
external 85% phosphoric acid, respectively. NMR abbreviations used: br = broad, s =
singlet, d = doublet, dd = doublet of doublet, ddd = doublet of doublet of dioublets, t =
triplet, q = quartet, dq = doublet of quartets, dt = doublet of triplets, and m = multiplet.
Mass spectrometric analyses of 2 (in MeCN) and 23 (in methanol) were performed by
positive-ion mode electrospray ionization (ESI-MS (pos)) on a Micromass ZabSpec
Hybrid Sector-TOF spectrometer. Calculated m/z values refer to the isotopes '*C, 'H,
“N, %0, *'P, and 'Ru. GLC-IR experiments were conducted on a Hewlett—Packard
S965IRD instrument, employing a J&W Scientific column DBS (30 m x 0.32 anm internal
diameter) having a film thickness of 1.00 gm. The carrier gas was helium and operated at

a flow rate of 1.6 mL/min. Optical rotations were measured with a Perkin—Elmer 241
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polarimeter at 589 nm using 1.0 dm cells. Elemental analyses were performed at the
University of Alberta Microanalysis Laboratory.

Syntheses. All reactions requiring the exclusion of oxygen and/or water were
carried out in dry solvents under an atmosphere of a dry argon gas using standard Schlenk

3 All glassware and syringes were successively treated with

and glovebox techniques.
ethanolic ammonium hydroxide solution and acetone, and oven-dried before use.
Organometallic products were isolated in a glovebox filled with dinitrogen gas and were
stored at —30 °C for prolonged periods.

(A) 1. Complex 1 was more conveniently prepared using HBF4Et,O as the
electrophile instead of the originally reported electrophile [Ph;C]BF,.* The modified
procedure is as follows. A diethyl ether solution (54% wt) of tetrafluoroboric acid (318
4L, 2.31 mmol) was added to a stirred solution of freshly sublimed [Ru(COD)(7’-C;Hs),]
(748.0 mg, 2.57 mmol, sublimed under dynamic vacuum (ca. 0.05 mm Hg) at 70 °C) in
diethyl ether (5.0 mL) and MeCN (5.0 mL) at 0 °C. The resulting yellow solution was
stirred for 5 min at O °C, and stirred an additional 2 min while warming to room
temperature. The reaction mixture was evaporated under reduced pressure and the
resulting yellow residue was washed with diethyl ether (5 x 5.0 mL). Slow addition of
diethy! ether (5.0 mL over a 2 h period) to a saturated solution of the crude product in
MeCN (1.3 mL) afforded yellow microcrystals. The product was washed with diethyl
ether (3 x 5.0 mL) and dried in vacuo to yield 631.8 mg of 1 (65% vyield based on
tetrafluoroboric acid). The spectroscopic properties of this material matched those
reported in the literature for 1.

(B) 2. A 500-mL Schlenk flask was charged with 1 (0.8412 g, 2.01 x 10~ mol),
finely ground (R)-BINAP (1.2496 g, 2.01 x 10~ mol), and acetone (100 mL). The
resulting suspension (partially dissolved (R)-BINAP) was stirred at room temperature for
3 h to generate a dark yellow solution. Removal of the solvent under reduced pressure
gave a yellow solid discolored by a brown residue. The crude product was dissolved in
MeCN (20 mL), and the resulting solution was passed through a filter-paper-tipped
cannula to remove trace amounts of particulate. Slow addition of diethyl ether (250 mL)

to the filtered solution at room temperature afforded lemon-yellow needles. The product
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was collected by filtration and was washed with diethyl ether (3 x 10 mL). Drying the
solid in vacuo for 38 h at room temperature yielded 1.7394 g (90%) of 1-0.4Et,0. NMR
spectroscopic data indicated that 1:0.4Et,O was isolated as a mixture of a labile and a non-
labile diastereomer in a ratio of 1:1. The asterisks (*) denote resonances attributed to the
labile diastereomer. 'H NMR (400.1 MHz, CD,Cly, 25 °C): §-0.21 (m, 1H, H-7*), 1.05
(m, 1H, H-7"*), 1.41 (m, 1H, H-8%), 1.6-1.9 (m, 2H, H-8* and H-8), 1.73 (s, 3H,
CH>CN*), 1.95 (m, 4H, H-8' and CH5CN), 2.16 (m, 1H, H-4), 2.4-2.6 (m, 3H, H-3*, H-
4* and H-7), 2.69 (m, 1H, H-4"), 2.87 (m, 1H, H-7'), 3.17 (m, 2H, H-1 and H-5), 3.26
(m, 2H, H-2* and H-4'*), 3.40 (m, 1H, H-3), 3.53 (m, 2H, H-2 and H-5%*), 3.95 (m, 1H,
H-1%*), 4.89 (m, 1H, H-6*), 5.08 (m, 1H, H-6), 5.6-8.1 (aromatic). “C{'H} NMR (100.6
MHz, CD,Cl,, 25 °C): 6 4.8 (s, CH;CN¥*), 4.9 (s, CH;CN), 20.6 (s, C-4*), 21.2 (s, C-4),
24.9 (s, C-8), 25.3 (s, C-7*), 31.1 (s, C-3), 31.6 (s, C-8%), 35.6 (s, C-7), 36.7 (d, Joc =
14.5 Hz, C-3%), 55.8 (s, C-1%*), 62.9 (s, C-5%), 66.2 (s, C-1), 71.2 (d, Jpc = 27.5 Hz, C-
5), 85.4 (s, C-2), 90.0 (s, C-2*), 99.3 (d, Jo_c = 12.0 Hz, C-6*), 117.3 (d, Joc = 8.5 Hz,
C-6), 125-142 (aromatic, CH;CN, and CH;CN*). *'P{'H} NMR (161.9 MHz, CD,Cl,,
25 °C): §32.8 (d, %ep = 33.5 Hz, 1P, P(A)), 35.7 (br d, /o_p = 38.5 Hz, 1P, P(A")%),
45.6 (br d, 2Jop = 38.5 Hz, 1P, P(B)*), 46.9 (d, *Jo_p = 33.5 Hz, 1P, P(B)). ESI-MS
(pos): m/z 872.2 (M — BF,)", exact mass calcd for CsgHysNP,Ru 872.2). Anal. Calcd for
CssHysBFsNPoRu0.4Et,0: C, 67.56; H, 5.10; N, 1.42. Found: C, 67.21; H, 4.92; N,
1.54.

2-MeC"N. MeC"N (300 gL, 5.71 mmol) was added to a stirred solution of 2
(138.0 mg, 0.144 mmol) in methylene chloride (3.0 mL) at room temperature under argon
gas. The reaction mixture was stirred at room temperature for 2 h, and then diethyl ether
(200 mL) was slowly added to give a yellow solid. The product was collected by filtration
and washed with diethyl ether (5 x 10 mL) to give 120.0 mg (87%) of 3-MeC"N (>95%
“N-enriched). The asterisks (*) denote resonances attributed to the labile isomer.
3IP{'H} NMR (161.9 MHz, CD,Cl,, —20 °C): §33.0 (dd, *Je_p = 33.5 Hz, %/o.y = 2.5 Hz,
1P), 35.5* (dd, 2Jo_p = 39.0 Hz, /oy = 3.0 Hz, 1P), 45.6* (dd, 2Jp_p = 39.0 Hz, 2oy =
3.0 Hz, 1P), 46.8 (dd, 2Jp.p = 33.5 Hz, 2/o.v = 4.0 Hz, 1P). “N{'H} NMR (40.5 MHz,
CD,Cly, —20 °C): §189.1 (dd, 2Jpn = 4.0 Hz, %Joy = 2.5 Hz), 195.7* (apparent t, 2Jpo-n =
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3.0 Hz). "N{'H} NMR (40.5 MHz, CD,Cl,, 25 °C): §189.1 (dd, /oy~ = 4.0 Hz, *Jpay
x = 2.5 Hz). The corresponding “N{'H} resonance for the labile diastereomer was not
observed at 25 °C.

(C) 3. The method used for the preparation of 3 was the same as that used for 2
with substitution of (R)-TolBINAP for (R)-BINAP. The only procedural modifications
were that 3 was recrystallized from a methylene chloride/diethyl ether solvent mixture and
that the product was dried in vacuo for 12 h. Yield: 75%. NMR spectroscopic data
indicated that 3 was isolated as a solvated mixture (3-0.8Et,0-0.3CH,Cl,) of a labile and a
non-labile diastereomer in a ratio of 1:1. The asterisks (*) denote resonances attributed to
the labile isomer. 'H NMR (400.1 MHz, CD,Cl,, 25 °C): §—0.10 (m, 1H), 1.06 (m, 1H),
1.40 (m, 1H), 1.5-2.0 (m, 3H), 1.76 (br s, 3H, CH5), 1.95 (br s, 3H, CHs), 1.97 (s, 3H,
CH;), 1.98 (s, 3H, CH3), 2.0-2.3 (m, 1H), 2.13 (s, 3H, CHs), 2.16 (br s, 3H, CH5), 2.3~
2.6 (m, 3H), 2.43 (s, 3H, CHs), 2.44 (s, 3H, CH;), 2.48 (s, 6H, 2 x CH; overlapping),
2.67 (m, 1H), 2.84 (m, 1H), 3.19 (m, 4H), 3.36 (m, 1H), 3.46 (m, 2H), 3.91 (m, 1H), 4.84
(m, 1H), 5.02 (m, 1H), 5.7-8.6 (aromatic). “C{'H} NMR (100.6 MHz, CD,Cl,, 25 °C):
6 4.8 (br, CH3CN*), 5.0 (s, CH3;CN), 20.5 (br, C-4*), 21.0 (s, CsH.sCHj3), 21.1 (5,
CeHiCH3), 21.2 (s, C-4), 21.4 (s, 2 x C¢H4CHj; overlapping), 24.9 (d, Je_c = 3.5 Hz, C-8),
25.4 (d, Jpc = 5.5 Hz, C-7*), 30.5 (s, C-3), 31.6 (s, C-8*), 35.6 (d, Jp-c = 7.0 Hz, C-7),
36.2 (d, Jp-c = 9.0 Hz, C-3%), 55.5 (br, C-1%*), 62.5 (br, C-5%), 66.2 (s, C-1), 70.8 (d, Je—c
=26.5 Hz, C-5), 85.4 (s, C-2), 90.0 (br, C-2%), 98.8 (br, C-6%), 116.3 (d, Jp-c = 9.0 Hz,
C-6), 122—142 (aromatic, CH;CN, and CH;CN*). *'P{'H} NMR (161.9 MHz, CD,Cl,,
25°C): §31.1 (d, “Jp_p =33.5 Hz, 1P), 34.0 (br d, 2/p_p = 38.5 Hz, 1P*), 43.9 (br d, 2Jp_p
= 38.5 Hz, 1P*), 45.2 (d, %/p-p = 33.5 Hz, 1P). ESI-MS (pos): m/z 928.3 ((M — BF.,)",
exact mass calcd for CssHssNP,Ru 928.3). Anal. Caled for CssHs:BF;NP,Ru-0.8-
Et,0-0.3CH,Cly: C, 67.17; H, 5.74; N, 1.27, Cl, 1.93. Found: C, 66.98; H, 5.55; N, 1.48,
Cl, 2.13.

(D) 4 (Sol = Acetone-ds). Complex 1 (19.5 mg, 2.03 x 10~ mol) was partially
dissolved in acetone-ds in an NMR tube under an atmosphere of argon gas. At room
temperature, the headspace of the tube was flushed with dihydrogen gas, pressurized (1-2

atm), and shaken until a deep yellow-orange solution was generated (ca. 5 min). The
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atmosphere of dihydrogen gas was replaced by argon gas and the resulting, highly air-
sensitive solution was analyzed by 'H and *'P{'H} NMR spectroscopy at —80 °C (to
obtain well-resolved spectra). NMR spectroscopic analysis indicated a mixture of 8
ruthenium-hydrido species ([Ru((R)-BINAP)(H)(MeCN),(acetone-ds);_,]BF;, n = 0-3)
and cyclooctane formed. At —80 °C, dideuterium gas (5.0 mL) was injected into the
headspace of the NMR tube via syringe. The NMR tube was removed from the cooling
bath, shaken for ca. 15 s, and then immediately placed in a precooled (-80 °C) NMR
probe. Although the *'P{'H} NMR spectrum at —80 °C remained unchanged, the 'H
NMR spectrum indicated that exchange of all ruthenium-hydrido species with dideuterium
gas (to form ruthenium—deuterio species) had occurred with concomitant formation of HD
gas. NMR spectroscopic data for the hydrides (A-H): 'H (400.1 MHz, acetone-ds, —80
°C): & -19.87 (br, A), —19.60 (apparent t, Jo_z = 30.0 Hz, B), —19.45 (br, C), —19.26
(apparent t, 2Jp.i; = 30.0 Hz, D), —13.50 (apparent t, 2oy = 25.0 Hz, E), —13.20 (apparent
t, 2oy = 25.0 Hz, F), —13.15 (dd, %/o_u = 28.0 Hz, 24.0 Hz, G), —12.88 (apparent t, 2oy
= 27.0 Hz, H), 1.6-2.4 (12 s, 12 x CH;CN-Ru), 6.0-8.5 (aromatic). *'P{'H} (161.9
MHz, acetone-ds, —80 °C): & 59.4 (d, 2Jep = 43.0 Hz, A), 60.8 (d, %/op = 46.5 Hz, B),
63.2 (d, “Jp_p = 44.0 Hz, F), 63.6 (d, >Jo_p = 40.5 Hz, E), 66.0 (d, 2/o_p = 43.0 Hz, A),
68.2 (d, 2/p_p = 46.0 Hz, C),} 69.6 (d, Jp_p = 40.5 Hz, E), 71.2 (d, 2Jp_p = 49.5 Hz, D),
71.5 (d, %Jo_p = 43.0 Hz, G), 74.2 (d, Jop = 47.0 Hz, H), 75.4 (d, 2/p_p = 43.0 Hz, G),
76.5 (d, %Jo_p = 46.5 Hz, B), 79.3 (d, Jop = 49.5 Hz, D), 80.3 (d, %/o_p = 44.0 Hz, F),
82.7 (d, >Jo_p = 47.0 Hz, H). The approximate distribution of ruthenium-hydrido species
was 3% A, 14% B, 5% C, 22% D, 15% E, 15% F, 11% G, and 15% H. Although we
have been unable to assign individual structures for each hydride, we have independently
prepared fac-[Ru((R)-BINAP)(H)(MeCN);]BF, (5) and fac-[Ru((R)-BINAP)(H)(acetone-
ds)3)BF, (7) that corresponded to hydrides E and D, respectively (vide infra).

* The corresponding *'P{'H} NMR signal was obscured by resonances attributed to
hydrides D and G ca. 6 71.3.

4 (Sol = Methanol-d;). Complex 1 (28.3 mg, 2.95 x 10™° mol) was partially
dissolved in methanol-d; (0.6 mL) and reacted with dihydrogen gas as outlined above for

the synthesis of 4 (sol = acetone-ds). 'H NMR (400.1 MHz, methanol-d;, —60 °C): & —
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20.22 (br), —13.10 (br), —12.93 (br apparent t, 2oy = 27.5 Hz, major, ca. 50% of total
ruthenium species present), 1.65-2.40 (overlapping s, CH;CN-Ru), 5.9-8.6 (br,
aromatic). >'P{'H} NMR (161.9 MHz, methanol-ds, —60 °C): & 60.0 (br), 61.3 (apparent
t, 2Jo_p = 48.0 Hz), 64.1 (br d, “o_p = 43.5 Hz), 66.0 (d, 2/p_p = 43.5 Hz), 67.6 (d, 2Jp_p =
43.5 Hz), 69.7 (d, 2Jp.p = 43.5 Hz), 71.2 (d, %/o_p = 43.5 Hz), 74.1 (br d, 2Jp_p = 52.5 Hz),
75.4 (d, *Jo_p = 48.0 Hz, major, ca. 50%), 79.9 (d, 2Jp_p =46.0 Hz), 81.0 (apparent t, %/p_p
=48.0 Hz), 82.3 (d, /p_p = 49.0 Hz, major, ca. 50%).

4 (Sol = THF-dg). Complex 1 (10.7 mg, 1.16 x 10~ mol) was dissolved in a
mixture of THF-dg (0.5 mL) and CD,Cl, (0.1 mL) in an NMR tube under an atmosphere
of argon gas to generate a yellow solution. At room temperature, dihydrogen gas (5.0
mL, 2.0 x 10~ mol) was injected into the headspace of the tube via syringe, and the
mixture was shaken for 2 min with intermittent cooling (—78 °C) to give a dark yellow
solution. Cooling was necessary to prevent the degradation of 4 that is rapid in the
presence of methylene chloride at rcom temperature. The distribution of ruthenium
species as determined by NMR spectroscopy at —80 °C was 44% [Ru((R)-BINAP)-
H)(MeCN)(THF),]BF,, 15% [Ru((R)-BINAP)(H)(MeCN),(THF)]BF,, and 41% 1 (non-
labile diastereomer). The presence of cyclooctene and cyclooctane was determined by 'H
NMR spectroscopy (cyclooctene:cyclooctane ~ 1:3) and confirmed by GLC~-IR. Further
addition of dihydrogen gas (5.0 mL) and shaking at room temperature for 2 min caused
complete hydrogenation of cyclooctene to cyclooctane. The distribution of ruthenium
species detected in solution were 59% [Ru((R)-BINAP)(H)(MeCN)(THF),]BF,;, 14%
[Ru((R)-BINAP)(H)(MeCN),(THF)]BF,, 27% 1 (non-labile diastereomer), and two other
species in amounts too low to accurately integrate (we assign one as fac-[Ru((R)-
BINAP)(H)(MeCN);]BFs (5)). The solution was warmed to room temperature and
MeCN (3.6 mL, 6.9 x 10 mol) was added via syringe, causing the yellow color to
lighten. The solution was cooled to —80 °C for further 'H and *'P{'H} NMR spectro-
scopic analyses. The solution contained a product identified by NMR spectroscopy as S
(78%), and the non-labile diastereomer of 1 (22%). 4 ([Ru((R)-BINAP)(H)(MeCN)-
(THF),]BF,): '"H NMR (400.1 MHz, THF-dy/CD,Cl, (5:1 v/v), -80 °C): & —13.05
(apparent t, 2oy = 28.0 Hz, 1H, Ru-H), 2.74 (s, 3H, CH;CN), 6.0-8.7 (aromatic,
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overlapping with [Ru((R)-BINAP)(H)(MeCN),(THF)]BF,). *'P{'H} NMR (161.9 MHz,
THF-dy/CD,Cl, (5:1 v/v), =80 °C): & 72.2 (d, *Jop = 49.5 Hz, 1P, overlapping with
[Ru((R)-BINAP)(H)(MeCN)(THF)]BF,), 81.3 (d, “o.p = 49.5 Hz, 1P). 4 ([Ru((R)-
BINAP)(H)(MeCN),(THF)]BF.,): 'H NMR (400.1 MHz, THF-d/CD,Cl, (5:1 v/v), —80
°C): 6 -12.98 (Ru—H, overlapping with [Ru((R)-BINAP)(H)(MeCN)(THF);]BF.), 1.96
(s, 3H, CH;CN), 2.17 (s, 3H, CH5CN), 6.0-8.7 (aromatic, overlapping with [Ru((R)-
BINAP)(H)(MeCN)(THF),]BF,). *'P{'H} NMR (161.9 MHz, THF-ds/CD.Cl, (5:1 v/v),
—80 °C): 6 72.2 (1P, overlapping with [Ru((R)-BINAP)(H)MeCN)(THF),]BF,), 76.9 (d,
2Jop = 42.5 Hz, 1P). 5: '"H NMR (400.1 MHz, THF-ds/CD,Cl, (5:1 v/v), 80 °C): & —
13.48 (apparent t, “o.g = 24.0 Hz, 1H, Ru-H), 1.84 (s, 3H, CH;CN), 1.87 (s, 3H,
CH;CN), 2.22 (s, 3H, CH5CN), 6.0-8.9 (aromatic). *'P{!H} NMR (161.9 MHz, THF-
dy/CD:Cl, (5:1 v/v), —80 °C): 6 64.2 (d, %/o_p = 40.0 Hz, 1P), 69.9 (d, “Jp_p = 40.0 Hz,
1P).

(E) 6 (Sol = Acetone-ds). Complex 3 (25.3 mg, 2.49 x 10~ mol) was dissolved in
acetone-ds (0.6 mL) and reacted with dihydrogen gas as outlined above for the synthesis
of 4 (sol = acetone-ds). NMR spectroscopic data for the hydrides (A-H): 'H (400.1 MHz,
acetone-ds, —80 °C): §-20.14 (apparent t, 2oz = 28.0 Hz, A), —19.80 (apparent t, %o =
30.0 Hz, C), —19.77 (apparent t, *Jo_z = 30.0 Hz, B), —19.55 (apparent t, 2/p_z = 30.0 Hz,
D), —13.77 (dd, %/o_u = 26.5 Hz, 24.0 Hz, E), —13.53 (apparent t, %oz = 27.0 Hz, F), -
13.34 (dd, /o_u = 29.0 Hz, 24.0 Hz, G), ~13.14 (apparent t, Jp_z = 27.0 Hz, H), 1.6-2.5
(overlapping s, CH;), 5.8-8.2 (aromatic). ~'P{'H} (161.9 MHz, acetone-ds, —80 °C): &
56.8 (d, *Jo_p = 43.5 Hz, A), 59.0 (d, 2Jp_p = 48.0 Hz, B), 60.8 (d, 2/pp = 44.5 Hz, F),
60.9 (d, %Jo.p = 41.0 Hz, E), 63.7 (d, %Jp_p = 43.5 Hz, A), 65.8 (d, 2Jp_p = 48.5 Hz, C),
66.8 (d, %Jv_p = 41.0 Hz, E), 68.2 (d, %/o_p = 48.5 Hz, C), 68.9 (d, Jo_p = 43.5 Hz, G),
69.3 (d, >/p_p = 50.0 Hz, D), 72.2 (d, %/pp = 47.5 Hz, H), 73.1 (d, *Jop = 43.5 Hz, G),
74.7 (d, *Je-p = 48.0 Hz, B), 76.8 (d, 2/_p = 50.0 Hz, D), 77.7 (d, Jop = 44.5 Hz, F),
80.0 (d, /o_p = 47.5 Hz, H). The approximate distribution of ruthenium-hydrido species
was 4% A, 19% B, 4% C, 29% D, 11%E, 15% F, 7% G, and 11% H. Although we have

been unable to assign individual structures for each hydride, we have independently
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prepared 7 (by addition of 2 equiv of MeCN to a solution of 6 in acetone-ds) that
corresponded to hydride E.

(F) 23. Complex 2 (100.7 mg, 0.105 mmol) was partially dissolved in n-propanol
(40.0 mL) under an atmosphere of argon gas. The reactor was sealed and the mixture was
stirred with heating (80 °C) for 40 min to generate an amber solution. The solvent was
removed under reduced pressure with heating (80 °C) to give a yellow solid. Slow
addition of n-pentane (80 mL) to a methylene chloride solution (2.0 mL) of the product
afforded a yellow powder. The purified product was collected by filtration, washed with
n-pentane (2 x 20 mL), and dried in vacuo for 90 h to yield 55.6 mg (58%) of 23.*' 'H
NMR (599.9 MHz, CDCl,, 25 °C): 6-0.15 (apparent q, /= 15.0 Hz, 1H, exo H-7), 0.07
(apparent t, J = 15.0 Hz, 1H, H-6), 0.84 (apparent t, J = 15.0 Hz, 2H, overlapping H-4
and endo H-7), 1.00 (br, 1H, H-6"), 1.54 (apparent t, /= 15.0 Hz, 1H, H-8), 1.86 (br, 1H,
H-8"), 2.20 (br, 1H, H-5), 4.65 (br, 1H, H-1), 5.46 (br, 2H, overlapping H-2 and H-3),
6.0—8.3 (aromatic). “C{'H} NMR (100.6 MHz, CD,Cl,, 25 °C): §18.9 (s, C-7), 23.2 (d,
Jpc = 2.0 Hz, C-6), 27.3 (s, C-8), 58.5 (apparent t, Jpc = 3.5 Hz, C-1), 64.0 (d, Jpc =
35.0 Hz, BINAP C-2), 71.6 (dd, Je_c = 20.0 Hz, 2.0 Hz, C-5), 91.0 (s, C-2), 96.2 (s, C-
4), 97.8 (dd, Jo_c = 5.5 Hz, 4.0 Hz, BINAP C-1), 114.1 (d, Jp_c = 9.5 Hz, C-3), 123-148
(aromatic). *'P{'H} NMR (161.9 MHz, CD,Cl,, 25 °C): §-6.0 (d, 2/p_p = 44.5 Hz, 1P),
63.9 (d, >Jp-p = 44.5 Hz, 1P). Satisfactory elemental analyses could not be obtained for 23
after repeated attempts on several recrystallized samples that were solvent-free and of
>95% purity as determined by NMR spectroscopy. Typically, carbon analyzed 2-3%
lower than that calculated for 23, although hydrogen analysis data were in good agreement
with the calculated values. It is plausible that the low carbon analysis resulted from
incomplete oxidation of carbon caused by the formation of ruthenium carbides upon
thermal decomposition of 23. The molecular weight determined by HRMS is provided in
lieu of elemental analyses. High-resolution ESI-MS (pos): m/z 831.188043 ((M — BF,)",
exact mass calcd for CsoHiy;P,Ru 831.188351).

(G) 24 (Sol = Acetone-ds). Complex 23 (16.0 mg, 1.74 x 10~ mol) was dissolved
in acetone-ds (0.6 mL) and reacted with dihydrogen gas as outlined above for the

synthesis of 4 (sol = acetone-ds). 'H NMR (400.1 MHz, acetone-ds, 25 °C): § —~19.80
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(apparent t, 2/p_y; = 30.5 Hz). *'P{'H} NMR (161.9 MHz, acetone-ds, 25 °C): §71.2 (d,
2Jpp=49.5 Hz, 1P), 79.7 (d, *Jo_p = 49.5 Hz, 1P).

24 (Sol = THF-ds). Complex 23 (25.0 mg, 2.72 x 10~ mol) was dissolved in
THF-ds (0.6 mL) and reacted with dihydrogen gas as outlined above for the synthesis of 4
(sol = acetone-ds). 'H NMR (400.1 MHz, THF-ds, —40 °C): § —19.45 (br, Ru—H), 6.0—
8.5 (aromatic). *'P{'H} NMR (161.9 MHz, THF-ds, —40 °C): § 74.1 (br d, %Jp_p = 50.0
Hz, 1P), 82.0 (br, 1P).

Catalytic Reactions. Small-scale hydrosilylation and isomerization reactions were
conducted in 5-mm NMR tubes and were monitored by 'H NMR spectroscopy to
calculate TOF values and chemical yields (see Table 2-2). TOF values for hydrogenation
reactions were determined by setting up and taking down the pressure reactor as quickly
as possible during a hydrogenation. Their values are, therefore, to be taken as approx-
imate. The ee for each reaction was determined by repeating the experiment on a larger
scale and analyzing the products as described below.

(A) Procedure for Small-Scale Catalytic Hydrosilylation and Isomerization
Reactions. Typically, complex 2 (1.2 mg, 1.25 x 10~ mol) was vigorously mixed with
THF-ds (0.48 mL) for several minutes to generate a light yellow solution. Dihydrogen gas
(5.0 mL, 2.0 x 10~ mol) was injected into the headspace of the NMR tube via syringe and
the mixture was shaken for ca. 2 min at room temperature to generate a dark yellow
solution. The solution was slowly bubbled with argon gas (1 min) and the substrate (50
equiv, 6.25 x 107> mol) was then added via syringe.

(B) Procedure for Large-Scale Catalytic Reactions. These reactions were
performed in a manner similar to that described for small-scale experiments, except that
quantities of reactants were increased by a factor of 15, and non-deuterated solvents were
used. Generation of the catalytically active solution for hydrosilylation and isomerization
reactions was accomplished by bubbling dihydrogen gas through a stirring solution (2.6
mM) of 2 in a Schlenk flask at room temperature for ca. 2 min, followed by bubbling the
solution with argon gas for 1 min. The substrate was then added via syringe, and the
reaction was carried out under the conditions given in Table 2-2. A glass pressure reactor

(Lab Glass) was employed for hydrogenation reactions where the pressure of dihydrogen
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gas was <4 atm. For reactions requiring elevated pressures, a Parr cell-disruption bomb
was used. For hydrogenation reactions, the appropriate pressure reactor was charged
with substrate and catalyst precursor under an atmosphere of argon gas. The reaction
vessel was purged with dihydrogen gas and its contents were dissolved in the appropriate
deoxygenated solvent. The reactor was pressurized and heated to the desired levels, and
the reaction was stirred at 1100 rpm. Reaction conditions are given in Tables 2-3 and 2-4.

(C) Workups and Analyses. The solvents were removed at the end of the
reaction by use of either a rotary evaporator or by distillation at atmospheric pressure,
depending on the boiling points of the products. The specific workups and product
analyses are outlined below.

The isomerization of (rac)-3-buten-2-ol ((rac))-8 in THF-ds/CD,Cl; (=20:1 v/v)
was monitored by 'H NMR spectroscopy. (Z)-2-Buten-2-ol (9) was identified by com-
parison to a literature spectrum.” 2-Butanone (10) was identified by '"H NMR spec-
troscopy and by GLC-IR (the IR spectrum was identical to that of an authentic sample).
The ee of the remaining 8 was determined as follows. An aliquot (5 mL) was removed via
cannula from a large-scale reaction mixture 60 min after the addition of substrate, and the
catalyst was deactivated in the aliquot by bubbling carbon monoxide gas (1 atm) through
the solution for 30 s. The aliquot was mixed with #-pentane (20 mL), and passed through
a Florsil plug to remove the catalyst. The solvent was removed by distillation under
argon gas (7pan = 70 °C), and the residue was reacted with (R)-MTPA-Cl. The ee was
determined by comparison of the '"H NMR spectrum of the derivatized residue to that of
the (R)-MTPA ester of an authentic sample of (5)-8.* (R)-MTPA ester of (S)-8 (R,S
diastereomer): 'H NMR (CDCls;, 400.1 MHz, 25 C°): § 1.44 (d, J = 6.5 Hz, 3H,
CH5CH), 3.58 (d, J = 1.5 Hz, 3H, OCHs), 5.16 (apparent dt, J = 10.5 Hz, 1.5 Hz, 1H,
cis-CH,=CH), 5.25 (apparent dt, J = 17.5, 1.5 Hz, 1H, #rans-CH>=CH), 5.59 (m, 1H,
CH;CH, overlapping with the R,R diastereomer), 5.81 (ddd, /= 17.5 Hz, 10.5 Hz, 4.5 Hz,
1H, CH>=CH), 7.3-7.7 (aromatic, overlapping with the R R diastereomer). (R)-MTPA
ester of (R)-8 (R,R diastereomer): "H NMR (CDCl;, 400.1 MHz, 25 C°): §1.37(d, J =
6.5 Hz, 3H, CH;CH), 3.56 (d, J = 1.5 Hz, 3H, OCH;), 5.22 (apparent dt, J = 10.5, 1.5
Hz, 1H, cis-CH,=CH), 5.35 (apparent dt, /= 17.5, 1.5 Hz, 1H, trans-CH,=CH), 5.59 (m,
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1H CH;CH, overlapping with the R,S diastereomer), 5.90 (ddd, /= 17.5 Hz, 10.5 Hz, 4.5
Hz, 1H, CH,=CH), 7.3-7.7 (aromatic, overlapping with the R S diastereomer).

The isomerization and intramolecular hydrosilylation of dimethyl(2-propen-1-
oxy)silane (11) in THF-ds was monitored by 'H NMR spectroscopy. Compounds 12, 13,
14, and poly-14 were identified by comparison to literature spectra.*® 12: "H NMR (400.1
MHz, THF-ds, 25 °C): 6 0.25 (d, J= 3.0 Hz, 6H, SiH(CH3)2), 1.52 (dd, J = 6.5, 1.5 Hz,
3H, CH:CH=CH), 4.50 (dq, J = 6.5 Hz, 1.5 Hz, 1H, CH;CH=CH), 4.69 (heptet, /= 3.0
Hz, 1H, SiH(CHs),), 6.17 (dq, J = 6.5 Hz, 1.5 Hz, 1H, CH;CH=CH). 13: 'H NMR
(400.1 MHz, THF-ds, 25 °C): §0.23 (d, J = 3.0 Hz, 6H, SiH(CHs)2), 1.49 (dd, J = 6.5,
2.0 Hz, 3H, CH;CH=CH), 4.99, (m, 1H, CH;CH=CH), 4.61 (heptet, J = 3.0 Hz, 1H,
SiH(CHs)2), 6.21 (dq, J = 12.0, 2.0 Hz, 1H, CH;CH=CH). 14: '"H NMR (400.1 MHz,
THF-ds, 25 °C): 60.12 (s, 6H, Si(CH;),), 0.70 (t, J = 7.5 Hz, 2H, SiCH,CH,CH,0), 1.82
(tt, /= 7.5 Hz, 6.5 Hz, 2H, SiCH,CH,CH0), 3.74 (t, J = 6.5 Hz, 2H, SiCH,CH,CH,0).
Poly-14: 'H NMR (400.1 MHz, THF-ds, 25 °C): §0.09 (m, 6H, Si(CHs)), 0.87 (m, 2H,
SiCH,CH,CH,0), 1.50 (m, 2H, SiCH,CH-CH;0), 3.24-3.87 (m, 2H, SiCH,CH,CH0).

The material obtained from hydrosilylation of ethyl acetoacetate (1S5) by
chlorodimethylsilane in THF was hydrolyzed as described in the literature.* The identity
of the resulting 17 was confirmed by comparison of both its 'H NMR spectrum, and its
GLC-IR to those of an authentic sample (Aldrich). The residue obtained from the hydrol-
ysis was reacted with (R)-MTPA-Cl. The ee and absolute configuration were determined
by comparison of the "H NMR spectrum of the derivatized residue to that of the (R)-
MTPA esters of (rac)-17 and authentic (R)-17 (Aldrich), respectively. (R)-MTPA ester of
(R)-17 (R,R diastereomer): '"H NMR (400.1 MHz, CDCls, 25 °C): § 1.23 (t, J = 7.0 Hz,
3H, OCH,CHs), 1.34 (d, J = 6.5 Hz, 3H, CH5;C(O)H), 2.57 (dd, J = 16.0, 5.0 Hz, 1H,
CH,CO), 2.72 (dd, J = 16.0, 8.5 Hz, 1H, CH,CO), 3.49 (br s, 3H, OCH3), 4.13 (qd, J =
7.0, 1.5 Hz, 2H, OCH,CH3), 5.57 (m, 1H, CH;C(O)H), 7.3-7.7 (m, 5H, Ph). (R)-MTPA
ester of (S)-17 (R,S diastereomer): 'H NMR (400.1 MHz, CDCl;, 25 °C): § 1.19 (t, J =
7.0 Hz, 3H, OCH,CHs5), 1.43 (d, J = 6.5 Hz, 3H, CH;C(O)H), 2.53 (dd, J=16.0, 5.0 Hz,
1H, CH,CO), 2.68 (dd, J = 16.0, 8.5 Hz, 1H, CH,CO), 3.55 (brs, 3H), 4.06 (q, /=7.1
Hz, 2H), 5.57 (m, 1H), 7.3-7.7 (m, Ph, overlapping with the R,R diastereomer).
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The product residue from the hydrogenation of ethyl acetoacetate (15) in methanol
was purified by flash distillation. The ee and absolute configuration of the product were
determined as described above for the hydrosilylation of 15.

The product residue from the hydrogenation of tiglic acid (18) in methanol was
dissolved in methylene chloride and passed through a Florisil plug to remove the catalyst.
The solvent was then removed under reduced pressure, and the remaining residue was
converted to the corresponding diastereomeric amides of (S)-MBA.** The ee and absolute
configuration were determined by comparison of the 'H NMR spectrum of the derivatized
residue to that of the corresponding amide derivatives prepared from (rac)-19 and
authentic (5)-19 (Lancaster), respectively. (S)-MBA amide of (5)-19 (S,S diastereomer):
'H (400.1 MHz, CDCl;, 25 °C): §0.84 (t, J= 7.0 Hz, 3H), 1.13 (d, J = 7.0 Hz, 3H), 1.39
(m, 1H), 1.46 (d, J = 7.0 Hz, 3H), 1.64 (m, 1H), 2.10 (apparent sextet, /= 7.0 Hz, 1H),
5.14 (apparent quintet, J = 7.0 Hz, 1H), 5.89 (br s, 1H,), 7.1-7.4 (m, 5H, Ph). (§)-MBA
amide of (R)-19 (S,R diastereomer): 'H (400.1 MHz, CDCls, 25 °C): §0.92 (t, J = 7.0
Hz, 3H), 1.10 (d, J = 7.0 Hz, 3H), 1.38 (m, 1H, overlapping with the S,S diastereomer),
1.47 (d, J = 7.0 Hz, 3H), 1.64 (m, 1H, overlapping with the S,§ diastereomer), 2.09
(apparent sextet, J = 7.0 Hz, 1H, overlapping with the S,§ diastereomer), 5.13 (apparent
quintet, J = 7.0 Hz, 1H, overlapping with the S,§ diastereomer), 5.89 (br s, 1H,
overlapping with the S,§ diastereomer), 7.1-7.4 (Ph, overlapping with the S,S diastereo-
mer).

The product residue from the hydrogenation of geraniol (20) in methanol was
purified by flash distillation and reacted with (R)-MTPA-Cl. The ee was determined by 'H
NMR spectroscopic analyses of the diastereomeric (R)-MTPA esters. The ratio of the
methyl peaks at 6 0.91 (d, J = 6.5 Hz, R R diastereomer) and §0.90 (d, J = 6.5 Hz, RS
diastereomer) were used to determine the ee. The ratio of these peaks was 1:1 for the
(R)-MTPA esters derived from (rac)-21. The absolute configuration of the product was
determined by comparison of its rotation with the reported optical rotation of (R)-21
([a]Pp= +5.12°, ¢ = 21.0, CHCI;).* NMR spectroscopic data for the diastereomeric
esters: 'H (400.1 MHz, CDCl;, 25 °C): &§ 0.90 (d, J = 6.3 Hz, 3H, CHs, RS
diastereomer), 0.91 (d, J = 6.5 Hz, 3H, CH;, R R diastereomer), 1.19 (m, 2H), 1.33 (m,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

2H), 1.51 (m, 4H), 1.59 (s, 6H), 1.68 (s, 6H), 1.74 (m, 2H), 1.95 (m, 4H), 3.50 (br s, 3H;
R,S diastereomer), 3.56 (br s, 3H; R,R diastereomer), 4.37 (m, 4H), 5.06 (m, 2H), 7.35-
7.70 (m, 10H, aromatic). 'H NMR signals for individual diastereomers were assigned
when overlap did not occur.

MAC(H), was the only material detected by "H NMR spectroscopy in the residue
obtained from the hydrogenation of MAC. The residue was analyzed without purification.
The ee's were spectroscopically determined (‘H NMR) via chiral lanthanide shift reagent*
(typically 0.4-0.6 equiv (+)-Eu(tfc);) in CDCI; (see Figure 2-4). The ratio of the methoxy
signals (ca. 6 4; 1:1 for (rac)-MAC(H),) was used to quantify all ee's. In all cases,
addition of ($)-MAC(H), caused a decrease in ee, indicating the absolute configuration of
the major enantiomer was K. The catalyst residue was removed before polarimetry by
passing an ethyl acetate solution of the reaction mixture through a cclumn of Florisil. The
ee and absolute configuration of the major enantiomer for this mixture were determined as
described above, and were confirmed by the magnitude and the sign of the optical
rotation,*’ respectively, from polarimetric measurements.

X-ray Crystallography. Crystals of (§)-2-0.5C,H,Cl; suitable for structure deter-
mination by X-ray diffraction were obtained by slow liquid-liquid diffusion of methanol
into a saturated solution of 2 in 1,2-dichloroethane at room temperature. Data collection,
structure solution, and structure refinement for (S)-2-0.5C,;H,Cl, were performed by Dr.
Robert McDonald, Faculty Service Officer, Structure Determination Laboratory, Depart-
ment of Chemistry, University of Alberta. See Table 2-1 for selected bond lengths and
angles for (5)-2:0.5C;H4Cl,. See Table 2-5 for a summary of crystal data, X-ray data

collection, structure solution, and structure refinement information for (§)-2-0.5C,H,Cl,.
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Figure 2-4. Plot of the chemical shifts () of the (R)-MAC(H),-(+)-Eu(tfc); and (S)-
MACH),'(+)-Eu(ifc); diastereomeric adducts in CDCl; (0.24 M) versus moles of (+)-

Eu(tfc)s added.
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Table 2-5. Crystallographic Experimental Details for (§)-2-0.5C:H,Cl,

formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters®
a(A)
b (A)
XEN
o (deg)
B (deg)
7 (deg)
V(A%
4
Peatca (g €M)
p (mm™)

A. Crystal Data

CssHusBCIF,NP.Ru
1008.21

0.56 x 0.08 x 0.06
monoclinic

P2; (No. 4)

12.8559(8)
13.0675(8)
14.9401(9)
90
91.678(6)
90
2508.8(3)
2

1.335
4.040

B. Data Collection and Refinement

diffractometer

radiation (A [A])
monochromator
temperature (°C)

scan type

data collection 28 limit (deg)
total data collected
independent reflections
number of observations (NO)
structure solution method
refinement method

absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameter®
goodness-of-fit Sy
final R indices®

Ry [F2>20(FD)]

WRs [Fo? 2 =3 0(Fo)]
largest difference peak and hole

Siemens P4/RA®
CuKa (1.54178)
incident-beam, graphite crystal
22
626
110.0
3486 (0<h<13,0<k<13,-15</<15)
3315
3178 [F.2 = 20(FH)]
direct methods (SHELXS—86°)
full-matrix least-squares

on F? (SHELXL-93%)
semiempirical (i scans)
0.4003-0.3182
3315 [F2 = —30(F.)]/ 1/ 374
0.007 (16)
1.076 [F,* 2 -3 o(F )]

0.0483
0.1306
0.878 and -0.579 e A”®

“ Obtained from least-squares refinement of 25 reflections with 53.7° < 26 < 56.0°. ° Programs

for diffractometer operation, data collection, data reduction, and absorption correction were those supplied
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by Siemens. ° Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467—473. ¢ Sheldrick, G. M. SHELXL-93
Program for Crystal Structure Determination; Universitit Gottingen, Gottingen, Germany, 1993.
Refinement on F,” for all reflections (all of these having F,” > -30(F,?)). Weighted R-factors wR, and all
goodnesses of fit S are based on F.?; conventional R-factors R; are based on F,, with F, set to zero for
negative F,”. The observed criterion of F,> > 2o(F,") is used only for calculating R;, and is not relevant to
the choice of reflections for refinement. R-factors based on F,? are statistically about twice as large as
those based on £, and R-factors based on ALL data will be even larger. € Flack, H. D. Acta Crystallogr.
1983, 439, 876-881. The Flack parameter will refine to a value near zero if the structure is in the correct
configuration and will refine to a value near one for the inverted configuration. /S = [Sw(F,? — F2)%(n -
P)'? (n = number of data; p = number of parameters varied; w = [o*(F,>) + (0.0771P)* + 5.5988P]"
where P = [max(F,2, 0) + 2F7Y/3). £ R, = E|\F,| — |FJVEIF]; wRa = [Ew(F,> = FAYEw(F, 1"
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Chapter 3T

The First Structure Determinations of Possible Intermediates in Ruthenium—

BINAP-Catalyzed Hydrogenation with a Prochiral Group Bonded to Ruthenium

Introduction

Complexes of ruthenium(Il) and BINAP comprise the most effective catalyst
systems developed for the enantioselective hydrogenation of prochiral olefins and ketones.
Numerous reports' describing such reactions, including several industrial syntheses, have
appeared since the first examples were disclosed in 1985 and 1986.> Despite the intense
study of these systems, there are no reports of structural characterization (even using
spectroscopy) of a species with a prochiral olefin or ketone bonded to a ruthenium center.’
The structures of the catalytic intermediates, and therefore the origins of enantioselection
by these systems, are speculative as they must be extrapolated from indirect methods:
stereochemical, isotope-labeling, and kinetic studies.>

The synthesis and the catalytic activity of [Ru((R)-BINAP)(H)(MeCN),(sol)3-n]-
BF; (1; n = 0-3, sol = acetone, methanol, or THF, depending on reaction medium) was
recently reported by this research group.’ Complex 1 is a highly enantioselective catalyst
system for the hydrogenation of prochiral olefinic substrates. In particular, 1 catalyzes the
hydrogenation of MAC in solutions of acetone to generate (R)-MAC(H), in 92% ee (eq 3-
1). This enantioselectivity is comparable to those of other ruthenium—(BINAP) catalysts

485 This chapter describes the first isolation, structural

reported in the literature.
characterization, and reaction with dihydrogen gas of the major ruthenium-containing

species present in solution during a catalytic olefin hydrogenation.

T Reproduced in part with permission from Wiles, J. A.; Bergens, S. H.; Young, V.
G. J. Am. Chem. Soc. 1997, 119, 2940-2941. Copyright 1997 American Chemical
Society.
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CO,CHj3 4 atm H, CO,CH3
PR —— Ph Y @E-1)
NHCOCH; R NHCOCH3
MAC 30°C,1h MAC(H),
92% ee (R)

100% conversion

Results and Discussion

Detection and Isolation of a Possible Catalytic Intermediate. Stoichiometric
reaction between MAC and 1 in acetone (and in other weakly coordinating solvents, e.g.,
methanol and THF) at room temperature resulted in the rapid formation of a predominant

ruthenium species (2, >99%) in solution (eq 3-2). *'P{'H} NMR spectra recorded under

CHs —l +

C
il
N Ph
CO,CH; P 40
1 + Ph/\r > RU “CH (3-2)
MHCOCH acetone, P~ I | © 3
3 THF, or methanol N-H
room temperature Os BF,
CHs
2
>99%

conditions similar to those of the catalytic reaction (pressure of dihydrogen gas ~ 2 atm, 2
mol % 1, methanol solution, room temperature) showed that 2 was the predominant
species in solution during the catalytic hydrogenation.” NMR spectroscopic data indicated
that 2 resulted from olefin—hydride insertion with transfer of the hydrido ligand in 1 to the
Bolefinic carbon of MAC and transfer of ruthenium to the a-carbon to form a 5-
membered metallacycle.® Further, the signal in the *C{'H} NMR spectrum of 2 for the a-
carbon showed cis and trans coupling (& 67.3 (dd, *Jpi_ceis = 4.0 Hz, 2pr-ciuns = 42.0

Hz)) to the phosphorus nuclei, suggesting that the a-carbon was coordinated to ruthenium
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in the plane containing the phosphine groups. The “C{'H} NMR signals for the amido
and the ester carbonyl groups were also coupled to the phosphorus nuclei (6 179.7 (d, Jp2-
c = 7.0 Hz, NHCOCH;), 160.8 (d, Jp2-c = 3.5 Hz, CO,CHj3)), suggesting that these groups
were coordinated to ruthenium as well.’

X-ray Structure Determinations of Possible Intermediates. Crystals of 2
suitable for structure determination by X-ray diffraction were obtained by slow liquid—
liquid diffusion of diethyl ether into a saturated 1,2-dichloroethane solution of the complex
at room temperature. Figure 3-1 shows the molecular structure of 2-Et,O as determined
by single-crystal X-ray diffraction. The positions of the signals in the solid-state “C
CP/MAS NMR spectrum of 2 were nearly identical to those in the solution *C{'H} NMR
spectrum, implying that the solid-state structure was representative of the solution
structure. As predicted from the NMR spectroscopic data, MAC(H) was bonded to the
ruthenium center via the a-carbon and the amido and ester groups. The most important
information—at least for the present study—obtained from the structure determination of
2-Et;0 is the absolute configuration (S) at the a-carbon (C3) of the MAC(H) ligand.
Stereospecific replacement of ruthenium by a hydrogen atom would generate (R)-
MAC(H),, which is the same absolute configuration as the major enantiomer of the
catalytic hydrogenation. Further, the regiochemistry of the olefin—hydride insertion step to
produce 2-Et,0 is the same as that observed for the catalytic hydrogenation.

Similar tridentate (facial) bonding of MAC(H) to a metal center was identified
spectroscopically at low temperatures by Brown and Chaloner for [Rh((RR)-
DIPAMP)(MAC(H))(H)]BF, (3)."° Unlike 3, however, the amido carbonyl of 2-Et,0
occupied a coordination site that was cis to both phosphines, and the ester carbonyl
occupied a coordination site that was in the plane containing the phosphines. Molecular
models indicated that exchange of coordination sites by the ester and the amide groups of
2 (to resemble 3) would result in severe steric repulsions between an equatorial phenyl
group of (R)-BINAP and the benzyl group of MAC(H) for both absolute configurations at
C3. It should also be noted that the MeCN ligand of 2-Et,O is trans to the amido
carbonyl, and that it remains cis to both phosphines as it was for the precursor complex

[Ru((R)-BINAP)(1-3:5,6-n-CsH1:)(MeCN)]BF,.
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Figure 3-1. View of one of the two crystallographically-independent complex cations of

2-Et;0 (molecule 1) showing the atom-labeling scheme.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

Crystals of 2-Et,O quickly desolvated upon exposure to air causing rapid
deterioration of the sample. This sensitivity required the crystals to be quickly mounted at
low temperature. The analyzed crystal contained a large amount of disordered solvent
molecules that caused diffuse scattering. The result is that the two crystallographically
independent (but chemically identical) cation—anion pairs in the asymmetric unit have
variations in bond lengths, bond angles, and torsional angles (see Table 3-1). More
accurate X-ray structural data were obtained from the study of the MAA(H) species 4.

Reaction of 1 with 1 equiv of MAA in acetone at room temperature immediately
generated (>99% by NMR analysis) a mixture of two ruthenium species in a ratio of
72:28. NMR spectroscopy, ESI-MS, and elemental analyses indicated that these species
were two diastereomeric forms of the complex [Ru((R)-BINAP)(MAA(H))(MeCN)|BF,
(4) that resulted from olefin-hydride insertion between MAA and 1. In accord with 2, the
olefin-hydride insertion reaction of 1 with MAA was regioselective, with transfer of the
hydride to the folefinic carbon in MAA and transfer of ruthenium to the a-carbon in both
diastereomers of 4. NMR chemical shifts and coupling constants for both diastereomers
of 4 were similar to those found for 2. For example, the *C{'H} NMR signals from the
coordinated amido and the ester carbonyls, as well as from the a-carbon (that o-bonded to
ruthenium) were similar to those of 2. These similarities strongly suggest that the two
diastereomers of 3 differ by the absolute configuration at the a-carbon of MAA(H) ((Sca)-
4 and (Rcy)-4). The absolute configuration of the major (72%) diastereomer of 4 was
determined as follows.

Slow liquid-liquid diffusion of »n-dibutyl ether into a 1,2-dimethoxyethane solution
of 4 (72:28) at room temperature produced X-ray quality crystals. Diffraction data were
collected from two separate crystals. In both cases, the molecular structure of the isolated
species was of (Sc)-4, as shown in Figure 3-2. To determine if (Sc.)-4 was the major or
minor diastereomer, the crystal used for one of the two structure determinations was
dissolved at —78 °C in CD,Cl,. The 'H NMR spectrum of the resulting solution at ~80 °C
revealed a 95:5 (major:minor) mixture of the diastereomers of 4 within the crystal.'' This

ratio did not change upon warming to 25 °C, showing that interconversion between the
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Table 3-1. Selected Bond Lengths (A) and Angles (deg) for 2-Et,O

molecule 1
Rul-N2 2.009(9) Rul-C4 2.353(9) C4-02 1.267(11)
Rul-P1 2.269(3) 01-C1 1.272(11) C4-03 1.309(11)
Rul-P2 2.369(3) Ci-C2 1.525(15) 03-C5 1.409(11)
Rul-0O1 2.075(7) CI-N1 1.313(12) C3-Cé6 1.526(14)
Rul-02 2.260(7) N1-C3 1.466(13) N2-C13 1.156(12)
Rul-C3 2.257(10) C3-C4 1.540(14) Cl13-C14 1.454(15)
O1-Rul-C3 79.9(3) O2-Rul-N2  90.4(3) Rul-C3-C6 132.7(7)
O1-Rul-02 82.2(2) O2-Rul-P2  104.1(2) N1-C3-C4 111.1(9)
O1-Rul-P1 95.7(2) N2-Rul-P1  91.4(2) N1-C3-C6 114.6(8)
O1-Rul-P2 93.0(2) N2-Rul-P2  88.5(2) C4-C3-C6 118.1(8)
C3-Rul-02 64.8(3) P1-Rul-P2 93.62(10) C3-C4-02 118.9(9)
C3-Rul-N2 97.3(3) Rul-C3-N1  99.7(6) C3-C4-03 116.2(9)
C3-Rul-P1 97.4(3) Rul-C3-C4  73.9(5) 02-C4-03 124.5(10)
molecule 2

Ru2-N4 1.991(8) Ru2-C62 2.333(10) C62-05 1.251(11)
Ru2-P3 2.267(3) 04-C59 1.276(11) C62-06 1.345(11)
Ru2-P4 2.376(3) C59-C60 1.474(14) 06-C63 1.465(11)
Ru2-04 2.062(6) C59-N3 1.327(12) C61-C64 1.526(13)
Ru2-05 2.292(7) N3-C61 1.523(12) N4-C71 1.136(12)
Ru2-C61 2.195(10) C61-C62 1.412(13) C71-C72 1.48(2)
04-Ru2-C61 81.5(3) O5-Ru2-N4  91.6(3) Ru2-C61-C64 134.0(7)
O4-Ru2-05 80.3(2) O5-Ru2-P4  106.1(2) N3-C61-C62 111.4(8)
O4-Ru2-P3 95.9(2) N4-Ru2-P3  92.2(2) N3-C61-C64 109.2(7)
O4-Ru2-P4 91.6(2) N4-Ru2-P4  89.3(2) C62-C61-C64 119.6(9)
C61-Ru2-05 62.2(3) P3-Ru2-P4 93.31(10) C61-C62-05 121.0(9)
C61-Ru2-N4 96.1(3) Ru2-C61-N3 101.3(5) C61-C62-06 116.8(9)
C61-Ru2-P3 98.1(3) Ru2-C61-C62 77.2(6) 05-C62-06 121.7(8)
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Figure 3-2. View of the complex cation of (Sc.)-4 showing the atom-labeling scheme.
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diastereomers of 4 does not occur under these conditions. These X-ray and NMR data
show that the major diastereomer of 4, formed by reaction of MAA and 1, is (Scq)-4.
Crystals of the minor diastereomer suitable for X-ray diffraction were not obtained.

Selected bond lengths and angles derived from the X-ray structure determination

of (Scqo)-4 are listed in Table 3-2. The Ru—P bond distances (Rul-P1, 2.3525(13) A;

Table 3-2. Selected Bond Lengths (A) and Angles (deg) for (Sc.)-4

Rul-N2 1.995(4) Rul-CS 2.345(5) C5-02 1.278(5)
Rul-P2 2.2640(11) 0O1-C2 1.259(5) C5-03 1.364(6)
Rul-PI 2.3525(13) C2-Cl1 1.520(6) 03-C6 1.434(6)
Rul-O1 2.072(3) C2-N1 1.302(6) C3-C4 1.515(7)
Rul-02 2.278(3) N1-C3 1.469(6) N2-C7 1.145(6)
Rul-C3 2.230(5) C3-C5 1.437(7) C7-C8 1.469(8)
O1-Rul-C3 80.0(2) O2-Rul-N2 8888(13)  Rul-C3-C4 132.0(3)
O1-Rul-02 82.69(11)  O2-Rul-P1 105.97(9)  NI1-C3-C5 112.1(4)
O1-Rul-P2  95.65(9) N2-Rul-P2 92.62(11) NI-C3-C4 111.4(4)
O1-Rul-P1 93.20(9) N2-Rul-P1 88.27(11)  C5-C3-C4 119.1(4)
C3-Rul-02 63.4(2) P2-Rul-P1  92.32(4) C3-C5-02  121.5(4)
C3-Rul-N2 97.0(2) Rul-C3-N1 101.4(3) C3-C5-03  117.5(4)
C3-Rul-P2 98.31(13) Rul-C3-C5 76.1(3) 02-C5-03  120.6(4)

Rul-P2, 2.2640(11) A), the P-Ru-P angle (P1-Rul-P2, 92.32(4)°), the Ru-N bond
length (Rul-N2, 1.995(4)A), and the dihedral angle between the two planes defined by
the naphthalene rings (C21-C30-C31-C40, 74.9(6)°) for (Sc.)-4 are similar to values
reported for [Ru((R)-BINAP)(1-3:5,6-7-CsH1)(MeCN)]BF,.>* As was predicted from
the solution NMR spectroscopic data, MAA(H) was bonded to the ruthenium center via
the a-carbon (C3), the amido carbonyl, and the ester carbonyl groups. The Ru—Osgy
(Ru1-01, 2.072(3) A), C-0,c; (C2-01, 1.259(5) A), and Ru-Cex (Rul-C3, 2.230(5) A)
bond lengths are similar to a related ruthenium complex reported by Vahrenkamp and co-

workers that also contains a MAA(H) ligand with an O-bonded amido group and a o~
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bonded a-carbon.®® The C3—C4 bond of (Sc.)-4 has lost all of its double bond character
(1.515(7) A); however, C3 is not fully pyramidalized as would be expected for a o~bonded
(sp®) carbon (the sum of the angles C5—C3-N1, C5-C3-C4, and N1-C3-C4 being ca.
342°). Other transition-metal enolate complexes related to (Sc.)-4 that contain a-metal—
alkyl bonds that are supported by metal—carbonyl (ester) interactions (Figure 3-3, I and II)

show a similar extent of pyramidalization.”> Alternatively, the bonding of the a-carbon

2 e Q M w9
T ~or < ™oR P~oRrR ~_-0R
I I I v

Figure 3-3. Plausible bonding modes for transition-metal enolate complexes of esters.

and the ester group could be collectively considered as an 7°-oxaallyl interaction (III)
since the ester group appears to be m~bonded to the ruthenium center. This bonding
situation would require a significant amount of conjugation (double bond character)
between the a-carbon and the ester carbonyl carbon, which is not observed (C3-CS5,
1.437(7) A). For comparison, the C3—C5 bond length of (Sc,)-4 is similar to those found
for the 7'-enolate (IV) complex [Cp(CO)s W(CH,CO-Et)] (1.441(6) A)" and the 7', x*-O-
bonded ester enolate (I) of [W(CH(z-Bu)CH>CH(CO,CHj3))(N(2,6-(i-Pr)2C¢H3)(OCMe,-
(CFs))2] (1.42(1) A).” Further evidence against an 77°-oxaallyl formulation is that the
transannular distance between ruthenium and the carbonyl carbon of the ester group
(Rul-CS5, 2.345(5) A) is significantly longer than Ru~Ca (Rul-C3, 2.230(5) A) bond
length. This is visually demonstrated in Figure 3-2 by the dihedral angle between the two
planes defined by C3-Rul-02 and C3—-C5-02 (121.2°). In contrast, most 7°-oxaallyl'®
and 77°-allyl'’ complexes contain a central carbon that is closer to the metal center than the
terminal carbon(s). The most appropriate way of viewing the bonding of the enolate
moiety of MAA(H) (and the MAC(H)) ligand is as a ruthenium-—alkyl complex supported
by an a-CO,CH; group that interacts with the ruthenium center through the carbonyl
group in a z~fashion (IT). The Rul-02 and C5-02 bond lengths for (Sc.)-4 (2.278(3) A
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and 1.278(5) A, respectively) are similar to values reported for ruthenium(II) complexes in
the literature'® that contain O-bonded esters; however, the w(C=0) band (1522 cm™)
assigned to the ester carbonyl in the IR spectrum of (Sc.)-4, the upfield shift of the ester
carbonyl carbon (A& —12.4 versus MAA(H),) in the "C{'H} NMR spectrum of (Sca)-4,
and the proximity of the ester carbonyl carbon to the ruthenium center support a weak 7~
interaction of the ester carbonyl with the ruthenium center."

Hydrogenolysis of 2. The most important information obtained from the structure
determinations of 2 and 4 are the absolute configurations at the a-carbons of the MAC(H)
and MAA(H) ligands, respectively. The absolute configuration at the ca-carbon of the
MAC(H) ligand in 2-Et,0 is S. Stereospecific replacement of ruthenium by a hydrogen
atom would generate (R)-MAC(H),, which is the same absolute configuration as the major
enantiomer of the catalytic hydrogenation. The stoichiometric reaction of 2 with dihydro-
gen gas under conditions similar® to those of the catalytic hydrogenation resulted in
formation of MAC(H), and [Ru((R)-BINAP)(H)(7°-MAC(H),)]BF, (5), in which
MAC(H), was bonded to ruthenium as an 7°-arene ligand.>® The remainder of the
ruthenium compounds were unidentifiable, and presumably resulted from decomposition
of 1 under these conditions in the absence of MAC. MAC(H), was liberated from § by
refluxing in MeCN solution (to generate fac-[Ru((R)-BINAP)(H)MeCN);]BF,) (eq 3-
3).2 The ee of the combined portions of MAC(H), was 83% (R).” Assuming that direct

G e

G a) 4 atm H,
T Ph meghanol
Pr, . 30°C.4h CO,CH
‘oo, RS 2 3
< /Ruﬁo‘c% -  Ph Y (3-3)
P | o b) MeCN =
NHCOCHS;
o N~H reflux2.5 h
BF,~ MAC(H)>
CH
3 83% ee (R)
2

reaction of 2 with dihydrogen gas results in a stereospecific replacement of ruthenium by

hydrogen,®* these results show that formation of 2 was to some extent reversible under the
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conditions of the catalytic hydrogenation.” Vahrenkamp and co-workers have also shown
that the regio- and stereoselective insertion of MAA into ruthenium-—hydride bonds of
chiral clusters is reversible;*** however, these ruthenium-—alkyl complexes do not react
with dihydrogen gas. Further, a mechanism involving reversible formation of an inter-
mediate similar to 2 was also proposed to account for the isomerization of (£)-a-benz-
amidocinnamic acid to (Z)-a-benzamidocinnamic acid observed during a hydrogenation

catalyzed by Et,NH,[(RuCl((R)-BINAP))»(u-Cl)s].*

Conclusions

Hydrogenolysis of a ruthenium—carbon bond in which the carbon center is
stereogenic has been proposed as a key step in several hydrogenations catalyzed by
ruthenium-BINAP complexes, and may be the enantioselective step of the present
catalytic hydrogenations.* Further investigation is required to determine whether 2 and 4
are actual intermediates in their respective catalytic cycles, and whether the chiral
interactions in 2 and 4 are relevant to the origins of enantioselection. It is notable,
however, that formation of complexes 2 and 4 were rapid relative to the overall rates of
the catalytic hydrogenations, that 2 and 4 are the predominant ruthenium species in
solution during catalysis, and that the rate of reaction of 2 with dihydrogen gas was similar

to that of the catalytic reaction in methanol solution.?

Experimental Section

Materials. Gases and solvents were purified as outlined in Chapter 2. All
reagents were used as received from Aldrich unless stated otherwise. [Ru((R)-BINAP)(1-
3:5,6-17-CsHi11)(MeCN)]BF,, MAC, (rac)-MAC(H),, and (S)-MAC(H), were obtained by
methods described in Chapter 2. MAA was purified by column chromatography on
neutral alumina (acetone) before use. (rac)-MAA(H), and (S)-MAA(H), were prepared
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by the esterification of N-acetylalanine and N-acetylalanine, respectively, using diazo-
methane.?” Florisil (60—100 mesh) was supplied by Fisher Scientific.

Measurements. All instrumentation used were as described in Chapter 2 unless
stated otherwise. The “C CP/MAS NMR spectrum of 2 was recorded using a Bruker
AM-R-300 spectrometer operating at 75.5 MHz. Mass spectrometric analyses (ESI-MS
(pos)) of 2, 4, and 5§ were performed in MeCN solution. IR spectra were recorded on a
Nicolet Magna-IR 750 spectrometer as solutions (methylene chloride) using a cell having
KCl windows of 0.1 mm spacing. IR abbreviations used: s = strong and m = medium.

Syntheses. All techniques used were as described in Chapter 2.

(A) 2. [Ru((R)-BINAP)(1-3:5,6-7-CsH,;)(MeCN)IBF, (547.5 mg, 0.571 mmol)
was partially dissolved in acetone (20.0 mL) under an atmosphere of dry argon gas and
subjected to 3 freeze—pump—thaw cycles. The reactor was backfilled with dihydrogen gas
(20 psig) at room temperature and vigorously shaken for 10 min to generate a clear, dark
orange solution. This extremely air-sensitive solution was subjected to 2 freeze—pump—
thaw cycles and backfilled with argon gas. To this solution at room temperature, an
acetone solution (5.0 mL) of MAC (125.2 mg, 0.571 mmol) was added. The resulting
dark amber solution was shaken for 1 min, and the solvent was removed under reduced
pressure to give a yellow solid discolored by a brown residue. Slow addition of diethyl
ether (80 mL) to a solution of the product in methylene chloride (2.5 mL) afforded a
yellow powder. This powder was collected by filtration, washed with diethyl ether (5 x 10
mL), and dried under dynamic vacuum (16 h). Yield: 534.1 mg (87%). IR (CH)Cl,):
WINCO) 1588 s, UNH) 1553 m, CO,) 1522 m cm™. ESI-MS (pos): m/z 985.2 (M —
BF,)", exact mass calcd for CsgHioN,OsP2Ru 985.2). Anal. Caled for CsgHisBF N,05P,-
Ru: C, 64.99; H, 4.61; N, 2.61. Found: C, 63.85; H, 4.65; N, 2.86. 'H NMR (400.1
MHz, CD,Cl,, 25 °C): 6§ 1.71 (s, 3H, CH;CN), 1.95 (s, 3H, NHCOCHj3), 2.70 (dd, 2y =
14.0 Hz, “Jp.u = 4.5 Hz, 1H, pro-R-CH,Ph), 3.98 (s, 3H,CO,CH;), 4.15 (d, *Juu = 14.0
Hz, 1H, pro-S-CH,Ph), 5.87 (br d, *Joz = 2.5 Hz, 1H, NHCOCH;), 6.4-8.0 (aromatic).
3P{'H} NMR (161.9 MHz, CD,Cl, 25 °C): §33.6 (d, %Jo_p = 24.0 Hz, 1P), 59.7 (d, “Jop
=240 Hz, 1P). “C{'H} NMR (100.6 MHz, CD,Cl, 25 °C): §4.7 (s, CHsCN), 20.9 (s,
NHCOCH;), 38.5 (s, CH,Ph), 53.3 (s, CO.CH3), 67.3 (dd, *Jo—ceans) = 42.0 Hz, Yp_cpis) =
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4.0 Hz, Ru-C), 126-142 (aromatic and CH;CN), 160.8 (d, Joc = 3.5 Hz, CO,CHj3),
179.7 (d, Jo—c = 7.0 Hz, NHCOCH;). *C CP/MAS NMR (75.5 MHz, 25 °C): 56, 21, 39,
56, 69, 128, 134, 161, 181. Complex 2 ((Sco)-2) is the only species observed in NMR
spectra recorded at room temperature. Subsequent spectra recorded at low temperature
shows the presence (ca. 8%) of the other diastereomer (Rc.)-2. Selected NMR
spectroscopic data for (Sco)-2 and (Rc.)-2 (the asterisks denote resonances attributed to
the minor diastereomer ((Ree)-2): “C{H} (100.6 MHz, CD,Cl,, —40 °C): & 36.1 (s,
PhCH,C-Ru*), 37.8 (s, PhACH,C-Ru), 66.9 (dd, *Jom)c = 42.0 Hz, Jpiayc = 3.5 Hz, Ru—
C), 70.0 (dd, %/e@yc = 42.0 Hz, Jpayc = 3.5 Hz, Ru—C*), 157.9 (br, CO,CH;*), 159.7
(d, Je@yc = 3.0 Hz, CO,CH3), 179.6 (d, Je@m)c = 7.0 Hz, NHCOCHs), 179.9 (d, Je@yc =
7.0 Hz, NHCOCH;*). “N{H} (40.5 MHz, CD,Cl,, —40 °C): & 184.4 (dd, YJpayn = 4.5
Hz, 2oy~ = 3.0 Hz, CH;C"”N-Ru). The corresponding “N{'H} resonance for (Rca)-2
was not observed; however, the *'P{'H} NMR spectrum of (Rc.)-2 prepared using
CH;C"N displayed *Jpan-x = 4.5 Hz and “Jpo@yn = 3.0 Hz. 3'P{H} (161.9 MHz, CD,Cl,
—40 °C): §32.9 (d, 2Jep = 23.5 Hz, 1P, P(B)), 40.1 (d, %/o.p = 24.0 Hz, 1P, P(B")*), 55.2
(d, *Jo_p = 24.0 Hz, 1P, P(A")*), 59.4 (d, %Jp.p = 23.5 Hz, 1P, P(A)).

(B) 4. The method used for the preparation of 4 was the same as that used for 2
with substitution of MAA for MAC. Yield: 92%. NMR spectroscopic analysis showed
the product contained a diastereomeric mixture of (Sc,)-4 and (Rcq)-4 (72:28). An in situ
reaction monitored by NMR spectroscopy displayed the same ratio of diastereomers. IR
(CH,CL): yINCO) 1591 s, UNH) 1568 m, CO,) 1527 m cm™'. ESI-MS (pos): m/z
909.2 ((M — BF,)", exact mass caled for Cs;HysNoOsP2Ru 909.2). Anal. Caled for CsoHis-
BFN,OsP;Ru: C, 62.72; H, 4.56; N, 2.81. Found: C, 62.35; H, 4.88; N, 2.64. NMR
spectroscopic data for 4 (the asterisks denote resonances attributed to the minor
diastereomer ((Rc)-4): 'H (400.1 MHz, acetone-ds, 25 °C): §1.17 (d, *Jp_uz = 5.0 Hz, 3H,
Ru-C-CH;*), 1.61 (d, *Jp.u = 5.0 Hz, 3H, Ru-C-CH:), 1.83 (s, 3H, CH;CN), 1.92 (s,
3H, CH;CN¥*), 2.04 (s, 3H, NHCOCH;), 2.17 (s, 3H, NHCOCHs*) 3.77 (s, 3H,
CO,CHs*), 3.85 (s, 3H, CO,CH;), 6.4-8.1 (aromatic), 8.38 (br s, 1H, NHCOCHj;), 9.02
(br s, 1H, NHCOCH;*). 'H (400.1 MHz, acetone-ds, —40 °C): §0.99 (d, “Jo_x = 5.0 Hz,
3H, Ru~-C~CHj5*), 1.55 (d, “Jo_u = 5.0 Hz, 3H, Ru—-C-CH;), 1.84 (s, 3H, CH;CN), 1.89
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(s, 3H, CH5CN*), 2.03 (s, 3H, NHCOCH;), 2.17 (s, 3H, NHCOCH5*), 3.74 (s, 3H,
CO,CHs*), 3.82 (s, 3H, CO,CH3), 6.4-8.1 (aromatic), 8.69 (br s, 1H, NHCOCHj;), 9.28
(br s, 1H, NHCOCH;*). “C{'H} (100.6 MHz, CD,Cl, 25 °C): & 4.2 (s, CH;CN—Ru*),
4.5 (s, CH;CN-Ru), 17.4 (br s, Ru-C-CH3%*),18.8 (s, Ru~C-CHj3;),19.7 (s, NHCOCH;*),
20.4 (s, NHCOCH3), 52.6 (s, CO:CHs*), 52.9 (s, CO:CHs), 63.3 (dd, */o_cans = 44.0
Hz, %/pceis = 4.0 Hz, Ru-C), 66.4 (br d, “ocuansy = 43.0 Hz, Ru-C*), 126-142
(overlapping aromatic, CH3CN, and CH3;CN*), 161.5 (d, Je_c = 3.0 Hz, overlapping (Sc.)-
4 and (Rcq)-4, CO,CHs), 179.3 (d, Jo-c = 7.0 Hz, NHCOCHs), 179.9 (d, Jpc = 7.0 Hz,
NHCOCH;*). “C{'H} (100.6 MHz, CD,Cl,, 40 °C): & 4.1 (s, CH;CN-Ru*), 4.3 (s,
CH;CN-Ru), 16.9 (s, Ru-C-CH;*), 18.2 (s, Ru—C—CHj3), 19.5 (s, NHCOCH;*), 20.1 (s,
NHCOCHs3), 52.4 (s, CO,CH3*), 52.6 (s, CO,CHs5), 63.0 (dd, */p_cusnsy = 43.5 Hz, 2Jp_ceis)
= 4.0 Hz, Ru-C), 66.8 (dd, *Jo_cimans) = 44.5 Hz, “Jo_ceisy = 3.0 Hz Ru-C*), 124-141
(overlapping aromatic, CH3CN, and CH3CN¥*), 159.1 (s, CO,CHs*), 160.1 (s, CO,CHs),
178.6 (d, Jpc = 7.0 Hz, NHCOCHj3), 179.1 (d, Jo_c = 6.5 Hz, NHCOCH;*). “N{'H}
(40.5 MHz, acetone-ds, 25 °C): §183.1 (dd, *Jpayn = 4.5 Hz, *Jp@yn = 3.0 Hz, CH;CN-
Ru), 184.8 (dd, Jocayn = 4.0 Hz, %oy~ = 3.0 Hz, CH;CN-Ru*). “N{'H} (40.5 MHz,
acetone-ds, —40 °C): & 181.9 (br apparent t, Z/payn = “Jp@yx = 3.5 Hz, CH;CN-Ru),
183.5 (br, CH;C”N-Ru*). *'P{'H} (161.9 MHz, acetone-ds, 25 °C): §33.8 (d, 2/op =
22.0 Hz, 1P, P(B)), 38.8 (br d, %pp = 21.0 Hz, 1P, P(B")*), 58.5 (br d, “/o_p = 21.0 Hz,
1P, P(AY*), 59.7 (d, /b_p = 22.0 Hz, 1P, P(A)). *'P{'H} (161.9 MHz, acetone-ds, —40
°C): §33.4 (d, *Jpp = 23.0 Hz, 1P, P(B)), 38.7 (d, /p_p = 22.0 Hz, 1P, P(B")*), 57.1 (d,
2Jop =22.0 Hz, 1P, P(A")*), 59.4 (d, 2/p_p = 23.0 Hz, 1P, P(A)).

(C) 5. (rac)-MAC(H), (15.1 mg, 0.068 mmol) and [Ru((R)-BINAP)(1-3:5,6-7-
CsHi1)(MeCN)]BF, (65.5 mg, 0.068 mmol) were dissolved in acetone (8.0 mL) under an
atmosphere of argon gas and subjected to 3 freeze—pump—thaw cycles. The reactor was
backfilled with dihydrogen gas (20 psig) at room temperature and shaken for 10 min. The
resulting solution was concentrated to ca. 1 mL under reduced pressure. Addition of
diethyl ether (100 mL) followed by filtration afforded a yellow powder. The product was
washed with diethyl ether (5 x 10 mL) and dried under dynamic vacuum (24 h). Yield:
39.4 mg (56%). A reaction mixture monitored by 'H and *'P{'H} NMR spectroscopy
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confirmed that the two diastereomeric complexes were formed in quantitative yield. The
individual diastereomer [Ru((R)-BINAP)(H)(7°-(S)-MAC(H),)|BF; ((R.S)-5) was pre-
pared using (S)-MAC(H). in a manner analogous to that described above. NMR spectro-
scopic data for (R,S)-5: 'H (400.1 MHz, CD,Cl,, 25 °C): § -9.14 (dd, 2o = 40.5 Hz,
%Jp_u = 29.5 Hz, 1H, Ru-H), 1.83 (s, 3H, NHCOCH), 2.51 (dd, YJupns = 14.0 Hz, *Juq-
up = 5.0 Hz, 1H, CsHsCH,CH (Hp)), 2.82 (dd, *Jupup = 14.0 Hz, *Jiyznp- = 8.0 Hz, 1H,
CsHsCH.CH (Hf "), 3.62 (s, 3H, CO,CHs), 4.40 (d, *Juu = 6.0 Hz, 1H, CsH;CH,CH),
4.47 (d of apparent t, *Juzus' = Juauoan = 8.0 Hz, *Jueng = 5.0 Hz, 1H, C{H;CH,CH
(Hc)), 4.55 (apparent t, >Jyy = 6.0 Hz, 1H, C¢HsCH,CH), 5.45 (d, 3/ux = 6.0 Hz, 1H,
CsHsCH,CH), 5.78 (apparent t, *Ji.g = 6.0 Hz, 1H, CsHsCH,CH), 6.03 (apparent t, >Jig
= 6.0 Hz, 1H, CsHsCH,CH), 6.1-8.2 (aromatic, BINAP). *'P{'H} (161.9 MHz, CD,Cl,,
25°C): §50.4 (d, 2Je_p =45.5 Hz, 1P), 51.5 (d, “Jo_p = 45.5 Hz, 1P). NMR spectroscopic
data for (R,R)-5: 'H (400.1 MHz, CD,Cl,, 25 °C): § -9.06 (dd, /oy = 36.0 Hz, 2Jp.yy =
33.5 Hz, 1H, Ru-H), 1.88 (s, 3H, NHCOCH5), 2.56 (dd, *Jugus = 14.0 Hz, *Jigup = 8.0
Hz, 1H, CHsCH.CH (Hp), 2.98 (dd, *Jupnus: = 14.0 Hz, *Juzup- = 5.0 Hz, 1H,
CsHsCH,CH (HS "), 3.62% (s, CO,CH;), 4.43% (CsHsCH,CH (Ha)), 4.89 (d, >y = 6.0
Hz, 1H, CsHsCH,CH), 4.95 (apparent t, *Jiux = 6.0 Hz, 1H, CsHsCH,CH), 5.06 (d, >/iu
= 6.0 Hz, 1H, CsHsCH,CH), 5.60 (apparent t, >Jy.u = 6.0 Hz, 1H, C¢HsCH,CH), 6.03
(apparent t, *Juu = 6.0 Hz, 1H, CsHsCH,CH), 6.0-8.2 (aromatic, BINAP). *'P{'H}
(161.9 MHz, CD2Cl,, 25 °C): 6§ 51.1 (d, %Jp_p = 45.0 Hz, 1P), 51.4 (d, *Jop = 45.0 Hz,
1P). ESI-MS (pos): m/z 946.2 (M — BF,)", exact mass calcd for CssH4sNO3P,Ru 946.2).
Anal. Calcd for Cs¢HysBF4NO;s;P,Ru: C, 65.12; H, 4.68; N, 1.36. Found: C, 64.39; H,
4.67; N, 1.68.

* Overlapping with resonances of (R,S)-5.

Hydrogenolysis of 2. In a glass pressure reactor (Lab Glass), a deoxygenated
solution of 2 (137.2 mg, 0.128 mmol) in methanol (12.8 mL) was allowed to react with
dihydrogen gas (4 atm) at 30 °C for 4 h while stirring at 1100 rpm. The final reaction
mixture was a red—orange solution containing a red—orange solid precipitate. This solid
readily dissolved in methylene chloride. Removal of all volatile components in vacuo,

followed by 'H and *'P{'"H} NMR spectroscopic analyses indicated that a mixture of 5 and
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MAC(H), was present (SSMAC(H), ~ 1:2). The remainder of the "Ru((R)-BINAP)"
existed as numerous unidentified species, each in very low concentration (amount of each
was too low too accurately quantify by *'P{'"H} NMR spectroscopy). The solvent was
removed in vacuo and the remaining residue was refluxed in MeCN (5.0 mL) for 2.5 h
under an atmosphere of argon gas. Complete liberation of MAC(H), from § was estab-
lished by 'H and *'P{'H} NMR spectroscopy. After evaporation of the solvent, the solid
residue was washed with ethyl acetate (25 mL) and the solution was passed through a
Florisil plug to remove the ruthenium—-BINAP species. Evaporation of the solvent yielded
a white powder (pure MAC(H), by '"H NMR spectroscopy). The ee was determined by
mixing MAC(H), and (+)-Eu(tfc); (0.4 equiv) in CDCl; and recording the '"H NMR
spectrum of the resulting solution (see Chapter 2). The ratio of the methoxy signals (ca. §
4; 1:1 for a solution containing (rac)-MAC(H),) was 10.8:1, corresponding to 83% ee.
Addition of (S)-MAC(H), to this solution caused a decrease in ee, indicating the major
enantiomer was R.
X-ray Crystallography. Crystals of 2-Et,O suitable for structure determination
by X-ray diffraction were obtained by slow liquid-liquid diffusion of diethyl ether into a
saturated solution of the complex in 1,2-dichloroethane at room temperature. Suitable
crystals of (Scq)-4 were obtained by slow liquid-liquid diffusion of n-dibutyl ether into a
saturated solution of 4 in 1,2-dimethoxyethane at room temperature. Data collections,
structure solutions, and structure refinements for 2-Et,O and (Sc.)-4 were performed by
Dr. Victor G. Young, Jr., X-Ray Crystallographic Laboratory, Department of Chemistry,
University of Minnesota, Minneapolis. See Tables 3-1 and 3-2 for selected bond lengths
and angles for 2-Et;O and (Sc.)-4, respectively. See Tables 3-3 and 3-4 for summaries of
crystal data, X-ray data collection, structure solution, and structure refinement information

for 2-Et;0 and (Sce)-4, respectively.
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Table 3-3. Crystallographic Experimental Details for 2:Et,O

formula
formula weight
crystal dimensions (mm)
crystal habit, color
crystal system
space group
unit cell parameters”
a(A)
b (A)
c(A)
a (deg)
B (deg)
7 (deg)
V(A%
VA
Peated (g CM™)
p (mm™)
F 000

diffractometer

radiation (A [A])

temperature (°C)

data collection 2@ range (deg)
total data collected

independent reflections
number of observations (NO)

A. Crystal Data

Ces2HsoBFN,O4P,Ru
1145.93

0.45 x 0.25 x 0.12
plate, yellow

monoclinic
P2, (No. 4)

15.3846(1)
18.9635(3)
21.8056(1)
90
101.856(1)
90
6225.98(11)
4

1.223
0.359
2368

B. Data Collection

Siemens SMART Platform CCD?

Mo Ka (0.71073)

~100

2.70-50.20

31332
(~182h2>217,-162k2>222,0>/225)
16214 (R = 0.0513)

10610 (F.> = 26(F,5)

C. Structure Solution and Refinement

program system

structure solution method
refinement method
absorption correction method

range of absorption correction factors

data/restraints/parameters

Flack absolute structure parameter’

goodness-of-fit (S)*
final R indices”
Ry [F.2 = 25(F.3)]
WR, [Fo? = -3s(F.2)]

largest difference peak and hole

Siemens SHELXTL-Plus V5.0
direct methods

full-matrix least-squares on £*
SADABS

1.000-0.816

16214 [F,2 2 -30(F,}))/34/1369
0.03 (4)

0.955 [F.2 = -3 0(F))]

0.0685
0.1733
0.814 and -0.523 e A~
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9 Obtaired from least-squares refinement of 8192 strong reflections from the data collection.
® Programs for diffractometer operation and data collection were those supplied by Siemens. € Restraints
were applied to allow the solvent diethyl ether molecules to be refined with similar geometries and
displacement parameters. 4 Flack, H. D. Acta Crystallogr. 1983, 439, 876-881. The Flack parameter
will refine to a value near zero if the structure is in the correct configuration and will refine to a value

12

near one for the inverted configuration. °S = [Ew(F,> — F.2)*/(n — p)]'* (n = number of data; p = number
of parameters varied; w = [o°(F,>) + (0.0932P)°]" where P = [max(F,>, 0) + 2FZ2)/3). 7 R, = g||F,| -

[FAEIFL); wRa = [EW(Fo” — FE TZw(F >
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Table 3-4. Crystallographic Experimental Details for (Sc.)-4

A. Crystal Data

formula C52H45BF4N203P2RU
formula weight 995.72
crystal dimensions (mm) 0.40 x 0.25 x 0.13 mm
crystal habit, color irregular plate, yellow
crystal system orthorhombic
space group C222,
unit cell parameters”

a(A) 21.4849(2)

b (A) 29.7175(2)

c(A) 18.8513(2)

a (deg) 90

B (deg) 90

7 (deg) 90

V(A% 12036.1(2)

VA 8
Pealed (g cm™) 1.099
4 (mm™) 0.361
Fooo 4080

B. Data Collection
diffractometer Siemens SMART Platform CCD”
radiation (A [A]) Mo Ka (0.71073)
temperature (°C) -100
data collection 268 range (deg) 2.34-50.08
total data collected (index ranges) 36587 (25<h<25,0<k<350<1<22)
independent reflections 10589 (Rine = 0.0568)
number of observations (NO) 8758 (F,> = 20(F,%)
C. Structure Solution and Refinement

program system Siemens SHELXTL-V5.0
structure solution method direct methods
refinement method full-matrix least-squares on F>
absorption correction method SADABS ’
range of absorption correction factors 1.000-0.641
data/restraints/parameters 10587 [F,2 = -3 6(F,>)]/40/636
Flack absolute structure parameter’ 0.00(3)
goodness-of-fit (S)* 1.041 [F.2 2 3 0(F.5)]
final R indices’

R [F: 2 20(F.)] 0.0480

WRy [Fo? = -3 0(F,))] 0.1261
largest difference peak and hole 0.682 and —0.468 e A~
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¢ QObtained from least-squares refinement of 8192 strong reflections fxom the data collection.

® Programs for diffractometer operation and data collection were those supplied by Siemens. € Flack, H.

D. Acta Crystallogr. 1983, A39, 876-881. The Flack parameter will refine to a value near zero if the

structure is in the correct configuration and will refine to a value near one for the inverted configuration.

48 = [Ew(F,? — FAY(n — p)]'* (n = number of data; p = number of parameters varied; w = [6°(F,") +

(0.0727P)’]" where P = [max(F,’, 0) + 2F|/3). ° R, = Z||Fy| — |FlV/ZIF,l; wRa = [Ew(F,® — F2)* Sw-
FH™
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(23) The ee of MAC(H), was spectroscopically determined (‘"H NMR) using a chiral
shift reagent ((+)-Eu(tfc);) in CDCIl; after separation from _fac-[Ru((R)-BINAP)-
(H)(MeCN);]BF, by column chromatography on Florisil (ethyl acetate). The absolute
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Stoichiometric and Catalytic Isotope-Labeling Studies of Relevance to Ruthenium—

BINAP-Catalyzed Enantioselective Hydrogenation

Introduction

Complexes of ruthenium(Il) and BINAP are among the most successful catalyst

systems for the enantioselective hydrogenation of prochiral olefins and ketones.! Despite

the high ee's and TONSs that often distinguish these systems, the asymmetric interactions

that are responsible for their enantioselection are unknown.>’

Among the reasons that

enantioselective interactions have not been elucidated for these hydrogenations is that all

reported observations of putative catalytic intermediates are either incomplete,* providing

little information about how the substrate is bonded to ruthenium, or they are of species in

which the substrate is not bonded to ruthenium through a prochiral functionality.’

Recently, this research group reported® the first observation and structural characterization

of a ruthenium-BINAP complex with a substrate bonded to ruthenium through a

stereogenic carbon center derived from the prochiral functionality of the substrate. The
complex, [Ru((R)-BINAP)((S)-MAC(H))MeCN)]BF, ({(Sce)-1), results from the stoichio-
metric or catalytic (excess substrate) reaction between (Z)-MAC and the catalyst system

[Ru((R)-BINAP)(H)(MeCN),(sol);-,]BF, (2; 7 = 0-3, sol = acetone or methanol, depend-

ing on reaction medium)’ at room temperature. Complex (Sco)-1 is the product of olefin—

hydride insertion with placement of ruthenium at the a-olefin carbon of (Z2)-MAC (eq 4-

1). To identify with reasonable certainty that (Sce)-1 or any species observed during an

enantioselective catalytic reaction is a catalytic intermediate leading to the major

enantiomer of the product, the following criteria must be satisfied: (1) the absolute

T Reproduced with permission from Wiles, J. A.; Bergens, S. H. Organometallics

1998, 77, 2228-2240. Copyright 1998 American Chemical Society.
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configuration of the putative intermediate mwust directly extrapolate to that of the major
enantiomer of the product. Although satisfaction of this criterion does not constitute

proof of the authenticity of the putative intermediate, failure to satisfy this criterion is

on e

C
N it
N Ph
X CO2CH3 P... Rl .\\‘40 4-1
- i p ~ -
2 Ph/Y <p/ UTO CHy @)
NHCOCH;
osNH
&)-MAC BF4
CHs
(Sco-1
>99%

proof that the species is not an intermediate leading to the major enantiomer. (2) The
stereoselectivities and regioselectivities (as determined by isotope labeling or other
probes) of the stoichiometric reactions formming the putative intermediate and of the
reactions converting it to product (and free catalyst) must summate to give the overall
stereoselectivity and regioselectivity of the catalytic reaction. (3) The kinetics of the
stoichiometric reactions forming the putative intermediate and those of the reactions
converting it to product (and free catalyst) must comprise at least a component of the
overall kinetics of the catalytic cycle. In addition to this information, the identities and
kinetics of the enantioselective step(s) must be obtained to determine if the asymmetric
interactions in the putative intermediate are relevant to the origins of enantioselection by
the catalytic reaction. As part of an ongoing effort to determine if (Sc,)-1 is an authentic
catalytic intermediate, the stereoselectivity and regioselectivity of the olefin-hydride
insertion to form (Scq)-1, the stereoselectivity and regioselectivity of the reverse S-hydride
elimination, and the extent to which formation of (Sc.)-1 is reversible prior to
hydrogenolysis of the ruthenium—carbon borad have been investigated by this research
group. These results will be compared to the stereoselectivity and regioselectivity of the

catalytic hydrogenation. The extent of solvolysis of the ruthenium—carbon bond during
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catalytic hydrogenations carried out in methanol solution and the effect of removing

MeCN from the system on the catalytic enantioselectivity will also be reported.
Results and Discussion
Optimization of the Catalytic Hydrogenation. The pressure of dihydrogen gas,
the solvent, and the temperature were varied to optimize the hydrogenation of (2)-MAC

using 2 as the catalyst. Table 4-1 summarizes the results. Among the solvents surveyed,

Table 4-1. Hydrogenation of (Z)-MAC Catalyzed by 2*

NN CO,CH3 Ha I /\/coon3
NHCOCH; 2 NHCOCH-
entry P(H,),” atm solvent T, °C ee, %
1 2 acetone 30 94
2 4 acetone 30 92
3 20 acetone 30 83
4 50 acetone 30 75
5 4 acetone 50 92
6 4 acetone 10 93
7 4 methanol 30 87
8 4 THF 30 85
9 4 CH,Cl, 30 64
10 50 MeCN 30 no reaction

¢ Reaction conditions: 2 mol % 2; [2] = 2.6 mM,; stir rate = 1100 rpm; ¢ = 48 h; 100% conversion

except where noted otherwise. ° Pressures of dihydrogen gas are quoted as gauge pressure plus 1 atm.

the highest ee was obtained in acetone. This ee was even higher than that obtained in
methanol—the most common solvent for hydrogenations using ruthenium—BINAP catalyst

systems.! The TOF® was higher in acetone (ca. 0.9 min™") than in methanol (ca. 2.7 x 107
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min™")’ as well. Although the maximum TON in acetone was not determined, 980 turn-
overs in 91% ee (R) were achieved after 4 days at 30 °C under 4 atm of dihydrogen gas.

The ee in acetone solution decreased as the dihydrogen pressure was increased
(Table 4-1). Inverse relationships between ee and dihydrogen pressure have been reported
for other catalyst—substrate systems.'® Barring mass-transfer effects,’ an inverse relation-
ship between ee and pressure of dihydrogen gas often implies that the identity of the
enantioselective step changed with the increase in dihydrogen pressure.

The ee in acetone increased slightly as the temperature was decreased from 50 °C
to 10 °C; however, the TOF was too low to be of practical use below 10 °C. It is
concluded from these results that the optimum conditions for hydrogenation of (Z)-MAC
when using 2 as the catalyst are acetone solution, 30 °C, and 4 atm dihydrogen gas.

Mechanistic Investigations. Figure 4-1 shows a °'P{'H} NMR spectrum
recorded of an operating catalytic hydrogenation of (Z)-MAC after 8 turnovers under
conditions (acetone, pressure of dihydrogen gas ~ 1 atm, 25 °C, 4 mol % 2) similar to the
optimum conditions described in the previous section.'® Complex (Scq)-1 was the only
detectable ruthenium species in solution at room temperature.'' Similar results were
obtained using methanol, THF, and methylene chloride as solvent.'? Deuterium labeling
and other experniments will show (vide infra) that it is extremely unlikely that the formation
of (Sca)-1 is an irreversible kinetic trap under these conditions. Further, the catalytic
hydrogenation of (2)-MAC using isolated (Scq)-1 as the catalyst occurs at the same rate
and ee as when 2 is used as the catalyst. Its relatively high concentration during catalysis
is therefore good evidence that (Sc.)-1, whether a catalytic intermediate or not, is the
most stable ruthenium complex in solution under these conditions.

Hydrogenolysis of (Sc.)-1 in Acetone. The absolute configuration at the carbon
center bonded to ruthenium in (Sc.)-1 is S. Stereospecific replacement of ruthenium by
hydrogen will form (R)-MAC(H),, the major enantiomer formed by the catalytic hydro-
genation. As reported earlier, the stoichiometric reaction of (Sc)-1 with dihydrogen gas
in methanol solution generated MAC(H), at a similar rate and ee as the catalytic
hydrogenation in methanol.® It is now reported that although the stoichiometric hydrogen-

olysis of (Sce)-1 in acetone solution also produces MAC(H); in similar ee to the catalytic
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Figure 4-1. *'P{'H} NMR spectrum of an operating catalytic hydrogenation of (Z)-MAC

using 2 as the catalyst in acetone-ds.
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hydrogenation (stoichiometric, 89% (R) (eq 4-2); catalytic, 92% ee (R)), the rate of the

stoichiometric hydrogenolysis slows over the course of the reaction in this solvent.
CHa ——‘+

T Ph
P"':.., _‘\\40
Ry
<P/ IUTO “CH3
N~
OY H BF,"
CHs

(Sca)-1

4 atm H,
acetone
30°C,4h
69%

Y

H _‘+

P, | CO,CH COCH
< —.,Ru 2 3 - Ph/\./ 2 3 (4_2)
P~ \@ reflux 15 h s
NHCOCH; in MeCN NHCOCH,
3 BF4 MAC(H),
+ CHsCN 89% ee (R)

The product distribution after 4 h was 31% (Sco)-1, 58% [Ru((R)-BINAP)(H)(7 -
MAC(H),)]BF, (3; MAC(H), is bonded to ruthenium as an 7°-ligand through the arene
ring),’ and 11% MAC(H),.”® The hydrogenolysis was 97% complete after 24 h.
MAC(H), was liberated from 3 by refluxing the mixture in MeCN solution before the ee
was determined. The conditions for the stoichiometric hydrogenolysis in acetone were the
same as the catalytic hydrogenation in acetone except that excess (Z2)-MAC was absent
and that the concentration of (Sco)-1 was approximately 4-fold higher for the
stoichiometric hydrogenolysis than for the catalytic hydrogenation. Hydrogenolyses of
ruthenium—carbon bonds in coordinatively saturated 18-electron ruthenium(Il) complexes

has been shown to require prior ligand dissociation to generate a 16-electron intermediate.
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For example, the hydrogenolysis of the ruthenium-acy! bond in [RuCl(COC;Hs)(CO),-
(PPhs),] requires prior dissociation of a triphenylphosphine ligand."* It is quite likely that
hydrogenolysis of (Scq)-1 proceeds via prior dissociation of the MeCN ligand to generate
the 16-electron intermediate [Ru((R)-BINAP)((S)-MAC(H))]BF,, which may contain a
weakly coordinating acetone ligand. Since MeCN binds well to ruthenium(Il) complexes
such as (Sca)-1," the decrease in rate as the hydrogenolysis proceeded in acetone solution
most likely arose from the increase in the concentration of MeCN which occurred as
complex 3 accumulated in solution (eq 4-2). Kinetic investigations of the stoichiometric
hydrogenolysis and of the catalytic hydrogenation of (Z)-MAC are underway, and their
results will be compared in due course. It is notable that although added MeCN is a
strong inhibitor of the catalytic hydrogenation of (Z)-MAC when using 2 as the catalyst,
free MeCN does not build up to detectable levels during the catalytic reaction because the
excess (£)-MAC in solution reacts with 2 to generate (Sce)-1, thereby preventing form-
ation of 3 (see Figure 4-1). Further, the dissociation of MeCN prior to the hydrogen-
olysis of (Sce)-1 or of a related species does not contribute to the enantioselection of the
catalytic reaction; the ee for the catalytic hydrogenation of (£)-MAC when using [Ru((R)-
BINAP)(H)(7°-(rac)-MAC(H),)|BF, as the catalyst in methanol was 86% (R) (eq 4-3), in

accord with that obtained when using (Scq)-1 and 2 as the catalysts (each giving 87% ee

R).
CO,CHj5 4 atm H; CO,CH3
PR 2 mol % catalyst PR “3)
S =
NHCOCH;  othanol 30 °¢ NHCOCH;
@-MAC MAC(H),

86% ee (R)

catalyst = [Ru((R)-BlNAP)(H)(r;s-(rac)-MAC(H)z)]BF4

Reversibility of Formation of (Scz)-1. Reaction of diastereomerically pure (Scg)-
1 with dihydrogen gas generated (R)-MAC(H). in ee's similar to those of the catalytic

reactions in methanol and in acetone. The similar ee's for the catalytic and stoichiometric
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reactions indicate that the formation of (Sc.)-1 was to some extent reversible, and that the
other diastereomer(s) of (Scp)-1 reacted to form (S)-MAC(H),. To confirm that its
formation is reversible, complex (Sc.)-1 was reacted with 2.8 equiv of (2)-MAC-CO,CD;

in acetone solution at 35 °C (eq 4-4). The system achieved equilibrium (assuming

Cc
H
N Ph
Po.._ I o CO,CD3
RU“ e N + Ph™ ™ = =
P I | O CHs acetone
LNy NHCOCH; 35 008
BF,~
CHs
(Sco-1 (2)-MAC-CO,CD5
Initial: 1 (equiv) 2.8
Final: 0.26 2.06
o T
&
T Ph
P, . CO,CH
< ---Ru-__ﬂ‘"go\co T @
| | © 3
l NHCOCH,;
O NH
BF,~
CHs
(Sco)-1-CO,CD3 (2-MAC
0 0
0.74 0.74

K. = 1), demonstrating that formation of (Sc)-1 was reversible. Complexes (Sc)-1 and
(Sca)-1-CO2CD; were the only ruthenium species detected in solution. Scheme 4-1 shows
a proposed sequence of steps for the reversible formation of (Sc.)-1 and (Sc.)-1-CO2CDs5
via 2 reacting with (2)-MAC or with (Z)-MAC-CO,CD;, respectively, assuming the

reverse of formation of (Sce)-1 proceeds via a f-hydride elimination. AHydride elim-
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Scheme 4-1. Proposed Sequence of Steps for the Reversible Formation of (Sc.)-1
and (SCa)°1-C02CD3“

[ o}
< N~H
o} B,
CH, A
(Sco)-1
CO,CH
Ph ° ' )
NHCOCH, H _|+
P’I,"'
+
<P /Ru
CO,CD; 2
Ph
NHCOCH; ‘

(Sc)-1-CO,CD;3

* Species shown in quotation marks are approximate representations of the true

species in solution.
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ination within (Scz)-1 followed by dissociation of (Z)-MAC would generate 2, which can
either react with (Z2)-MAC or with (2)-MAC-CO,CD; to generate the corresponding
isotopomers of (Scz)-1. A consequence of the formation of (Sc.)-1 being to some extent
reversible via a Shydride elimination on the timescale of the hydrogenolysis is that
stoichiometric deuteriolysis of (Sce)-1 must form some MAC(H), with deuterium at the S-
position. This condition on the proposed mechanism for the reverse process is investi-
gated in the next section.

Deuterium Studies in Acetone. The stoichiometric deuteriolysis of (Sce)-1

carried out in acetone solution slowed after ca. 76% conversion (eq 4-5). Figure 4-2

CHs _] +

(Sca)-1

4 atm Do
acetone
30°C,7h
76%

? N

P, dh _CcO.CH CO,CH
o Y SN T
= ) reflux 19 h :
NHCOCH; i MeCN NHCOCH;
3 BFs MACH).-d,

+ CH3CN combined ee = 90% (R,R and R)

shows the composition of the reduced MAC after the deuteriolysis had slowed ((R,R and
S.S)-MAC(H),-a, f-ds,'*" 80%; MAC(H),-a-d,, 12%; (R.R and S,5)-MAC(H),-3-d\, 6%:
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Figure 4-2. The distribution of MAC(H),-d, isotopomers from the deuteriolysis of (Sca)-

1 in acetone.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100
and MAC(H),, 2%). The combined ee was 90% (R,R and R), which is similar to that of
the catalytic hydrogenation of (£)-MAC in acetone (92% (R)). MAC(H), labeled with
deuterium at the A-position formed as predicted by the S-hydride-elimination mechanism
for the reverse of formation of (Sc.)-1 (Scheme 4-1). It is necessary to determine the
reactivity of 2 towards dideuterium gas to more fully interpret these results.

Further reaction between 2 and dihydrogen gas (1 atm) was not detected by NMR
spectroscopy in acetone solution over temperatures ranging from -80 °C to 25 °C.
Reaction with dideuterium gas (1 atm), however, resulted in the immediate formation of 2-

d even at temperatures well below 0 °C (eq 4-6).'* Under dihydrogen gas, complex 2 is

H _|+ T _]+

P, ‘ 1 atm D, ...
< _—RU(CH3CN)(acetone)s , ————= — RU(CH3CN)(acetone)s_,  (4-6)
P acetone P
low temperature + HD
2;n=0-3 2-d;n=0-3

therefore in rapid equilibrium with small concentrations of the ruthenium(IV) trihydride
[Ru((R)-BINAP)(H);(MeCN).(acetone),]BF; (4) (or the corresponding ruthenium(II)
hydrido-7*-dihydrogen species), resulting in the observed H-D exchange with dideuterium
gas. An equilibrium between 2 and 4 would, in principle, favor 2 because 4 must contain
at least one mutually frams-disposition of a phosphine and a hydrido ligand—an
unfavorable situation as both these ligands have strong trans influences.'” Any free 2
generated in solution during the stoichiometric deuteriolysis of 1 is likely to quickly react
with dideuterium gas to generate 2-d.

In all probability, the MAC(H),-a-d; (12%) produced by the stoichiometric
deuteriolysis (Figure 4-2) resulted from the deuteriolysis of the ruthenium—carbon bond in
(Sca)-1. The product which formed in large excess (80%) was (R,R and S,S)-MAC(H),-
a,[-d>, with deuterium at both the a- and Bpositions. This product is that of a net syn
addition of dideuterium gas to the carbon—carbon double bond of (Z)-MAC,; its presence is

strong evidence for the formation of (Sc,)-1 being reversible via a f-hydride elimination.
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Another possibility, a stereoselective C-H activation at the F-position of MAC(H),-a-d,
is ruled out by our finding that reaction of MAC(H), with 2-d under dideuterium gas does
not result in H-D exchange at the a- or fpositions of MAC(H),. Scheme 4-2 shows the
sequence of steps involving olefin—hydride insertion and f-hydride elimination that
accounts for the isotopomers of MAC(H),-d, produced by the stoichiometric deuteriolysis
of (Sce)-1 in acetone. Elimination of the pro-R-fhydride in (Sc,)-1 followed by olefin
dissociation generates (Z£)-MAC and 2. The stereochemistry of the fhydride elimination
will be discussed in more detail below where it will be shown that elimination of the pro-S-
Shydride within (Scg)-1 is highly unlikely. Complex 2, generated via the S-hydride
elimination, will quickly react with the excess dideuterium gas in the reactor to produce 2-
d (eq 4-6). Coordination of (Z2)-MAC to 2-d through the si-olefin face followed by
insertion into the ruthenium—deuteride bond will generate (Scq,Rcp)-Fdi-1 (of R absolute
configuration at the deuterated S-carbon center). Strong support for this sequence of
steps is that placement of acetone solutions of (Sc.)-1 under lower pressures of
dideuterium gas (1 atm) results in H-D exchange with the pro-R-f-hydride. Further, 2-d
(made by reaction of 2 with dideuterium gas (eq 4-6)) reacts with (Z)-MAC to produced
(Sca,Rcp)--di-1 as the only detectable ruthenium species in solution. The stereochemistry
of the olefin—hydride insertion results in a net syn addition of ruthenium and hydrogen
across the carbon—carbon double bond of (£)-MAC. Assuming retention of configuration
at the a-carbon, deuteriolysis of the ruthenium—carbon bond in (Sce,Rcp)-Fdi-1 will
produce (R,R)-MAC(H),-a,[d-, the product of net syn addition of dideuterium to the
carbon—carbon double bond of (Z2)-MAC. (§,5)-MACH),-«,f-d> would result from
coordination of (Z)-MAC to 2-d via the re-olefin face followed by deuteriolysis of the
ruthenium—carbon bond.

As discussed above, Bhydride elimination and dissociation of (Z)-MAC from 1
during the stoichiometric deuteriolysis will produce (Z)-MAC and 2 in the presence of
excess dideuterium gas (Scheme 4-2). Complex 2 in this mixture can either react with
(2)-MAC to regenerate (Sco)-1 (leading to MAC(H):-a-d; after deuteriolysis of the

ruthenium—carbon bond) or it can react with dideuterium gas to produce 2-d (leading
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Scheme 4-2. Proposed Sequence of Steps that Accounts for the Isotopomers of

MAC(H); Produced by the Stoichiometric Deuteriolysis of (Sc.)-1

S

“ n L1}
N Ph H o PP —|+
<P," ----- RI .»\\40 BHydride elimination Pr... I ™
'R U N — A “Ru’
P l [ © CHs Olefin insertion P~ o OCH
N- fast
Ox H
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CHs ‘
1. Dissociation
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2. H-D exchange
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D
l slow 4

F P | CO.CH
2 COch3 4, 2 3
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+ fast n
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e
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o g OCH;

¢
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CO-CH 2 iz
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80% CHs
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eventually to (R,R and §,5)-MAC(H).-«,d;). Since the relative rate of formation of
(Sce)-1 versus that of 2-d in this mixture is unknown, the 85:15 ratio of (R,R and S,S)-
MAC(H),-a, f-d> to MAC(H),-a-d, represents the lower limit to the extent of reversibility
of formation of (Sc.)-1 during the deuteriolysis. It was not possible to isolate MAC(H).-
a-d in order to determine its ee, which would be 100% (R) if it formed from direct
deuteriolysis of (Sc.)-1 without prior formation of 2 and (£)-MAC. Since the lower limit
to the extent to which formation of (Sc,)-1 reversed is ca. 85%, equilibration between
(Sca)-1, 2, and (Z£)-MAC must be relatively rapid and nearly complete before deuteriolysis
of the ruthenium—carbon bond occurs under these conditions.

Only the (R,R) and (§,S) diastereomers of MAC(H),-a,}-d> were produced by the
deuteriolysis of (Sc.)-1. This stereoselectivity is a consequence of the direct relationship
between whether B-hydride or f-deuteride elimination occurred within (Sce,Rcp)-Fdi-1
and the stereochemistry of the resulting MAC. This relationship also exists in the opposite
diastereomer (Rcea,Scp)-Fdi-1. As shown in Scheme 4-3, (2)-MAC will result from S
deuteride elimination, and the less stable isomer (£)-MAC-/d; will result from S-hydride
elimination. Reaction of (E)-MAC-4-d; with 2-d followed by deuteriolysis of the
ruthenium—carbon bond must generate MAC(H),-a,3,4-d5.”° Since MAC(H)»-a, 3. 3-ds
was not detected among the products, we conclude that fhydride elimination within
(Sca)-1 is highly stereoselective, favoring the pro-R-f-hydride in (Sce)-1 (this position is
occupied by deuterium in (Sce,Rcp)-f-di-1) and the pro-S-Bhydride in (Rcz)-1 (this
position is occupied by deuterium in (Rca,Scp)-fdi-1). This stereoselectivity likely
originates from the unfavorability of formation of (£)-MAC over formation of (Z)-MAC.
Similar control over the stereoselectivity of a S-hydride elimination was observed during
the intramolecular hydrosilylation of olefins catalyzed by [Rh((S)-BINAP)-
(acetone),](ClO4).?' It is possible, however, that elimination of the pro-S-f-hydride does
occur within (Sc,)-1, but the resulting (£)-MAC does not dissociate from ruthenium but
rather reinserts into the ruthenium-hydride bond to regenerate (Sc,)-1. The stoichiometric
deuteriolysis of (Sce)-1 is mute regarding this issue because E-stereoselective S-hydride

elimination within (Sce,Rcp)-Fdi-1 will be of no net consequence if the resulting
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Scheme 4-3. Outcome of Stereoselective SDeuteride and f-Hydride Elimimation
Within (SceRcp)-fdi-1

('C:H3 ) ~|+ 1. ﬁ-Deut‘eri’de elimination _— H\ CO,CH3
9 “‘Eh 2. Dissociation of substrate NHCO-CHs
<PRIU\2/;°\ ] (@-MAC
I
o N"H - D
Y BF, 1. pHydride elimination NHCOCH;Z
CHs > Ph7
(SowRog-Adr-1 2. Dissociation of substrate CO.CHs
(ErMAC-5-d,

(£)-MAC-B-d, reinserts into the ruthenium—hydride bond without prior olefin dissociation.
It is unlikely, however, that (Z)-MAC will dissociate from ruthenium but (£)-MAC will
not.

The most likely explanation for formation of the other minor products of the
stoichiometric deuteriolysis, (R,R)-MAC(H),-3-d, (6%) and MAC(H), (2%), is solvolysis
of the ruthenium—carbon bonds in (Sce,Rcp)-Fdi-1 and (Scq)-1, respectively, by adven-
titious water or by acetone.?

It is concluded from the predominant formation of (R,R and S,5)-MAC(H)>-¢, f-d>
by the stoichiometric deuteriolysis of (Sco)-1 that olefin coordination, olefin—hydride
insertion, and their reverse transformations are rapid relative to the hydrogenolysis of the
ruthenium—carbon bond under these reaction conditions (which include an accumulation of
MeCN in solution as the reaction proceeds). It is also concluded that B-hydride elim-
ination within (Sc,)-1 is highly stereoselective, favoring formation of the more stable olefin
isomer (Z)-MAC. The catalytic deuteration of (£)-MAC and (Z)-MAC were carried out
to investigate the stereoselectivity of the catalytic hydrogenation.

Stereoselectivity and Regioselectivity of the Catalytic Hydrogenatiom. The
catalytic deuteration of (Z)-MAC in acetone generated (R,R and S,5)-MAC(H),-c, (-4, as
the only detectable diastereomers in 92% ee (R,R) (eq 4-7). Although the net syn addition
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of dideuterium gas across (Z£)-MAC is consistent with the stereochemistry of the
stoichiometric deuteriolysis of (Scg)-1, it is also consistent with any mechanism involving
olefin-hydride insertion followed by reductive elimination of a carbon-hydrogen bond.
The net syn addition implies, however, that if the catalytic hydrogenation proceeds
through (Sce)-1 or a similar species, any f-hydride elimination which occurred was highly

stereoselective, favoring formation of (2)-MAC.

D, H
CO,CHj; 4 atm D, T _CO,CHs
Ph™ - Ph ? @-7
[+) -
NHCOCH; acstone: D NHCOCH;
30°C

(@-MAC (R,Rand S,S)-MAC(H),-a,5-d>

92% ee (R,R)

The catalytic hydrogenation and deuteration of (£)-MAC were carried out to
investigate if formation of (Sc.)-1 (Figure 4-1) or of a similar species is reversible during
the catalytic hydrogenation (eq 4-4). The catalytic hydrogenation of (£)-MAC in acetone
produced MAC(H), in 91% ee (R), which is similar to the ee for hydrogenation of (2)-
MAC (92% (R)). The similar ee's indicate that both of these hydrogenations proceed
through the same olefin geometry, implying that the hydrogenation of (£)-MAC proceeds
via a rapid prior isomerization to (Z)-MAC.”

The catalytic deuteration of (£)-MAC was carried out to determine if olefin
isomerization occurs prior to formation of MAC(H),. Insertion of (£)-MAC into a
ruthenium—deuteride bond with placement of ruthenium at the a-carbon, followed by S
elimination favoring the Z isomer will form (Z2)-MAC-£#d, with deuterium at the &
position. Deuteration of (Z2)-MAC-£-d, would then lead to MAC(H),-¢, 5, ds. Figure 4-
3 shows the distribution of isotopomers produced by the catalytic deuteration of (£)-MAC
in acetone (MAC(H),-o,f,5-d5, 69%; (R,R and S,5)-MAC(H),-a,f-d>, 20%; MAC(H).-
B.Fds, 4%; (R,S and S,R)-MACH),-a,f-d>, 4%; (R,R and S,S)-MAC(H),-5d,, 1%; and
MAC(H);-a-di, 2%). The combined ee of the products was 92% (R,R and R).
MACH):-a,f, -ds amounted to 69% of the product mixture, which is strong evidence
that prior isomerization of (E)-MAC to (Z)-MAC occurred during the catalytic
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Figure 4-3. The distribution of MAC(H),-d, isotopomers from the catalytic deuteration
of (E)-MAC when using 2 as the catalyst in acetone. The isotopomers (R,R and S,5)-
MAC(H),-4-di and MAC(H),-a-d; (combined 3% of total mixture) are not shown.
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deuteration. Scheme 4-4 shows the sequence of steps that accounts for this distribution of
isotopomers via a rapid formation of (Sce)-1, or a related species, which is reversible via a
stereoselective fhydride elimination. Coordination of (£)-MAC to 2-d through the re
face or the si7 face followed by olefin-hydride insertion generates (Rcq,Rcp)-5-di-1 or
(Sca.Scp)-di-1, respectively (Scheme 4-4, upper left). Stereoselective B-hydride
elimination within (Rce,Rep)-F-di-1 or (Sca,Scp)-Fdi-1 to favor formation of (Z)-MAC
followed by olefin dissociation generates (Z)-MAC-£4d), 2, and subsequently 2-d (by
reaction of 2 with dideuterium (eq 4-6)). Deuteration of (Z)-MAC-4-d; using 2-d as
catalyst generates MAC(H),-o,f,ds;, the predominant product of the -catalytic
deuteration (69%; Scheme 4-4, upper right). An initial isomerization of (£)-MAC to (2)-
MAC via the same sequence of steps likely accounts for the catalytic hydrogenations of
(E)-MAC and (Z)-MAC occurring with similar ee's. The formation of MAC(H).-a, B, F-d5
is strong evidence that at least 69% of (£)-MAC underwent isomerization to (Z)-MAC-4
d, via the reversible formation of (Sce)-1, or of a structurally related species, during the
catalytic reaction (although not necessarily as part of the catalytic cycle). Further, a rapid
and reversible formation of (Sc.)-1 via stereoselective B-hydride elimination is also
consistent with formation of (R,R and §,5)-MAC(H),-a,f-d> as the only detectable
product from the catalytic deuteration of (2)-MAC (eq 4-7).

The amount of MAC(H),-, 5,4d5 in the product mixture (69%) is the lower limit
to the extent of isomerization of (£)-MAC to (Z)-MAC prior to deuteration because (R,R
and S,5)-MAC(H);-, f-d> (20%) may also have arisen from such a process. As discussed
previously, (R,R and §,5)-MAC(H).-a,3-d> (20%) results from a net syn addition of
dideuterium to (Z2)-MAC (eq 4-7). It is believed that deuterium-free (2)-MAC was
produced during the catalytic deuteration of (£)-MAC through reaction of (£)-MAC with
2, which resulted from the stereoselective fhydride elimination within (Rcg,Rcg)-3di-1 or
(Sca,Scp)-dh-1 (Scheme 4-4, top, and as discussed in the previous paragraph). It is
reasonable to propose that rather than reacting with dideuterium gas to generate 2-d,
some of 2 reacted with (£)-MAC (which is in up to 50-fold excess under catalytic

conditions) to generate a deuterium-free diastereomer of (Sc.)-1 or a structurally related
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Scheme 4-4. Sequence of Steps that Accounts for the Product Distribution from the Catalytic Deuteration of (E)-MAC
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species (Scheme 4-4, middle). Z-Stereoselective SF-hydride elimination followed by sub-
strate dissociation will generate 2 and deuterium-free (Z)-MAC. Deuteration of (2)-MAC
then generates (R,R and S,S)-MAC(H):-a, -d> (20%).

Scheme 4-5 shows another conceivable route to formation of deuterium-free (2)-
MAC during the catalytic deuteration of (£)-MAC.>*™ In this sequence, 2-d activates the
N-H bond of (£)-MAC to generate the corresponding amido—allyl complex 5. A 7=~on
rearrangement through formation of a ruthenium-carbon o bond at the Fposition would
form the amido—allyl complex §' which could eliminate (Z2)-MAC-N-d. Deuteration of
(2)-MAC-N-d will generate (R,R and S,5)-MAC(H),-a,BN-ds. As previously discussed, "’
varying amounts of product deuterated at nitrogen were observed in all reactions carried
out under deuterium gas in acetone solution. Control experiments show that 2 catalyzes
the H-D exchange between dideuterium and the N-H group of MAC(H), and (by
extension) presumably also of MAC. The formation of N-D products by the catalytic
reaction under deuterium gas therefore cannot be used as direct evidence for involvement
of amido-allyl (5, §') or related species in the catalytic hydrogenation. There is no
experimental evidence that conclusively distinguishes between reaction of 2 with (£)-
MAC to form (Scn)-1 (Scheme 4-4, middle) or formation of an amido-allyl species
(Scheme 4-5, 5 and 5§') to account for formation of (Z2)-MAC during the catalytic
deuteration. Evidence against an amido—allyl species, however, is that little, if any, H-D
exchange between nitrogen and the a-carbon or f-carbon centers occurs during the
catalytic deuteration of (Z2)-MAC in methanol solvent (vide infra, eq 4-8). It is reasonable
to expect amido—allyl species such as § and §' to undergo some deuteride addition to the
[carbon-forming species such as 6 and 6' (Scheme 4-5). Among other things, these
sequences of steps would allow H-D exchange between nitrogen and the S-carbon. The
lack of an observable amount of such exchange during the catalytic deuteration of (2)-
MAC in methanol favors formation of (Z)-MAC via reaction of 2 with (£)-MAC (Scheme
4-4, middle) over an amido—allyl route.

The major product of the catalytic deuteration of (£)-MAC, MAC(H).-a,f (-ds
(69%), resulted from formation of (Sc.)-1 or a related species via a rapid net syn addition

of ruthenium and deuterium across the carbon—carbon double bond, followed by a rapid
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Scheme 4-5. A Plausible Route to Formation of Deuterium-Free (Z)-MAC During
the Catalytic Deuteration of (E)-MAC
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stereoselective B-hydride elimination. It is likely that a further 20% of the product, (R.R

and S,8)-MACH),-a,3d-, also resulted from such a sequence of steps. It is therefore

concluded from the product distributions of the catalytic deuteration of (£)-MAC and (2)-

MAC in acetone that the sum of the stereoselectivities and regioselectivities of the
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reversible formation of (Sce)-1 and its hydrogenolysis equals the overall stereoselectivity

and regioselectivity of the catalytic hydrogenation.

One of the minor products of the catalytic deuteration of (£)-MAC, (R,S and S,R)-
MACH),-a,-d> (4%), likely arose from the direct deuteration of (£)-MAC without prior
isomerization to (£)-MAC (Scheme 4-4, left, deuteriolysis of (Sca,Scp)-Fdi-1). Of the
remaining minor products of the catalytic deuteration of (E£)-MAC, it is speculated that
MACH,-a-d, (2%) resulted from deuteriolysis of (Sc.)-1 or from reaction of HD gas with
(E)-MAC catalyzed by 2. (R,R and §,S)-MACH),-5-&, (1%) and MAC(H),-5,5-d> (4%)
likely arose from solvolysis of the ruthenium—carbon bond in (Sca,Rcp and Rea,Scp)-F-di-1
and g, [(-d--1, respectively, by adventitious water.

Methanol as the Solvent. The catalytic deuteration of (Z)-MAC was carried out
in methanol to determine the ratio of solvolysis to hydrogenolysis during catalysis in this

protic solvent. As shown in eq 4-8, the product distribution was (R,R and S,S)-MAC(H),-

o.H

CO,CHj3 4 atm D, S _CO,CHjs
Ph™ ™ > Ph 1 (4-8)
NHCOCH3 fnfgt%'g"ﬁof D NHCOCH;3
(2-MAC 30°C (R.R and S,S)-MAC(H)>-,3d>
96%

+

D H
S _CO.CH;

Ph

H NHCOCH;,
(R.R and S,S)-MAC(H),-3-d,
4%

Combined ee = 89% ee (R,R)
a,f-ds, 96%; and (R,R and §,5)-MAC(H),-$-d,, 4% (combined ee = 89% (R .R)). The
low percentage of MAC(H), with hydrogen at the a-position shows that solvolysis of the

ruthenium—carbon bond is nor a major pathway of the catalytic hydrogenation in methanol.

The 96% relative abundance of (R,R and §,5)-MAC(H),-a, 3d, also shows that little H-D
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exchange occurs between nitrogen and the a-and S-carbon centers during the catalytic
hydrogenation. This is evidence against involvement of an amido-allyl (5§ or 5'; Scheme 4-
5) or a related species. Although the catalyst does effect H-D exchange between
dideuterium gas and the N-H group of MAC(H), and (by extension) likely of (Z2)-MAC,
any deuterium substitution at nitrogen that arose from such a process would immediately
H-D exchange with the methanol solvent, effectively maintaining a proton at nitrogen
throughout the catalytic hydrogenation.

The stoichiometric hydrogenolysis of (Sc.)-1 slowed as the reaction proceeded in
acetone (eq 4-2), but went to completion in methanol. In methanol solvent, the rate of the
stoichiometric hydrogenolysis was similar to the TOF of the catalytic hydrogenation.® The
stoichiometric deuteration of (Sc.)-1 was carried out in methanol (eq 4-9) to investigate

the origins of this discrepancy in behavior between acetone and methanol solvents. Figure

CH
& 3 ]+ a) 4 atm D,
i methanol
T Ph 30°C,4h
P, N 100% CO-CH
..... L o) o PVl 2 3 _
Ru‘lg N - Ph - 4-9)
<P/ | [ © CHa b) reflux 15 h SHCOCH
ON~H in MeCN 3
& BFs” MAC(H)--d),
3
. - aco
(Sco-1 combined ee = 85% (R,R and R)

4-4 shows the distribution of organic products from the stoichiometric deuteriolysis of
(Sce)-1 in methanol (R,R and S,5)-MACH):-a, f-d>, 58%; MAC(H),-a-d,, 5%; (R,R and
S,8)-MAC(H).-4d,, 16%; and MAC(H),, 21%). The combined ee was 85% (R,R and R),
which was similar to the catalytic hydrogenation in methanol (87% (R)). Only the R,R and
§.,S diastereomers of MAC(H),-«,f-d> were detected, showing that S-elimination within
(Sca)-1 proceeds by the same stereoselectivity as that observed in acetone. The ratio of
(R,R and S,5)-MAC(H),-a,f-d> to MAC(H),-a-d; (ca. 12:1) also indicates that the
reversible formation of (Scq)-1 was faster than deuteriolysis of the ruthenium-—carbon

bond. The MAC(H), (21%) and (R,R and S,5)-MAC(H),-3d; (16%) resulted from
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1 in methanol.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

solvolysis of the ruthenium—carbon bond in (Sc.)-1 and in (Sc.,Rcp)-Fdi-1, respectively.
The total amount of MAC(H), and (R,R and §,5)-MACH);-4d: (37%) is likely a direct
indication of the amount of solvolysis that occurred under these conditions because
control experiments show that 2 does not catalyze the H-D exchange between
dideuterium gas and methanol at an appreciable rate. At this stage, it is concluded that the
similarity of rates for the stoichiometric hydrogenolysis in methanol and for the catalytic
hydrogenation in methanol is coincidental, and is not of mechanistic significance.

Unlike the reaction in acetone solution, the stoichiometric hydrogenolysis of (Sca)-
1 in methanol solution was not significantly inhibited even by the addition of a 20-fold
excess of MeCN. The reasons why the stoichiometric hydrogenation of (Sc)-1 is not
appreciably inhibited by MeCN in methanol solution likely relate to the ability of (Scq)-1 to
undergo solvolysis in methanol to generate MAC(H).. As solvolysis likely proceeds by
protonation of the ruthenium center in (Sco)-1, it is not significantly inhibited by MeCN
because protonation of a metal center does not require a vacant coordination site.**
Whatever their origins, the relative susceptibilities of the stoichiometric hydrogenolysis of
(Sca)-1 to inhibition by MeCN in acetone and in methanol solution do not appreciably
influence the catalytic hydrogenation as the TOF is higher in acetone than in methanol, at
least 980 turnovers can be achieved in acetone, and the catalytic hydrogenation in

methanol solution does not proceed via solvolysis of a ruthenium—carbon bond.

Conclusions

This work is the first mechanistic study of a ruthenium-BINAP-catalyzed
hydrogenation to be complimented by a solid-state structure of a possible intermediate
with a prochiral substrate group bonded to ruthenium. It is concluded from the results of
this study that the stereoselectivities and the regioselectivities of the rapid and reversible
formation of (Sce)-1 and its conversion to MAC(H), (via irreversible hydrogenolysis of the
ruthenium—carbon bond) summate to give the stereoselectivity and regioselectivity of the

catalytic hydrogenation. It is also concluded that solvolysis of the ruthenium—carbon bond

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115
is a minor (<4%) pathway of the catalytic hydrogenation in methanol solvent, and that the
presence of MeCN in the system does not contribute to the enantioselection of the
catalytic reaction. Although (Sc)-1 is the only detectable species in solution during the
catalytic reaction at room temperature, the data from this study do not distinguish between
whether (Scq)-1 is a catalytic intermediate or a species in equilibrium with the true
catalytic intermediate. Further, a direct comparison between the stoichiometric and
catalytic rate data are complicated by both the accumulation of MeCN that occurs in
solution during the stoichiometric hydrogenolysis, and the ability of (Sco)-1 to undergo
solvolysis in methanol. Both of these processes do not occur during the catalytic hydro-

genation. A kinetic study to investigate these issues is underway in this laboratory.

Experimental Section

Materials. Gases and solvents were purified as outlined in Chapter 2. (2)-
Methyl-4-benzaloxazolone,” (£)-MAC,”® [Ru((R)-BINAP)(1-3:5,6-7-CsH;;)(MeCN)]-
BF,,” (Sca)-1.° [Ru((R)-BINAP)(H)(7*-(rac)-MAC(H))]BF,° and [Ru((R)-BINAP)(H)-
(7°-(S)-MAC(H),)]BF.’ were prepared using established procedures. (Z)-MAC, (rac)-
MAC(H),, and (S)-MAC(H), were obtained by methods described in Chapter 2. Florisil
(60-100 mesh) was supplied by Fisher Scientific.

Measurements. All instrumentation used were as described in Chapter 2 unless
stated otherwise. “H NMR spectra were recorded using a Bruker AM-400 spectrometer
operating at 61.4 MHz. The chemical shifts for °H are reported in parts per million (5)
relative to external tetramethylsilane and were referenced to signals of the residual
deuterium in the protiated solvent. Electron-impact high-resolution mass spectra (HRMS
(EI)) of organic compounds were recorded on a Kratos MS50 spectrometer.

Syntheses. All techniques used were as described in Chapter 2.

(A) (£)-MAC-CO,CD;. A 1 M sodium methoxide-ds solution (prepared from
sodium (73.8 mg, 3.21 mmol) and methanol-d; (3 mL)) was added to a stirred suspension

of (Z)-methyl-4-benzaloxazolone (459.7 mg, 2.46 mmol) in benzene (5 mL) at room
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temperature. The resulting pale yellow solution was allowed to stir for 5 min, after which
the solution was acidified with aqueous 0.1 M hydrochloric acid. The slightly opaque
benzene layer was extracted with methylene chloride (3 x 10 mL) and washed with water
(3 x 20 mL). The organic layer was dried over anhydrous magnesium sulfate, filtered, and
evaporated to give a white solid. Yield: 226.4 mg (41%). "H NMR (400.1 MHz, CDCI;,
50 °C): 62.00 (br s, 3H, NHCOCH;), 7.30 (m, 5H), 7.45 (br s, 2H). *H{'H} NMR (61.4
MHz, CDCl;, 50 °C): §3.80 (s, CO,CDs). “C{'H} NMR (100.6 MHz, CDCl;, 50 °C): §
22.8 (br s, NHCOCH;), 1249 (quaternary), 128.5 (methine), 129.4 (methine), 129.7
(methine), 132.5 (br s, methine), 133.7 (quaternary), 165.9 (CO,CHs), 169.4 (br s,
NHCOCHs). The methoxy “C resonance appears at & 52.4 ppm for (Z)-MAC. HRMS
(ED): m/z 222.1083 (M, exact mass calcd for Cp;H;oDsNOs 222.1084). Anal. Calcd for
CoHisNOs: C, 65.74; H, 5.98; N, 6.39. Found: C, 65.39; H, 593, N, 6.19.

General Procedure for Catalytic Hydrogenations. @ The apparatus and
procedures used, including identification, purification, and determination of the ee and
absolute configuration of the product (MAC(H),), were as described in Chapter 2 for the
hydrogenation of (Z)-MAC. Catalytic hydrogenations were, typically, allowed to react for
48 h to ensure complete conversion of (2)-MAC to MAC(H),.

General Procedure for Catalytic Deuterations. Reactions were performed in a
manner similar to that described for catalytic hydrogenations with the following
exceptions: (1) the catalyst and substrate were dissolved in the appropriate solvent under
an atmosphere of argon gas and subjected to 3 freeze—pump-thaw cycles prior to
backfilling with dideuterium gas to the desired levels; and (2) the reactions were initially
stirred under dynamic pressure (15 min), followed by static pressure for the remainder of
the reaction. The relative proportions of isotopomers in the product mixture were
determined via NMR spectroscopy and HRMS (EI). The ABX spin system in the 'H
NMR spectrum for the a- and Bprotons of MAC(H), were assigned by comparison to the
reported assignments established for N-acetylphenylalanine, the acid analog of MAC(H),
(Figure 4-5)." Each isotopomer was quantified by integrating the signals of the protons,
using the methoxy signal as an internal standard. The amount of deuterium substitution at

each position was obtained from *H{'H} NMR spectra or deduced from the proton signals
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Figure 4-5. Designations used for the ABX spin system in the 'H NMR spectrum of
MAC(H),.

in the "H{*H} NMR spectrum by subtraction if the signals in the ?H{'H} NMR spectrum
overlapped and could not be deconvoluted. The presence of MAC(H),-d, (7 = 0-3) was
confirmed by the parent ion peaks in the mass spectrum. Of the eight possible isotopo-
mers of MAC(H),-d, (n = 0-3), only seven were observed during the course of this
investigation (MAC(H),, (R,R and §,5)-MAC(H),-3d;, MAC(H),-a-d\, MAC(H).-f,-d>
, (RS and S,R)-MAC(H),-a,f-d>, (R,R and S,5)-MAC(H),-¢,Fd>, and MAC(H),-&, 5,
ds). Of these seven isotopomers, six were identified and quantified by their 'H{*H} NMR
spectra. The seventh isotopomer, MAC(H),-3,5,3-d; was identified by HRMS (EI), and
its relative amount was determined from the methoxy internal standard signal after
subtracting the contributions from the other isotopomers. The 'H{*H} NMR spectrum of
each isotopomer was in accord with line patterns predicted by substitution of the
appropriate proton(s) by deuteron(s) in the assigned ABX system of MAC(H).. For
example, (R,R and S,5)-MAC(H),-«, #-d, was idenified by its proton signal (§3.03 (s, 1H,
H/)) which showed the absence of coupling to other protons and whick was shifted
slightly upfield from the H/, signal for nondeuterated MAC(H),.”” Similarly, (R,R and
S,8)-MAC(H),-4d, was identified by its proton signals (6 3.03 (d, 3JH“'HﬂZ =6.0 Hz, 1H,
Hp,) and & 4.85 (dd, *Juanowy = 8.0 Hz, *Jianp, = 6.0 Hz, 1H, Ha). The other
isotopomers were identified in the same manner. Identifications were confirmed by
'H{*H, broad band; 'H, selective} NMR experiments. The combined ee and absolute
configuration of the products for each mixture of isotopomers was determined using the
aforementioned procedure. NMR spectroscopic data for MAC(H).: 'H (400.1 MHz,
CDCls, 25 °C): §1.93 (s, 3H, NHCOCH), 3.03 (dd, “Jup,-up, = 14.0 Hz, “Jhiauip, = 6.0
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Hz, 1H, HB), 3.11 (dd, “Jup,-s5, = 14.0 Hz, *Juasip, = 6.0 Hz, LH, Hpy), 3.68 (5, 3H,
CO,CHs), 4.85 (d of apparent t, *Jua-newn = 8.0 Hz, *Jia-tig, = Juanp, = 6.0 Hz, 1H, Ha),
6.27 (br d, NHCOCH3), 7.08 (d, *Jiuu = 7.0 Hz, 2H, 0-CsH5), 7.24 (m, 3H, m- and p-
CsHs). “C{'H} (100.6 MHz, CDCl;, 25 °C): § 22.8 (NHCOCHs), 37.6 (CH.CH, Cp),
52.1 (CO.CHs3), 53.1 (CH:CH, Ca), 126.9 (CsHs), 128.4 (CsHs), 129.0 (CeHs), 135.9 (i-
CeHs), 169.7 (NHCOCH;), 172.1 (CO,CH3).

General Procedure for Hydrogenolysis and Deuteriolysis of (Sc.)-1. Reactions
were performed in a manner analogous to that described above for catalytic hydrogen-
ations and deuterations with the exception that the concentrations of (Sc.)-1 were 10 mM.
Typical reaction times were 4 h (in methanol) and 24 h (in acetone), after which time all
volatile components were removed under reduced pressure. The remaining residue was
refluxed in MeCN under an atmosphere of argon gas overnight (ca. 15 h), followed by
evaporation under reduced pressure. The solid residue was washed with ethyl acetate and
the solution was passed through a column of Florisil to remove residual ruthenium—
BINAP species. Removal of the solvent on a rotary evaporator yielded pure MAC(H),,
which was analyzed without further purification. The ee's of the products and their
distributions of deuterium were determined using the aforementioned procedures.

Substrate Equilibrium with (Sc,)-1. In a 5-mm NMR tube, (£)-MAC-CO,CD;
(5.8 mg, 2.6 x 107 mol) and (Sc,)-1 (9.9 mg, 9.2 x 107 mol) were dissolved in a mixture
of CD,Cl, (0.1 mL, used to ensure complete dissolution of (Scq)-I) and acetone-ds (0.5
mL). The sample was immediately placed in a thermostated NMR probe (7 = 35 °C) and
monitored by '"H NMR spectroscopy. The extent of the reaction was determined by the
ratio of the methoxy signals of (Sco)-1 and (Z2)-MAC (singlets at & 4.0 and & 3.8,
respectively), using a benzylic proton of (Sc.)-1 as internal standard (doublet at § 4.2).
*'P{'H} NMR spectroscopy indicated that the only ruthenium species present in the

reaction mixture was (Sce)-1 and (Scq)-1-CO,CD:s.
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Chapter 5T

The First Structure Determination of a Diastereomeric Hydrido—Olefin Putative

Intermediate in Catalytic Enantioselective Hydrogenation

Introduction

The hydrogenation of prochiral olefins is the most studied and developed
enantioselective catalytic reaction to date.! Despite hundreds of publications describing
these reactions, little is known about the true structures of their diastereomeric catalytic
intermediates. For example, a recent report® from this research group described the first
X-ray structure determination of a diastereomeric putative catalytic intermediate (a
catalyst-alkyl complex) of the same absolute configuration as the hydrogenation
product.>* The complex, [Ru((R)-BINAP)((S)-MAC(H))(MeCN)]BF, (1), forms upon
reaction (both during the catalytic hydrogenation and under stoichiometric conditions)
between the substrate MAC and the catalyst [Ru((R)-BINAP)(H)(MeCN),(sol)s-.]BF (2;
n = 0-3, sol = acetone, methanol, or THF, depending on reaction medium).” Complex 2
was designed for this mechanistic study because ruthenium is the most commonly used
metal in enantioselective olefin hydrogenations, because BINAP is among the most
commonly used ligands, and because MAC is the most commonly used (benchmark)
substrate. In previous work on this system it was shown that formation of 1 is rapid and
reversible and that 1 is the only detectable catalyst species in solution during the catalytic
hydrogenation of MAC.> Since the formation of 1 (product) is rapid and reversible under
catalytic conditions, the Curtin-Hammett principle® dictates that the structure and
abundance of 1 provides no information about the structure and abundance of the major

diastereomeric olefin adduct ([Ru((R)-BINAP)(H)(MAC)(MeCN)]BF,, reactant) formed

T Reproduced with permission from Wiles, J. A.; Bergens, S. H. Organometallics
1999, /8, 3709-3714. Copyright 1999 American Chemical Society.
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by reaction of MAC with 2. There are 20 diastereomers of this olefin—catalyst adduct in
which the olefin and hydride occupy mutually cis coordination sites and in which MAC is
bonded through the olefin and amide groups (there are more diastereomers if ester
coordination is considered). It was therefore imperative to determine which of these
diastereomers form in order to understand how the stereochemical forces evolve during
the catalytic hydrogenation. This chapter describes low-temperature NMR experiments
that determine the structure of the major olefin—catalyst adduct and that monitor the

diastereomeric olefin—hydride insertion reaction to generate 1.

Results and Discussion

Characterization of the Active Catalyst. The active catalyst 2 is generated by
hydrogenation of the precursor [Ru((R)-BINAP)(1-3:5,6-7n-CsH,;)(MeCN)]BF; (3) in
acetone, methanol, or THF.> NMR spectra of 2 recorded at —40 °C in THF-ds show it
exists as a mixture of [Ru((R)-BINAP)(H)(MeCN)(THF-d;),]BF. (4), ca. 50%; [Ru((R)-
BINAP)(H)(MeCN)(THF-d3s)1BF, (5), ca. 25%; and [Ru((R)-BINAP)(H)(THF-ds);]BF4
(6), ca. 25%."® These species were labeled with MeC"N by ligand exchange between the
precursor 3 and MeC"”°N. The magnitudes of %/o_u (28—42 Hz) shows that the hydride
occupies a coordination site cis to both phosphorus centers in 4-6. 2Jp_x was not
observed in 4-MeC"N, while %/x_x was (18.5 Hz), showing that the MeC"N and hydrido
ligands occupied the mutually trans coordination sites cis to the phosphorus centers’
(Scheme 5-1). A similar analysis of [Ru((R)-BINAP)(H)(MeC"“N),(THF-4;)]BF; (5)
shows that one MeC""N ligand was trans to the hydride and the other was cis to the
hydride.'® These complexes rapidly exchange MeCN and THF at room temperature. To
determine which of 4, 5, or 6 is the active catalyst is a somewhat diffuse issue for three
reasons: first, exchange of MeCN between these species at room temperature is rapid;
second, it has been shown previously that removal of MeCN from the catalyst system has

no effect on the ee of the catalytic hydrogenation; third, all the species in this mixture react
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quickly with MAC at room temperature to quantitatively form the insertion product 1.%°
Nevertheless, the active catalysts in this hydrogenation are likely 4 and 6 because 5 must
dissociate one MeCN ligand to accommodate the bidentate substrate MAC. Further,
stoichiometric reaction between 6 and MAC at room temperature forms the 7r’-arene
adduct [Ru((R)-BINAP)(H)(>-MAC)IBF,, suggesting that the active catalyst is 4.
Regardless, the active catalyst will be referred to as 2 to accommodate these possibilities.

Interception and Characterization of a Transient Intermediate. Reaction of 2
with one equiv of MAC in THF-ds at —40 °C over 1 h forms the diastereomeric catalyst—
olefin adduct [Ru((R)-BINAP)(H)(MAC)(MeCN)IBF, (7) as major product (Figure 5-1).
The structure and absolute configuration of this complex was determined as follows. The
phosphorus—hydride coupling constants (3/p A0 = 34.5 and 2JPB_H = 21.5 Hz) show that the
hydride is cis to both phosphorus centers in this complex. The magnitude of the nitrogen—
hydride coupling constant (Jx-ngmns = 10.0 Hz) in the MeC"*N-labeled isotopomer of 7,
along with the absence of observable phosphorus—nitrogen coupling, shows that the
hydrido and MeCN ligands are trans to one another and that they occupy coordination
sites cis to both phosphorus centers. Labeling MAC with "*C at the olefinic positions
shows an upfield shift (versus uncoordinated MAC) and phosphorus—carbon coupling for
each olefin carbon signal in the “C{'H} NMR spectrum of 7 (C/3 (terminal): AS = —64.9,
Jpa-comnsy = 17.5 Hz; Ca (internal): Ad = —46.4, Jp,_cirans) = 3.5 Hz), confirming that the
olefin group is bonded to ruthenium at a coordination site trans to one of the phosphorus
centers (Pa) and cis to the other (Pg). Labeling the carbonyl carbon centers in MAC with
BC shows a downfield shift and phosphorus—carbon coupling of the amide carbonyl signal
(A6=+9.9, Jp,_c = Jpgc = 2.5 Hz), and a downfield shift (A5 = +8.9) without observable
phosphorus—carbon coupling for the ester carbonyl signal. MAC therefore acts as a
bidentate ligand in 7 with the olefin and O-bonded amide groups occupying coordination
sites on ruthenium trans to the phosphorus centers (Scheme 5-1). MAC commonly
displays this bonding mode in rhodium and iridium complexes.>"!

The insertion product 1 resulted from addition of the hydrido ligand to CS
(terminal olefin carbon) and addition of ruthenium to Ca of MAC with the S absolute

configuration at the ruthenium-bonded carbon.? Apart from those structural features
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Figure 5-1. *'P{'H} NMR spectrum (161.9 MHz, THF-ds, —40 °C) of a mixture
containing 7 (75%), 1 (13%), and 2 (6%) recorded 1 h after mixing at 40 °C. A small

quantity of an unidentified non-hydrido species (?; 6%) was also present in the mixture.
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already established, two further conditions must be fulfilled for the olefin—catalyst adduct
7 to be an intermediate between the active catalyst 2 and the insertion product 1. First,
Cp of MAC and the hydrido ligand must be on the same side of the ruthenium-
bis(phosphine) plane. If not, the olefin-hydride insertion reaction in 7 would produce the
opposite regiochemistry of 1, with ruthenium at C£  This would rule out 7 as an
intermediate between 2 and 1. Second, the olefin group must be bonded to ruthenium
through the s7 enantiotopic face (Scheme 5-1) for olefin—hydride insertion to lead to 1 (the
absolute configuration at Caz of MAC(H) in 1 was crystallographically determined? as ).
'H NOE difference spectra'>" at —40 °C showed that irradiation of the hydrido signal
from 7 resulted in negative NOE (—3%) of the olefinic hydrogen (Hp) signal,"* confirming
that the hydrido ligand and Cf are on the same side of the ruthenium-bis(phosphine)
plane. Scheme 5-1 shows the two possible structures of 7 which are consistent with these
structural data. They are diastereomers that differ by which enantiotopic olefin face is
coordinated to ruthenium and by which phosphorus center is cis to the coordinated olefin.
In si-7, the substituents on the phosphorus center (Pg) cis to the coordinated olefin are
disposed with the naphthalene (Nap) ring adjacent (on the same side of the ruthenium—
bis(phosphine) plane) to C£ and with the axial phenyl (cis-Ph,.) group adjacent to the
methoxy group of the ester (Scheme 5-1). In re-7, the substituents on the phosphorus
center (Pg) cis to the coordinated olefin are disposed with the Ph,, group adjacent to Cf
and with the Nap ring adjacent to the methoxy group of the ester. 'H NMR signals from
these groups did not overlap with others" and provided an unambiguous assignment of
the structure as follows.

A *'P-'H HETCOR experiment, confirmed by selective 'H{*'P} NMR
experiments, showed that each phosphorus center is coupled to three ortho aromatic
proton signals, one for each o-Ph and one the o-Nap ring (Figure 5-2). That the signals
for the ortho protons on the phenyl rings are not separated shows that rotation around the
phosphorus—phenyl bonds is rapid on the NMR timescale at —40 °C.'® The signals for the
phosphorus centers cis and trans to the coordinated olefin were assigned by “C labeling of
MAC at the olefinic positions (vide supra). The cis phosphorus (Pg) was coupled to ortho

protons at & 8.22, 7.52, and 6.84. The trans phosphorus (P.) was coupled to ortho
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Figure 5-2. Section of the *'P-'H HETCOR NMR spectrum (499.8 MHz, THF-
ds/CD,Cl; (2:1 v/v), —40 °C) of 7 showing three ortho-type protons associated with each
3P resonance. The assignments for Pp are as follows (low field to high field): o-Nap, o-
Pheg, and 0-Phy.
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protons at §7.51, 7.10, and 6.92. The signal at §8.22 (t, *Jp.z = *Jins = 8.5 Hz) is from
o-Nap on Pg (Hnsp). It is a one-proton signal (by comparison to the integrated intensity of
Hp), and it is coupled to a one-proton signal from the m-Nap proton (5 7.91, d, *Juu =
8.5 Hz), which was determined by selective '"H{'H} and '"H-'"H COSY NMR experiments.
Irradiation of the Hy,p signal caused a —8% enhancement of the olefinic Hf signal and a
—4% enhancement of the hydrido signal, showing that the hydride, Hf, and Hx,, are on the
same side of the ruthenium-bis(phosphine) plane (Figure 5-3). Consistent with this
assignment is that irradiation of the methoxy group caused —2% enhancement for the
signal at § 6.62 (t, *Juu = 8.0 Hz), which is ascribed to the para proton on the cis-Ph,y
group. The cis-Phy ring is on the opposite side of the ruthenium-bis(phosphine) plane
with regard to the cis-Nap ring. Irradiation of the Hy,, signal caused enhancement of cis-

0-Ph,, protons, but not cis-o-Ph,, protons.

e

P trans-Phgy
Pa
trans-Pheq

R

Figure 5-3. Observed NOE values that were used to determine the structure and absolute

configuration of si-7.

These correlations are not possible in re-7 and therefore unambiguously show that
MAC is coordinated by the si-olefin face in 7 with the correct regiochemistry for olefin—
hydride insertion io form 1. It is therefore concluded that si-7 is a diastereomeric

intermediate between the active catalyst 2 and the insertion product 1. Other correlations
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could be found which affirm this structure assignment of si-7, but these are considered to
be ambiguous because the proton signals involved were overlapped by other aromatic
proton signals.

Preliminary kinetic investigations show si-7 undergoes first-order olefin-hydride

insertion to directly form 1 (£ =~ 1.0 x 10~ s™' at 20 °C) without detection of further

intermediates by *'P{'"H} NMR spectroscopy.

Conclusions

Despite that all enantioselective catalytic hydrogenations of olefins must involve
diastereomeric hydrido—olefin intermediates, si-7 is the first example of such a putative
intermediate to be observed and structurally characterized. Since the alkyl complex 1
(product) forms under Curtin~Hammett conditions during the catalytic hydrogenation, it
was impossible before this study to predict the stereochemistries and the distribution of the
hydrido—olefin diastereomers (reactant(s)) formed by reaction of the active catalyst 2 with
MAC. That si-7 is the only olefin—catalyst adduct formed in detectable amounts, and that
it Zs the immediate predecessor to 1 (of correct regio- and stereochemistry), allowed this
direct structural and kinetic study of an olefin-hydride insertion reaction as part of a
diastereomeric pathway for an enantioselective olefin hydrogenation. The most direct
pathway for the observed first-order transformation of si-7 into 1 is olefin—hydride
insertion (via hydride migration) followed by rotation around the Ru-Cea bond to result in
coordination of the amide carbonyl trans to MeCN and the ester carbonyl trans to Pg. It is
notable that si-7 and 1 are of the same absolute configuration as the major product
enantiomer of the catalytic hydrogenation and that the sequence of reactions involving 2,
si-7, and 1 is the most detailed structural observation to date of a diastereomeric pathway

in enantioselective catalytic hydrogenation (Scheme 5-2).
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Scheme S-2. Proposed Major Diastereomeric Pathway for the Enantioselective

Hydrogenation of MAC Catalyzed by 2

H —|+

P/l,,
H H o
Ph” Ph
H NHCOCH; 2;n=0-2 NHCOCHS,
(R)-MAC(H), MAC
H, MAC

Ph
Pl!,,, Pl/ ,,,,, I.“\\\O CH3
> ~ ~ e
P | CH, e [ S\
N H
1} O O
I
c':H3 CHgs
1 Si-7

Experimental Section

Materials. Gases and solvents were purified as outlined in Chapter 2. All
reagents were used as received from Aldrich unless stated otherwise. The synthesis of 3-
MeC"N was accomplished using the method described in Chapter 2. Isotope-labeled

517 of the corresponding oxazolones'®

derivatives of MAC were prepared via methanolysis
using appropriately labeled glycine, benzaldehyde, and methanol as reagents. The excep-
tion was MAC-/'-"C, which was prepared via methanolysis of the oxazolone derived from
N-acetyl-I'-"C-glycine (obtained via hydrolysis of ethyl N-acetyl-/'-"C-glycinate) as out-

lined below.
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Measurements. All instrumentation used were as described in Chapter 2 unless
stated otherwise. H and "F NMR spectra were recorded using a Bruker AM-400
spectrometer operating at 61.4 MHz and at 376.5 MHz, respectively. Two-dimensional
NMR spectra were recorded using a Varian Unity 500 spectrometer (‘H at 499.8 MHz
and *'P at 202.4 MHz). The chemical shifts for "H and *H are reported in parts per million
(0) relative to external tetramethylsilane and were referenced to residual solvent signals.
The chemical shifts for '°F and *'P are reported in parts per million (&) relative to external
trichlorofluoromethane and external 85% phosphoric acid, respectively. Electron-impact
high-resolution mass spectra (HRMS (EI)) were recorded using a Kratos MS50 spec-
trometer.

Syntheses. All techniques used were as described in Chapter 2.

(A) Ethyl N-Acetyl-1'-"C-glycinate. Triethylamine (7.1 mL, 0.051 mol) was
added dropwise to a stirred suspension of glycine ethyl ester hydrochloride (3.55 g, 0.025
mol) in methylene chloride (150 mL) at -10 °C under an atmosphere of argon gas. The
reaction mixture was stirred at —10 °C for 1 h, and then acetyl-/-"C chloride (1.8 mL,
0.025 mol) was added dropwise. The resulting mixture was stirred at —10 °C for 1 h, and
then it was allowed to warm to room temperature and to stir for an additional 1 h. The
suspension was evaporated to dryness, and the product was extracted from the solid with
benzene (200 mL). Yield after recystallization (benzene/n-pentane): 3.30 g (90%). 'H
NMR (400.1 MHz, CDCl;, 25 °C): 6 1.28 (t, *Juu = 7.0 Hz, 3H, CO,CH,CH3), 2.04 (d,
*Jeeu = 6.0 Hz, 3H, CH5CONH), 4.02 (dd, *Juy = 5.5 Hz, °Jey = 3.0 Hz, 2H,
NHCH,CO,), 4.21 (q, *Juu = 7.0 Hz, 2H, CO,CH,CHj), 6.09 (br, 1H, NH). “C{'H}
NMR (100.6 MHz, CDCls, 25 °C): § 14.1 (s, CO,CH,CH3), 22.9 (d, Jec = 51.5 Hz,
CH;CONH), 41.4 (s, NHCH,CO,), 61.5 (s, CO,CH,CH3), 170.2 (s, CH;CONH), 170.5
(s, CO,CH,CH;). HRMS (EI): m/z 146.0772 (M", exact mass calcd for Cs"”CH;;NOs
146.0773).

(B) N-Acetyl-I'-"C-glycine. Concentrated hydrochloric acid (1 mL) was added
to a stirred solution of ethyl N-acetyl-/'-"C-glycinate (3.10 g, 0.021 mol) in water (50
mL). The resulting solution was heated (75 °C) with stirring for 16.5 h, and then
evaporated to dryness to give a white solid. The solid was washed with dry THF (100
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mL), yielding 2.40 g of a mixture containing 67% N-acetyl-I'-"“C-glycine and 33% glycine
hydrochloride (by "H NMR and HRMS analyses). This mixture was used without further
purification for the preparation of enriched (Z)-methyl-4-benzaloxazolone-2-"C. 'H
NMR (400.1 MHz, CD;OD, 25 °C): §1.99 (d, 2Jc.u = 6.0 Hz, 3H, CH;CONH), 3.88 (d,
*Jeu = 4.0 Hz, 2H, NHCH,CO,H). “C{'H} NMR (100.6 MHz, CD;0D, 25 °C) §22.3
(d, "Jec = 50.0 Hz, CH;CONH), 41.8 (s, NHCH,CO,), 173.1 (s, NHCH,CO,), 173.7 (s,
CH;CONH). HRMS (EI): m/z 118.0459 (M, exact mass calcd for C; CH;NO;
118.0459).

(C) Enriched (Z)-Methyl-4-benzaloxazolone-2-’C. Prepared according to
established procedures'® using the above mixture of 67% N-Acetyl-/'-*C-glycine and 33%
glycine hydrochloride as starting material. Yield: 25%. "H NMR (400.1 MHz, CDCl;, 25
°C): §2.41 (d, %Je-u = 8.0 Hz, 3H, CH;), 7.15 (s, 1H, olefinic CH), 7.44 (m, 3H, CsHs),
8.08 (m, 2H, CsHs). “C{'H} NMR (100.6 MHz, CDCl;, 25 °C): § 15.7 (CHs), 128.9
(CeHs), 131.1 (CéHs), 131.4 (CpB, olefinic CH), 132.1 (CsHs), 132.6 (C-4, quaternary
olefin), 133.1 (-C¢Hs), 166.1 (C-2), 167.8 (C-5, carbonyl). HRMS (EI): m/z 188.0665
(M, exact mass calcd for C;o">CHsNO, 188.0667).

(D) Enriched MAC-1'-"*C. Prepared according to established procedures™"’
using the above enriched (Z)-methyl-4-benzaloxazolone-2-"C as starting material. Yield
after flash column chromatography on neutral alumina (methylene chloride) followed by
recrystallization (methylene chloride/n-pentane): 35%. '‘H NMR (400.1 MHz, THF-
dy/CD,Cl; (2:1 v/v), =40 °C): & 2.02 (d, *Jeu = 6.0 Hz, 3H, NHCOCH:), 3.74 (s, 3H,
CO,CHs3), 7.14 (s, 1H, olefinic CH), 7.36 (m, 3H, m- and p-C¢Hs), 7.57 (d, *Junu = 7.0
Hz, 2H, 0-CsHs), 9.15 (s, 1H, NHCOCH;). “C{'H} NMR (100.6 MHz, THF-d3s/CD,Cl,
(2:1 v/v), =40 °C): 622.9 (d, "Joc = 49.0 Hz, NHCOCH;), 52.8 (CO.CHs), 127.7 (Ca,
quaternary olefin), 129.3 (CsHs), 129.9 (CsHs), 130.5 (CgHs), 130.8 (Cp, olefin), 134.7 (i-
CeHs), 166.6 (C-1, CO,CH;3), 170.3 (C-1', NHCOCH;). HRMS (EI): m/z 220.0929 (M,
exact mass calcd for C;;°CH;3NOs 220.0929).

(E) 2-MeC"N. Prepared as described previously’ using 3-MeC"N (>95% BN-
enriched) as starting material. Complex 2-MeC"’N exists at —40 °C as a mixture of 4, 5,
and 6 (see the Results and Discussion for relative proportions in THF-ds). 4: 'H NMR
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(400.1 MHz, THF-ds/CD,Cl, (6:1 v/v), -40 °C): 6 —13.10 (m, overlapping with 5, 1H,
RuH), 2.68 (br s, 3H, CHsC”N-Ru), 6.0-8.5 (aromatic, overlapping with 5 and 6).
‘“P{IH} NMR (161.9 MHz, THF-dy/CD,Cl, (6:1 v/v), =40 °C): 6 71.8 (d, overlapping
with 5, 2Je_p = 49 Hz, 1P), 81.1 (d, */eop = 49 Hz, 1P). "N NMR (40.5 MHz, THF-
dy/CD,Cl, (6:1 v/v), =40 °C): & 211.3 (d, overlapping with 5, “/N-fuans) = 18.5 Hz,
CH;CP”N-Ru). 5: '"H NMR (400.1 MHz, THF-dy/CD,Cl, (6:1 v/v), —40 °C): & —13.10
(m, overlapping with 4, 1H, RuH), 1.84 (s, 3H, CH;C"”N-Ru), 2.12 (s, 3H, CH;C"”N-
Ru), 6.0-8.5 (aromatic, overlapping with 4 and 6). *'P{'H} NMR (161.9 MHz, THF-
ds/CD,Cl, (6:1 v/v), —40 °C): § 71.9 (apparent t, overlapping with 4, >/o_p = 2oy = 42
Hz, 1P), 76.4 (d, “/p_p = 42 Hz, 1P). N NMR (40.5 MHz, THF-ds/CD,Cl, (6:1 v/v), —
40 °C): §199.5 (d, *Jo-xgns) = 39.0 Hz, CH;CN-Ru), 211.3 (d, overlapping with 4, %/x.
Hewansy = 18.5 Hz, CH;C”N-Ru). 6 ([Ru((R)-BINAP)(H)(THF-ds);]BF,): "H NMR (400.1
MHz, THF-ds, —40 °C): 6 —-19.45 (br, RuA), 6.0-8.5 (aromatic, overlapping with 4 and
5). *'P{'H} NMR (161.9 MHz, THF-ds, -40 °C): 5 74.1 (br d, %Jo_p = 50.0 Hz, 1P), 82.0
(br, 1P). 6 ([Ru((R)-BINAP)(H)](BFs),, major): 'H NMR (400.1 MHz, THF-ds/CD,Cl,
(6:1 v/v), =40 °C): §-9.53 (dd, 2Jp_u = 42.0 Hz, 30.0 Hz, 2H, RuH), 4.2-6.0 (br m, 10 H,
bridging aromatic), 6.0-8.5 (aromatic, overlapping with 4, 5, and 6). *'P{'H} (161.9
MHz, THF-ds/CD,Cl, (6:1 v/v), 40 °C): 651.5 (d, 2Jp_p = 42.0 Hz, 1P), 54.9 (d, 2/pp =
42.0 Hz, 1P).
(F) si-7. In a 5-mm NMR tube, appropriately labeled 3 (1 equiv, typically ca. 25
mg) was partially dissolved in a mixture of THF-ds (0.50 mL) and CD,Cl, (0.15 mL)
under an atmosphere of argon gas. The tube was flushed with dihydrogen gas and shaken
at room temperature for 5 min causing the original yellow solution to change to orange.
The solution was bubbled with argon gas, then cooled to —78 °C, and transferred via
cannula to another NMR tube containing an argon saturated solution of appropriately
labeled MAC (1 equiv) in CD>Cl, (0.1 mL) at =78 °C. The tube was briefly removed from
the cooling bath, quickly shaken, and immediately placed in a —40 °C bath for 1 h before
NMR analysis. 'H NMR (400.1 MHz, THF-ds/CD,Cl, (2:1 v/v), —40 °C): & -7.48 (dd,
“Jos-rr = 34.5, 2oy = 21.5 Hz, 1H, RuH), 1.34 (s, 3H, NHCOCHs), 1.92 (s, 3H,
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CH;CN), 2.96 (br s, 3H, CO,CHs), 3.74 (apparent t, *Jo,-u = *Jpg-u = 4.0 Hz, 1H, HP),
6.2-8.2 (aromatic, see the Results and Discussion for signals that could be assigned with
certainty), 9.83 (s, 1H, NHCOCH;). “C{'H} NMR (100.6 MHz, THF-ds/CD,Cl, (2:1
v/v), =40 °C): §65.9 (d, *Jpp-c = 17.5 Hz, CP), 81.3 (d, *Jo,—c = 3.5 Hz, Ca), 175.5 (s,
CO,CHjs), 180.2 (br apparent t, *Jp,c = >Jpyc = 2.5 Hz, NHCOCH;). *'P{'H} NMR
(161.9 MHz, THF-dy/CD,Cl, (2:1 v/v), —40 °C): 543.1 (d, Jo_p = 24.0 Hz, 1P, P,), 66.3
(d, %Jo.p = 24.0 Hz, 1P, Pg). "N NMR (40.5 MHz, THF-ds/CD,Cl, (2:1 v/v), =80 °C): §
202.5 (d, */n-tieransy = 10.0 Hz, CH;CPN-Ru). F NMR (376.5 MHz, THF-dy/CD,Cl,
(2:1 v/v), —40 °C): §-152.1 (s, 20%, ""BF;), —=152.2 (s, 80%, "'BF,).
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(10) Orly one of the two possible diastereomers of 5 was observed. The absolute
configuration of the complex was not determined.

(11) (a) Bender, B. R.; Koller, M.; Nanz, D_; von Philipsborn, W. J. Am. Chem. Soc.
1993, /75, 5889-5890. (b) McCulloch, B.; Halpern, J.; Thompson, M. R.; Landis, C. R.
Organometallics 1990, 9, 1392—-1395. (c) Chan, A. S. C_; Pluth, J. J.; Halpern, J. J. Am.
Chem. Soc. 1980, 102, 5952-5954. (d) Brown, J. M.; Chaloner, P. A.; Glaser, R ;
Geresh, S. Tetrahedron 1980, 36, 815-825. (e) Chan, A. S. C.; Pluth, J. J.; Halpern, J.
Inorg. Chim. Acta 1979, 37, L477-L479.

(12) NOE methods have been used previously in the structure determinations
(including absolute configuration) of organometallic complexes containing prochiral
substrates. For recent examples, see: (a) Pregosin, P. S.; Trabesinger, G. J. Chem. Soc.,
Dalton Trans. 1998, 727-734. (b) Krafft, M. E;; Yu, X Y.; Wilson, L. J.
Organometallics 1998, 17, 2076-2088. (c) Motoyama, Y.; Murata, K.; Kurihara, O ;
Naitoh, T.; Aoki, K.; Nishiyama, H. Organometallics 1998, 17, 1251-1253. (d)
Steinhagen, H.; Reggelin, M.; Helmchen, G. Angew. Chem., Int. Ed. Engl. 1997, 36,
2108-2110.

(13) THF-ds solutions containing CD,Cl, (THF-ds:CD,Cl; = 2:1 v/v) were employed
to increase the solubility of 3 in the preparation of 2.

(14) Typically, solutions of 7 contained traces of excess MAC. The methoxy signal
for excess (uncoordinated) MAC in the '"H NMR spectra of these mixtures obscured the
signal for HS of 7, which required the use of MAC-CO,CD3 to obtain unambiguous NOE
data.

(15) There was significant overlap of the signals for the aromatic protons in the 'H
NMR spectrum of 7 (see Figure 5-2).
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(16) This was also shown at room temperature for [Pd((R)-BINAP)(7/’-allyl)]CF;SOs3,
where 77°-allyl = Zpinene allyl and exo-methylene cyclopentene allyl: (a) Pregosin, P. S ;
Riegger, H.; Salzmann, R.; Albinati, A.; Lianza, F.; Kunz, R. W. Organometallics 1994,
13, 5040-5048. (b) Ruegger, H.; Kunz, R. W.; Ammann, C. J.; Pregosin, P. S. Magn.
Reson. Chem. 1991, 29, 197-203. Note that the correlations between P4 and the ortho
aromatic protons are weaker than those for Pg. The weaker correlations indicate that the
signals from the ortho aromatic protons at P are broadened (these signals overlap with
other aromatic proton signals). This broadening shows that rotation around the Pa~Cphenyi
bond is slower at —40 °C than around the Pg—Chenyi bond. These experiments were not
optimized to observe correlations within the minor components in solution.

(17) Cativiela, C.; Diaz de Villegas, M. D.; Melendez, E. Tetrahedron 1986, 42, 583-
589.

(18) Herbst, R. M.; Shemin, D. In Organic Syntheses; Blatt, A. H., Ed.; Wiley: New
York, 1943; Collect. Vol. 2, pp 1-3.
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Chapter 6

Conclusions

Mechanism of Catalytic Hydrogenation. This mechanistic study represents the
most detailed structural observation of a diastereomeric pathway in enantioselective
catalytic hydrogenation. The proposed mechanism for the major (observed) diastereo-
meric pathway, that is responsible for production of the major product enantiomer, is
shown below (Scheme 6-1). The catalytic cycle is entered with activation of the catalyst
precursor, [Ru((R)-BINAP)(1-3:5,6-7-CsH;;)(MeCN)]BF, (1), by reaction with dihydro-
gen gas in weakly coordinating solvents (acetone, methanol, or THF) to generate
cyclooctane and the active ruthenium-hydrido catalyst [Ru((R)-BINAP)(MeCN),(sol)s-,]-
BF, (2; n = 0-3, depending on reaction medium). Complex 2 then rapidly reacts with the
substrate MAC to generate the catalyst—substrate adduct 3. Complex 3 undergoes rapid
olefin—hydride insertion to generate the ruthenium-alkyl complex 4. Both the initial
reaction of MAC with 2 and the subsequent olefin—hydride insertion reaction to form 4 are
rapid and reversible, as determined by deuterium-labeling studies. The final step, which
completes the catalytic cycle, is hydrogenolysis of the ruthenium-alkyl bond of 4 to
liberate the hydrogenation product (R)-MAC(H), and to regenerate the catalyst 2. This
hydrogenolysis step is both enantioselective and turnover-limiting. Unlike the ruthenium—
BINAP system studied by Halpern and Noyori (where the enantioselective step followed
the turnover-limiting step'), a detailed kinetic study of this system may provide
information about the enantioselective step and the origins of enantioselection for
hydrogenations catalyzed by ruthenium—-BINAP complexes. This study has also demon-
strated that for this system, unlike the mechanism proposed by Halpern and Noyori,
heterolytic cleavage of dihydrogen gas is not operative and that solvolysis (or
protonolysis) of the ruthenium-alkyl bond is a minor (<4%) pathway of the catalytic
hydrogenation in methanol solvent. It should also be noted that the distinct difference

between the mechanism proposed in the present study and that of the catalytic
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Scheme 6-1. Proposed Major Diastereomeric Pathway for the Enantioselective

Hydrogenation of MAC Catalyzed by 2
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hydrogenation of MAC when using [Rh((R,R)-DIPAMP)(MeOH),]BF, as the catalyst is
that the major diastereomeric substrate—adduct leads to the major product enantiomer,

whereas the minor diastereomeric substrate—adduct leads to the major product enantiomer
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for the rhodium system. Further, formation of 4 is effected by a reversible olefin-hydride
insertion step; the corresponding step in the rhodium—((R,R)-DIP AMP)-catalyzed process
is irreversible.”

Although the proposed mechanistic pathway (involving reversible formation of
ruthenium—alkyl species followed by hydrogenolysis of a ruthenium-—carbon bond in which
the carbon center is stereogenic) has been postulated for ruthenium-BINAP catalyzed
enantioselective hydrogenation,” this study represents the first instance where such
putative catalytic intermediates have been intercepted, fully characterized, and studied to
establish their relevance to the catalytic cycle. The results from the isotope-labeling and
stereochemical studies of these putative intermediates demonstrate that the stereo-
selectivities and regioselectivities of the rapid and reversible formation of 3 and 4, and the
conversion of 4 to (R)-MAC(H), (via irreversible hydrogenolysis of the ruthenium-carbon
bond) summate to give the stereoselectivity and regioselectivity of the catalytic
hydrogenation. These data strongly support the intermediacy of 3 and 4 in the catalytic
reaction; however, it has yet to be determined that the rate of hydrogenolysis of 4 is no
slower than the catalytic hydrogenation under similar reaction conditions.” If this stoichio-
metric rate requirement is satisfied, then, combined with the results obtained from the X-
ray crystallographic, low-temperature NMR spectroscopic, catalytic and stoichiometric
isotope-labeling, and catalytic rate studies, it can be confidently stated that 3 and 4 are
true catalytic intermediates. It cannot be conclusively stated, however, because the
proposed intermediates may be in equilibrium with the true intermediates that react to
generate the products. A direct comparison between the stoichiometric and catalytic rate
data, however, are complicated by both the accumulation of MeCN, which occurs in
solution during the stoichiometric hydrogenolysis of 4 (reaction of 2 with MAC(H), to
give MeCN and [Ru((R)-BINAP)(7°-MAC(H),)]BF.), and the ability of 4 to undergo
solvolysis in methanol. Both of these processes do not occur during the catalytic
hydrogenation. It should be noted, however, that formation of complex 4 was rapid
relative to the overall rate of the catalytic hydrogenation, that 4 is the predominant species
in solution during catalysis, and that the rates of catalytic reaction when using 2 and 4 as

the catalysts are similar. Regardless, 3 and 4 constitute the first examples of putative
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ruthenium-BINAP catalytic intermediates that each contain a substrate that is bonded to
the ruthenium center through the prochiral group of the substrate.’ Further, 3 is the first
diastereomeric hydrido—-olefin intermediate to be fully characterized in catalytic
enantioselective hydrogenation—a necessary intermediate in all catalytic hydrogenations.

Rewards of Mechanistic Studies. The benefits of mechanistic studies reach far
beyond satisfying academic curiosities. The purpose of such studies, ultimately, is to
expose the underlying principles of enantioselective catalysis that will allow the rational
design of catalysts with tailored selectivities. Despite the intense study of transition-metal-
based enantioselective catalysis during the past 30 years, there is little predictive
understanding of how steric and electronic factors specifically contribute to
enantioselection. In fact, it was only through the present study that the critical bonding
interactions of the prochiral substrate group to a ruthenium catalyst were first learned.
Moreover, this study has provided important guidelines that facilitated the development of
highly reactive catalysts for an industrial process. The following briefly describes a
portion of our two-year industrial collaboration with workers at Firmenich S.A., a
fragrance and flavor company based in Switzerland, that involved the development of new
chiral catalysts and enantioselective reactions.®

The target molecule 5, produced by Firmenich under the tradename Hedione®, is
an important synthetic fragrance component that is the dihydro derivative of natural

methyl (Z)-jasmonates (Scheme 6-2). Patented by Firmenich in 1960’ as an inexpensive

Scheme 6-2. Jasmonoid Compounds of Importance in the Fragrance Industry
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replacement for jasmine oil,® Hedione® is present in many commercial fragrances. Since
1970, Firmenich has commercialized a close-to-equilibrium mixture of Hedione® (ca. 4000

tons year™') that contains ca. 10% (rac)-6 and ca. 90% (rac)-7 (Scheme 6-3). It is

Scheme 6-3. Components of Hedione®
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(15,28)-7 (1R,2R)-7

prepared by the aldol condensation of cyclopentanone with pentanal and subsequent
isomerization to 8, followed by Michael addition of dimethyl malonate to 8 and
subsequent dealkoxycarbonylation (Scheme 6-4).° Evaluation of the four stereoisomers of
Hedione® established that (1R,2S5)-6 has the lowest odor threshold (by several orders of
magnitude) and it possesses the distinct jasmine note (a sweet floral fragrance). It is,
therefore, desirable to prepare mixtures, known as Hedione® HC, that contain increased
amounts of the cis isomer (1R,25)-6. The use of the high-cis product Hedione® HC is
limited, however, because (1R,25)-6 epimerizes outside the 5.5-6.5 pH range to give
(1R,2R)-7.
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Scheme 6-4. Industrial Synthesis of Hedione®
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The jasmanoid chemistry of Firmenich has moved from natural jasmine oil to the
synthetic variant Hedione® and, more recently, to Hedione® HC—presently a mixture of
ca. 70% (rac)-6 and ca. 30% (rac)-7 prepared by fractional distillation of Hedione.® The
following discusses the stereoselective preparation of the active isomer (1R,25)-6—the
next milestone of Hedione® chemistry.

The most direct synthetic route to (1R,25)-6 is enantioselective hydrogenation of

the tetrasubstituted olefinic precursor 9 under neutral pH conditions (eq 6-1). This

(@] @)
o— Hy \ o—
—_— NN (6-1)
cataliyst
9 (1R,2S)-6
Hedione® HC

approach is particularly attractive because generation of two of the inactive stereoisomers
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of Hedione® (7) is prevented since reduction of olefinic substrates catalyzed by
homogeneous transition-metal complexes generally proceeds via syn addition of
dihydrogen gas. Known homogeneous catalysts used for enantioselective hydrogenation
of olefins, however, do not effect the hydrogenation of 9, including conventional catalysts
of the form [Rh(bis(phosphine))(sol),]BF;. There are, in fact, few examples of homo-
geneous enantioselective hydrogenation of tetrasubstituted olefins in the literature.'
Historically, tetrasubstituted olefins have presented a challenge for known homogeneous
hydrogenation catalysts (low reactivity and selectivity), presumably because the steric
hinderance of these substrates lowers their ability to bind to the catalyst. It was essential,
therefore, that a new catalyst system, with higher reactivity, be developed for the
hydrogenation of 9.

Through the design of a well-defined catalyst precursor, 1, and identification of the
subsequent active catalyst 2, this research group, in collaboration with workers at
Firmenich, has been able to design a general route to chiral ruthenium complexes capable
of catalyzing the enantioselective hydrogenation of 9. Work from this laboratory has
shown that 2 is an effective hydrogenation catalyst that exhibits high enantioselectivity;
however, the presence of the strongly coordinating MeCN ligand compromises the TOF of
this catalyst system and precludes its use in an industrial process. A catalyst system
similar to 2, but containing only weakly coordinating solvento ligands (no MeCN) was
envisaged. Ideally, a very weakly coordinating solvent, such as methylene chloride, should
be used to prevent competing coordination of the solvent and substrate to the catalyst.
Such a catalyst system also requires synthetic flexibility to permit the incorporation of
several different chiral bis(phosphine) ligands for rapid screening and optimization of the
hydrogenation process.

It was previously established by Chaudret and co-workers'' that protonation of
[Ru(COD)(COT)] by stoichiometric amounts of HBFEt;O at low temperature
immediately generated thermally unstable [Ru(H)(COD)(COT)]BF, (10). These workers
also reported that addition of excess monodentate ligands (L = H,O, MeCN, or
phosphines) to 10 at low temperature, followed by warming to room temperature

generated [Ru(L);(1-5-7-CgH;:)]BF, and cycloocta-1,3-diene. In this laboratory, it was
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found that addition of 1 equiv of (R,R)-Me-DuPHOS to a solution of 10 in methylene
chloride at ~78 °C, followed by warming to room temperature generated [Ru((R,R)-Me-
DuPHOS)(H)(COT)]BF; (11) and COD (eq 6-2). Complex 11 was isolated as an
analytically pure crystalline solid in high yield (>80% isolated; quantitative by NMR), and
it was fully characterized by X-ray diffraction, NMR spectroscopy, mass spectrometry,

Q
= ]+ @E p,,,

and elemental analyses. Likewtse, reaction of 10 with (R)-(S)-JOSIPHOS, (R)-BINAP,
and (R)-TolBINAP generated [Ru((R)-(S)-JOSIPHOS)H)(COT)]BF, (12; eq 6-3),
[Ru((R)-BINAP)(1-5-7-CsH1 )] BF, (13; eq 6-4)," and [Ru((R)-TolBINAP)(1-5-7-

<+

_I
O 5 62

11 + COD

CsH11)]BF, (14; eq 6-4), respectively, as major products. Complexes 11-14 reacted with

N

(R)-(S)-JOSIPHOS Pr,,,
10 > “Ru— BF4 (6-3)
p/ 4
12
PCy2
< P = PPh,
= Fe
P >
_! .
(R)-BINAP or
(R)-TolBINAP
10 -

13; Ar = CgHs-
14; Ar = p-CH3-CgH4-
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dihydrogen gas in weakly coordinating solvents to generate highly reactive catalysts of the
form [Ru(bis(phosphine))(H)(sol);]BF; with concomitant formation of cyclooctane. This
method is the first versatile synthetic route to prepare catalysts of the form
[Ru(bis(phosphine))(H)(sol);]BF. that contain structurally and electronically diverse chiral
bis(phosphines). These complexes can be easily prepared in high yield and stored as the
catalyst precursors [Ru(bis(phosphine))(H)(COT)]BFs or [Ru(bis(phosphine))(1-5-7-
CsH,)]BF,. The preparation of the starting ruthenium complex ([Ru(COD)(COT)]), the
catalyst precursors, and the active catalysts constitute the first synthetic route for
ruthenium that closely parallels that of the highly successful rhodium synthesis of Schrock
and Osborn®® ([Rh(diene),]” (diene = COD or NBD), [Rh(bis(phosphine))(diene)]”, and
[Rh(bis(phosphine))(sol),]", respectively). The limitation of the ruthenium synthesis is the
availability of [Ru(COD)(COT)] (30-50% yields by literature methods'!); nevertheless,
this methodology will still provide a rapid and effective means for screening ruthenium—
(bis(phosphine)) catalysts in industrial and academic environments to the degree that
[Rh(bis(phosphine))(sol),]” catalysts are used today.

The effectiveness of the catalyst precursors 11-14 for the hydrogenation of 9 was
evaluated by co-workers at Firmenich. Through optimization of the hydrogenation
process, (1R, 25)-6 can now be produced in 90% ee with >99:1 cis-selectivity when the
ruthenium—((R)-(S)-JOSIPHOS) catalyst is used in methyl s-butyl ether solvent (7 = 30
°C, 90 atm H,, MTBE:substrate = 10:1, TOF = 3 min™", TON = 2000).

In addition to the development of highly reactive catalysts for an industrial process,
this project has provided a platform for further catalyst development. Preliminary
experiments have shown that the ruthenium—hydrido catalysts discussed in this thesis are
precursors to chiral ruthenium-alkylidene complexes that are promising catalysts for
asymmetric olefin metathesis reactions.'” Chiral variants of Schrock's metathesis catalyst
([Ph(CH;),CCH=Mo0=N(2,6-(/-Pr),CsH3)(OCMe(CF3)).];'® Scheme 6-5) and their use in
asymmetric ring-closing metathesis (ARCM) have been described;!” however, these
complexes, unlike the successful metathesis catalyst of Grubbs ([Cl,(PCy;),Ru=CHPh];'®
Scheme 6-6), are thermally sensitive, highly air-sensitive, and intolerant of many functional

groups that are important in organic synthesis. Although chiral alkylidene complexes of
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Scheme 6-5. Schrock's Catalyst and Its Chiral Variants
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ruthenium are known, these complexes, prepared directly from Grubbs' catalyst by
Herrmann and co-workers, contain chiral monodentate N-heterocyclic carbene ligands (eq
6-5)." Tt is appreciated in catalyst design that bidentate ligands, in general, are required
for high enantioselectivity; therefore, it is desirable to prepare catalysts of well-established
chiral bis(phosphine) ligands. Only recently have ruthenium—alkylidene complexes of
achiral bis(phosphines) appeared in the literature,? but chiral variants have not followed.
It was discovered in this laboratory that, using the method of Wilhelm et al. ! [Ru=CH-
CH=CMe,(CI)((R)-BINAP)(MeCN)]BF, (15)** can be prepared in high yield by the rapid
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reaction of 2 with 3-chloro-3-methyl-1-butyne (eq 6-6). Complex 15 is the first
ruthenium—alkylidene complex of a chiral bis(phosphine). Although the use of 15 as a
catalyst in asymmetric olefin metathesis reactions has not yet been evaluated, preliminary
experiments have indicated that it is an active ring-opening metathesis catalyst for the

polymerization of NBD.

P
H . cl |
P, | = Q P/

‘Ru(MeCN),,(sol)3_, > pine-RU-ig) (6-6)
= <

2;:n=0-3 15 “CHs

Future Mechanistic Studies. The present mechanistic study strongly implies that
the hydrogenation of MAC catalyzed by 2 is operating under Curtin—Hammett conditions,
and that the hydrogenolysis of the ruthenium—carbon bond of 4 is both the enantioselective
step and the turnover-limiting step. The hydrogenolysis is responsible for the observed
enantioselection (the difference in Gibbs energies of the diastereomeric transition states)
and TOF (limited by the slowest step in the catalytic cycle) for the catalytic hydrogenation.
It follows that an examination of the hydrogenolysis step is required to determine the
influence of 4 on the enantioselectivity of the catalytic reaction. If the rate of the stoichio-
metric hydrogenolysis of 4 is similar to the TOF of the catalytic hydrogenation, then all of
the available data will support the intermediacy of 4 in the catalytic hydrogenation of
MAC. Difficulties in studying the hydrogenolysis reaction, however, have been discussed
earlier regarding the accumulation of MeCN in solution during hydrogenolysis of 4—an

event that does not occur during the catalytic hydrogenation. To circumvent this draw-
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back, it is conceivable that the catalyst precursor containing no MeCN, [Ru((R)-
BINAP)(1-5-7-CgH,;)]BF4, be used. Preliminary experiments, however, have shown that
the only ruthenium species detected by *'P{'H} NMR spectroscopy in solution under
catalytic conditions are the 7°-arene complexes [Ru((R)-BINAP)(H)(7°*-MAC)]BF; and
[Ru((R)-BINAP)(H)(7*-MAC(H),)]BF:.Z No detectable quantities of a species structur-
ally related to 4 were observed under these conditions. Another possibility that will
prevent the formation of MeCN during the stoichiometric hydrogenolysis is the elimination
of the phenyl group in MAC(H), (which displaces MeCN) by using [Ru((R)-
BINAP)(MAA(H))(MeCN)]BF, or [Ru((R)-BINAP)(MAA(H))(sol)]BF,s. Using [Ru((R)-
BINAP)(MAA(H))(MeCN)]BF,, that consists of a 72:28 mixture of diastereomers of
opposite absolute configuration at their respective a-carbons, also presents the possibility
of studying the hydrogenolysis step of both diastereomeric pathways. Characterization of
the minor diastereomer would represent the first instance where the structures of both
diastereomers have been experimentally determined for an enantioselective catalytic
reaction. These structures could serve as approximate models of the diastereomeric
transition states in an attempt to determine the origins of enantioselectivity.

It was proposed in Chapter 4 that dissociation of MeCN from 4, to generate an
unsaturated 16-electron species that is receptive towards dihydrogen gas, is the turnover-
limiting step in the catalytic cycle. This proposal was supported by the increase in the rate
of the catalytic hydrogenation when MeCN was removed from the system and by the
decrease in the rate of the stoichiometric hydrogenolysis caused by the accumulation of
MeCN during the reaction. We recently found in preliminary experiments that addition of
10 equiv of MeC"N to a solution of 4 in acetone at room temperature resulted in slow
exchange of the MeCN ligand for MeC'’N. No exchange was detected by *'P{'H} NMR
spectroscopy after 0.5 h and only ca. 60% exchange had occurred after 7h. In com-
parison, one turnover in the catalytic hydrogenation of MAC in acetone solvent at 30 °C
occurs in ca. 1 min. These results suggest that an unsaturated species is required for
reaction with dihydrogen gas, and that it is formed through a pathway not involving

dissociation of MeCN (possibly through dissociation of the amido or the ester carbonyl

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155
groups of the MAC(H) ligand of 4). This issue should be further explored in future
studies.

The hydrogenolysis of 4 should also be studied using para-enriched dihydrogen
gas. The advantage of using para-dihydrogen gas is that signals in the '"H NMR spectra of
hydrogenated products are enhanced by up to 10°. Such enhancements allow detection of

* These conditions may allow the

even very minor components in a reaction mixture.’
detection and spectroscopic structure determinations of low concentration intermediates in
the catalytic hydrogenation (or in the stoichiometric hydrogenolysis) such as dihydrido
complexes. These species were not detected in the present study using conventional NMR
spectroscopic methods. It is also well known that reversible addition of para-enriched
dihydrogen gas to transition-metal complexes in solution causes equilibration of the ortho
and para forms (ca. 3:1 at room temperature). An ortho—para interconversion occurring

under catalytic or stoichiometric conditions could be interpreted as evidence for the

presence of a low concentration dihydrido complex.”
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