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Abstract

The Noyori-type catalyst trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)]
(6) and its analogues are among the most active and enantioselective
ketone hydrogenation systems reported to date. Its applications towards
other types of carbonyl compounds are, however, understudied. This
dissertation describes the first applications of this catalyst system towards
hydrogenations of esters and imides under mild reaction conditions.
Further, a detailed mechanistic study of this system is presented using
ketones, esters, and imides as substrates.

The dihydride 6 was highly active towards the hydrogenation of
esters. Stoichiometric reactions between 6 and lactones proceeded at
—80 °C to form the net hydride insertion products, Ru-hemiacetaloxides.
The hemiacetaloxides were further hydrogenated at —40 °C under ~2 atm
of H, to form the corresponding Ru-alkoxides. Catalytic hydrogenations
could be carried out, even at —20 °C under 4 atm of H,, however, these
hydrogenations slowed over time due to deactivation of the catalyst by
primary alcohol products.

The first homogeneous monohydrogenation of imides was
developed using 6 and related compounds as catalysts. Further, upon
optimization of reaction conditions and imide structure, meso-cyclic imides
were desymmetrized in high ee via the monohydrogenation to form
kinetically unfavoured trans-hydroxy lactams with up to 5 stereogenic

centres. Furthermore, the number of stereogenic centres was increased



from 5 to 7 using N-acyliminium ion chemistry. A model for the origin of
enantioselection was proposed using substrate-catalyst steric interactions.
Low temperature NMR studies revealed that base catalyzes the rapid
cis-trans isomerization to form the thermodynamically more stable
trans-isomer. It was proposed that this rapid isomerization prevents
racemization of a product.

Transition states for the formation of Ru-alkoxides from addition
between 6 and acetophenone were studied using an intramolecular
trapping experiment. Addition between 6 and
4-hydroxymethylacetophenone at —80 °C exclusively formed the net
hydride insertion product, Ru-secondary-alkoxide. Combined with
controlled experiments, this result is strong evidence for the formation of a
Ru-O interaction in the transition state, which supports concerted

formation of the Ru-alkoxides from 6 and acetophenone.
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Chapter 1
Introduction

The development of organic synthesis in industry

Since Wohler’s preparation of urea from ammonium isocyanate in
1828,' organic synthesis has become a central component of modern
academic and industrial chemistry.? The methodologies for synthesizing
complex molecules are extensively developed, and the high level of
synthetic sophistication now available allows the production and
commercializaton of many complex compounds, such as
(+)-discodermolide, a potent anti-cancer drug that contains 13 stereogenic
centres (Figure 1-1).% Surprisingly, 60 g of this compound was made in 39

steps by Novartis International AG in 2004 for phase 1 clinical trials.”

Figure 1-1. Chemical structure of a potent anticancer drug

(+)-discodermolide.

The modern fine chemical and pharmaceutical industries are
established upon the tremendous advances made in organic synthesis
over the last century. Since many well-established methodologies were

developed in an era when the toxicities of many reagents were unknown,



and/or when minimization of waste was not a paramount priority,
industrial-scale synthesis is often associated with negative environmental
impacts. These negative impacts are the incentive for the development of
Green Chemistry, and the minimization or elimination of environmental
harm by industrial chemistry is among the highest priorities of modern
organic chemistry.”
Green chemistry in the fine chemical and pharmaceutical industries
The term “Green Chemistry” was coined by Anastas of the US
Environmental Protection Agency in 1993.° Its concise definition is as
follows: Green chemistry efficiently utilizes raw materials, eliminates waste
and avoids the use of toxic and/or hazardous reagents and solvents in the
manufacture of chemical products.® One issue raised by this definition is
how to evaluate the efficiency of chemical processes. There are several
metrics used to assess the efficiencies of chemical processes such as
atom economy,’ Process Mass Intensity (PMI),® E factor,” and others. The
E factor is among the most frequently used by industry and is formulated
as the mass of waste per mass of desired product. The ideal chemical
process should thus have E factor of 0. Table 1-1 shows typical E factors

for representative segments of chemical industry.’



Table 1-1. E factors for various chemical industries.

Industries Annual production (t) Waste produced (t) E factor
Oil refining 10° - 10° 10° - 10’ <0.1
Bulk chemicals ~ 10*- 10° 10* - 5x10° <1-5
Fine chemicals ~ 10%* 10* 5x10% - 5x10° 5-50
Pharmaceuticals 10 - 10° 2.5x10% - 10° 25 -
100

These data show that the E factor increases from the oil refining to
the pharmaceutical industries. There are three major reasons for the high E
factor in the fine chemical and pharmaceutical industries. First, the profit
margin in those industries is much higher than those of the oil/bulk
industries. As a result, minimization of the cost associated with waste
management is often not the highest priority in these industries. In addition,
the production volume of these industries is relatively small compared to
the others. Thus, even though the E factors of fine chemical and
pharmaceutical industries are high, the amount of waste produced is
relatively small (Table 1-1). Second, unlike oil/lbulk chemicals, fine
chemicals and pharmaceuticals are often produced via multi-step synthesis,
often with each step producing waste. For example, one of the most
cost-effective processes to produce the anti-inflammatory drug naproxen
consists of five synthetic steps with waste products that include CH,ClIs,
HBr, NaBr, and MgX, (X = Br or Cl) (Scheme 1-1).%° Another example is the

large scale synthesis of (+)-discodermolide described in page 1. Even if



each step of this 39-step synthesis proceeds in 90% yield, the yield of final

product is 1.6%.

Scheme 1-1. A relatively cost-effective process for the production of

(S)-naproxen.
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Furthermore, the purity of fine chemicals and pharmaceuticals
must be near absolute, as the products are meant for human consumption.
For example, naproxen is currently produced as the enantiomerically pure
S isomer because presence of the less active R isomer is associated with
liver damage.™ The requirement for higher purities translates into more
purification steps with increasing waste production, mainly as solvent. The
third reason for the larger E values in the fine chemical and pharmaceutical
industries is the need for quick product development, resulting from a
competitive market place, and from shorter life cycles of products

compared to that of bulk chemicals. This time factor is one of the major
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obstacles to replace well established, yet wasteful processes with new
environmentally (and often economically) superior processes, especially
when developing a process for a first-in-class drug.*?

The increasing environmental concerns regarding chemical
industry have, however, changed the situation since the 90’s. In fact, the
2005 Nobel Prize in chemistry was awarded to Y. Chauvin, R. H. Grubbs,
and R. R. Schrock for the development of step-reducing, metathesis
methodologies in organic synthesis."®> A number of methods are under
development in both academia and industry to reduce waste production in
the fine chemical and pharmaceutical industries.**® For example, a new
cost-efficient and environmentally superior process to produce
(S)-naproxen was developed by Albemarle in 1998 using the Heck and
carbonylation reactions (Scheme 1-2).1*®) This new process eliminated the
MgX, waste associated with the Grignard reaction, and it is now used in

commercial production on the 500 ton/year scale.®

Scheme 1-2. New catalytic process for the production of (S)-naproxen.
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The major approaches to reduce waste production in large-scale
synthesis include catalysis, alternate reaction solvents, and
one-pot/cascade reactions.> Each of these approaches has examples
adopted by industry as an environmentally superior method. For example,
Pfizer received a Presidential Green Chemistry Challenge Award in 2002
for the switch to environmentally friendly solvents for the synthesis of
antidepressant sertraline.*® In this process, they replaced three solvents
(THF, toluene, and hexanes) with ethanol. As a result, they achieved a 24%
reduction of the volume of solvents used, and eliminated the processes
required to recover three different solvents. In addition, ethanol is less toxic

than THF, toluene, and hexanes (Scheme 1-3).

Scheme 1-3. More environmentally friendly sertraline process.
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Catalysis in the fine chemical and pharmaceutical industries

The largest advantage of catalysis is its high atom efficiency. For



example, catalytic reduction and oxidation can eliminate waste generated
by stoichiometric reagents such as Na and NaBH, for reductions, and
chromium reagents for oxidations. The major challenge in fine chemical
catalysis is the development of processes based on H;, O,, H,O,, CO, COs,

and NH3; as abundant and clean sources of H, O, C, and N.

Scheme 1-4. Classical and new ibuprofen processes.
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An excellent example of an atom-efficient process utilizing
catalysis is that developed by the Boots-Hoechst-Celanese (BHC)

Company for the production of the anti-inflammatory drug ibuprofen.>*’



Scheme 1-4 shows both the classical and new processes for the
production of ibuprofen. Note the exact reaction conditions used in the
production scale are a trade secret, and the reaction conditions given in
Scheme 1-4 are adopted from a patent.

The classical route consists of six steps with stoichiometric
reagents that proceed with the formation of inorganic salts. As a result, the
atom utilization of this process is less than 40%. The new route developed
by BHC is a three-step synthesis with two catalytic reactions. Furthermore,
the catalytic reactions utilize H, and CO respectively as a source of H and
CO. The catalytic carbonylation reaction in the third step of BHC process is
proposed to proceed via formation of the corresponding chloride from the
starting alcohol, followed by oxidative addition of the C—CI bond, CO

insertion, and reductive elimination to form ibuprofen (Scheme 1-5).*®

Scheme 1-5. Proposed catalytic cycle of the carbonylation reaction.
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This process operates with nominal overall atom utilizations of 80%,

and can reach nearly 99% by recycling acetic acid and hydrogen fluoride.
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Even though (S)-ibuprofen is the active enantiomer, racemic ibuprofen is
produced because ibuprofen is known to racemize under physiological
conditions.™ The BHC process was commercialized in 1992 in a ca. 4000
ton/year facility, and received the Presidential Green Chemistry Challenge
Award in 1997.

Another major challenge in catalysis is producing high chemo-,
regio-, diastereo-, and enantioselectivity. The development of
enantioselective catalytic process is a high priority in the fine chemical and
pharmaceutical industries since the announcement of regulations from the
U.S. Food and Drug Administration (FDA) regarding stereoisomeric drugs
in 1992.*° This announcement stated that pharmacological activities of all
stereoisomers should be investigated in animals and/or in humans. Usually
the additional cost of producing enantiomerically pure drugs is lower than
that of investigating pharmacological activities of unwanted enantiomers.?
As a result, many pharmaceutical companies have started producing
enantiomerically pure drugs since the regulation was implemented. In fact,
the major form of stereoisomeric drugs marketed before the new legislation
was introduced was racemic. As Figure 1-1 shows, racemic drugs are

nearly no longer marketed.?
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Figure 1-2. Number of marketed racemic/enantiomerically pure synthetic

drugs.?°

The three major methods utilized to produce enantiomerically pure
products in industry are chiral pool, resolution, and enantioselective
catalysis. Currently, more than half of industrial asymmetric synthesis is
based on the use of starting materials from the chiral pool or the use of
resolution.?® Although technically easy, these methods are often associated
with low atom efficiencies, and relatively narrow applicability. Conversely,
enantioselective catalysis is atom-efficient, and it is a widely applicable
method. Among the industrial enantioselective catalytic reactions currently
in operation, hydrogenation is the most widely used. According to a recent
review by Blaser and co-workers, at least 18 out of 38 catalytic asymmetric
transformations in the fine chemical and pharmaceutical industries are

asymmetric hydrogenations of C=C, C=0, or C=N functionalities.”* The
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popularity of asymmetric hydrogenation is mainly due to its simplicity, its
broad scope, its high turnover number (TON) and turnover frequency
(TOF), and its high degree of chemo-, regio-, diastereo-, and
enantioselectivity. TON is the number of moles of product produced per
mole of catalyst; TOF is TON per unit time. Hydrogenation is one of the few
catalytic processes with which both atom efficiency and selectivity meet the
level of sophistication required for pharmaceutical production.
Hydrogenation of carbonyl compounds

The reduction of carbonyl compounds to alcohols is a fundamental
process in organic synthesis because the alcohol functionality is ubiquitous
in nature. A wide variety of B-H and Al-H reagents, with well-established
reactivities and selectivities have been developed since the discovery of
NaBH, as a reducing agent in the 1940s.? The use of these stoichiometric
hydride reagents in industry, however, has several disadvantages. First,
these reagents are hazardous because they are highly reactive toward
moisture. Second, and more importantly, these reagents generate
stoichiometric amounts of boron or aluminum waste. From both an
economic and environmental viewpoint, hydrogenation is preferred by
industry. The following sections present recent developments in
hydrogenation of ketones, esters, and imides with emphasis on
mechanism and applicability. There are relatively few recent advances in
the hydrogenation of acid anhydrides, carboxylic acids, and amides.?**%

Hydrogenation of amides is discussed in Chapter 5.
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Hydrogenation of ketones

There are a large number of heterogeneous and homogeneous
catalysts that hydrogenate ketones. The typical choice of catalysts for
heterogeneous ketone hydrogenation in industry includes Pd, Pt, Raney Ni,
and Cu-Cr catalysts.** For enantioselective heterogeneous hydrogenations,
Raney Ni with tartaric acid modifiers and Pt with cinchona alkaloids
modifiers are the most common catalysts for B- and a-functionalized
ketones respectively. These systems, however, show low enantioselectivity
and TOF towards hydrogenation of simple ketones likely due to weaker
coordination ability of simple ketones. One of the recent developments in
this field is a heterogeneous Ir-PPhs-cinchona alkaloids catalyst system
that hydrogenates simple ketones under basic conditions with high
enantioselectivity (typically > 80%), however, with low TOF (< 67/h)
(Typical reaction conditions: 0.5 mol% catalyst, LiOH 40 mol%, 30 °C, 60
atm Hy).?

Typical homogeneous catalyst systems use Mo, W, Fe, Pd, Cu, Ru,
Ir, or Rh as the metal centre.?® Among them, Ru, Ir, and Rh catalysts with
chiral bidentate phosphine ligands are the most common. Of this subset,
Ru catalysts with chiral diphosphine ligands have proved to be the most
versatile.”®® For example, Ru(diphosphine)(X), (X = halides) catalysts
hydrogenate a- or B-functionalized ketones under neutral or acidic

conditions with high enantioselectivities (Equations 1-1 and 1-2).%’
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o RuCly((R)-BINAP) (0.13 mol%) OH
H, (96 atm
)kfo 2( ) /kfo (1-1)
CH30H, 25 °C, 46 h Ohe

97% yield
83% ee

trans-[RuCly((R)-BINAP)Py,] (0.1 mol%)

HCI (0.4 mol%)
M Mo (3.7 atm) M (1-2)
OMe CH30H, 60 °C, 24 h OMe

100% yield

>99% ee

PPh,

o

More recently, Noyori and co-workers discovered that the

(R)-BINAP:

complexes trans-[Ru(diphosphine)(X)(Y)(diamine)] (X and/or Y = H, ClI, or
BH4) hydrogenate weakly coordinating, non-functionalized ketones with
high TON, chemo-, and enantioselectivities. Examples include unsaturated
ketones and sterically hindered tert-alkyl ketones under neutral or basic
conditions (Equations 1-3 and 1-4).2 With these two versatile classes of
catalyst systems, Ru catalysts have become the most used chiral catalysts
for ketone reduction in the fine chemical and pharmaceutical industries.
Several chiral key alcohol-containing intermediates are produced using
Ru-catalyzed ketone hydrogenations on industrial scales. Examples occur
in the production of rivastatin (cholesterol-lowering agent),?® (S)-oxfloxazin

(bactericide),** carbapenem (antibiotic),*® and vitamin Bs.**
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1 2

Reaction mechanism for Ru-catalyzed enantioselective ketone
hydrogenation

The reaction mechanisms for the Ru(diphosphine)(X), and the
Ru(diphosphine)(X).(diamine) systems have been extensively studied by
kinetic, computational, and stoichiometric methods.** Scheme 1-6 shows
the proposed catalytic cycle for the Ru(diphosphine)(X), system under
acidic condition that takes into account all of the presently available

mechanistic data.?’®
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Scheme 1-6. Proposed mechanism of Ru-diphosphine-X, catalyzed

hydrogenation of ketones under acidic condition.
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This cycle includes two important features that explain the
reactivity of the catalysts. One is that the ketone needs to coordinate to the
Ru centre prior to hydride insertion. This system thus proceeds via a
so-called inner coordination sphere mechanism.** This requirement
provides an explanation for the high reactivity and enantioselectivity of
these systems towards functionalized ketones, but not towards weakly
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coordinating, non-functionalized ketones. This requirement also provides
an explanation for the poor C=0/C=C selectivity of these systems, as olefin
hydrogenation also proceeds in the presence of a vacant coordination site.
It is proposed that the ketone first coordinates as an n' (o) ligand with
electron donation from an oxygen lone pair to Ru(ll) because n'
coordination is preferred by electron deficient metal centres.*® The
coordination mode of the carbonyl then likely changes from n* to n? () to
facilitate insertion into the M—H bond (Scheme 1-6). The acid additives
increase the reaction rate. The rate increase is proposed to occur by
increasing electrophilicity of carbonyl-carbon via protonation of
carbonyl-oxygen.?"

Part of this proposed mechanism was directly observed by Daley
and Bergens using NMR.** They used [Ru((R)-BINAP)(H)(CHsCN)-
(sol)2]BF4 (sol = THF or CH30H) (3) as a model for the Ru-H active catalyst
in the proposed catalytic cycle, and observed insertions of the Ru-H into
a,B-functionalized ketones at —30 °C to form Ru alkoxides 4 without
observable pre-coordination of ketones (Equation 1-5). Thus, the Ru-H
insertion is faster than the ketone coordination even without the assistance
of protonation of the ketone. Further, they observed that stoichiometric
hydrogenolysis of Ru-alkoxide 4 to form an alcohol product and 3 is slow
(50 atm Hy, 50 °C, 1h, 100% yield), and has a similar rate to the rate of a

catalytic reaction.
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Based on these observations and observation of Ru-alkoxide 4 as
the major Ru species in catalytic reaction mixture, they concluded that
Ru-H insertion is not the rate limiting step, but hydrogenolysis of
Ru-alkoxide to regenerate 3 is the rate limiting step in this catalyst system.
They also observed rapid formation of an alcohol product and
[Ru((R)-BINAP)(CH3CN)4](BF4), upon addition of HBF4-OEt, to a solution
of Ru-alkoxide 4. The acid additive, thus, possibly increases the reaction
rate not by increasing the rate of Ru—H insertion, but by increasing the rate
of turnover limiting Ru—O bond cleavage. This assumption is, however,
oversimplified since protonation of 4 forms new cationic Ru(ll) species that
have to regenerate active Ru—H species.

Scheme 1-7 shows the proposed general catalytic cycles for the
trans-[Ru((R)-BINAP)(CI)2((R,R)-dpen)] catalyzed ketone hydrogenation in
the presence of a base.®* The active catalyst in these systems is
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6), formed by reaction of the

dihalide precursor with base via formation of a Ru-dihydrogen complex 5.
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Scheme 1-7. Proposed general mechanism for
trans-[Ru((R)-BINAP)(CI)2((R,R)-dpen)]-catalyzed hydrogenation

ketones in the presence of a base.
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Unlike the Ru(diphosphine)(X), system, ketones do not need to

coordinate to Ru to undergo addition reaction with the Ru-hydride. Indeed,

the Ru-dihydride cannot coordinate ketones prior to the insertion because it

is a coordinatively saturated 18-electron complex. Instead of coordination,

it is proposed that the Ru-H insertion occurs via ligand-assisted,

bifunctional addition of nucleophilic Ru—H and protic N-H to a ketone

carbonyl carbon and oxygen through a six-membered pericyclic transition

state. Alternatively, in the presence of alcohol, a transition state with
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solvent assistance is also proposed (Scheme 1-7). This system thus
proceeds via an outer coordination sphere mechanism,®* and
hydrogenates both functionalized and non-functionalized ketones with high
enantioselectivity because the pericyclic nature of the transition state
minimizes conformational freedom, thereby maximizing the net asymmetric
induction. Also, this system can selectively hydrogenate ketones in the
presence of C=C bonds (Equation 1-3) because active Ru-dihydride 6 is
coordinatively saturated. It is proposed that the addition of 6 and a ketone
forms Ru-amide 7 and a free alcohol product. 7 then heterolytically cleaves
H, to regenerate Ru-dihydride 6 via a four-membered transition state
and/or a six-membered transition state mediated by a hydrogen-bonded
alcohol molecule.

Morris and co-workers studied the reaction mechanism using
trans-[Ru((R)-BINAP)(H)(CI)(NH.CMe,CMe,NH,)] (8).3*" They prepared
Ru-dihydride 9 and Ru-amide 10 by reacting 8 with KOI-Pr in the presence
or absence of H, respectively. They observed that Ru-dihydride 9 and 1
equiv of acetophenone reacted to form Ru-amide 10 and free product
alcohol in CgDg at room temperature. Further, they observed 10 reacted
with H; to regenerate Ru-dihydride 9 at —60 °C (Equation 1-6). Based upon
these observations as well as computational studies they proposed a
reaction mechanism similar to that shown in Scheme 1-7. They proposed
formation of a hydrogen bond between Ru-amide 10 and a product alcohol

before formation of Ru-amide and the free alcohol (Equation 1-6).
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Noyori et al. studied related, trans-[Ru(diphosphine)(H)-
(BH4)(diamine)] catalyzed ketone hydrogenation that does not require base.
They proposed the following catalytic cycle based on kinetic, mass
spectrometric, and kinetic isotope effect experiments (Scheme 1-8).%¢
They proposed two catalytic cycles, namely cycle | and cycle I, to explain
25-fold enhancement of reaction rate when they used [KOt-Bu] = 10-15
mM, and 4-5-fold enhancement when [KOt-Bu] =20-130 mM compared to
the rate under base-free conditions. They explained that cycle | has a
larger relative contribution under base-free or lower [KOt-Bu] conditions,
and deprotonation of Ru-dihydrogen complex 5 by 2-PrOH solvent or
added base to form Ru-dihydride 6 is the turnover limiting step. The
observed 25-fold rate enhancement is then explained by increased rate of
the rate-limiting deprotonation step. The 4-5-fold rate enhancement under
higher [KOt-Bu] was then explained by increased relative contribution of
cycle 1l since higher [KOt-Bu] enhances deprotonation of 16 electron

species 11 to form Ru-amide 7, and hence lower [5] and relative

contribution of cycle I. They proposed that rate of cycle Il is lower than
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cycle | because coordinatively saturated 7 is less reactive than

coordinatively unsaturated 11 towards H,.

Scheme 1-8. A proposed mechanism for the trans-[Ru(diphosphine)(H)-

(BHg)(diamine)] catalyzed hydrogenation of ketones.
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These catalytic cycles are further supported by in situ (0.05 mol%
catalyst, [KOt-Bu] = 8.3 mM, 4 atm H,, 30 °C) observation of 16 electron
species 11 using ESI-MS, and change in kinetic isotope effect (KIE) of the
catalytic reactions by the addition of base (KIE = 55 under [KOt-Bu] = 0 mM,
KIE = 2 under [KOt-Bu] = 82 mM). Larger KIE under the base-free
conditions was explained by the rate limiting step being deprotonation of
Ru-dihydrogen complex 5. ESI-MS is a good tool to detect cationic species

in a reaction mixture, however it is not the optimal way of detecting neutral
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complexes such as 6 and 7.%® Further, observation of the cationic, 16
electron species 11 could be due to the decomposition of other species

under the conditions of ESI-MS.

Scheme 1-9. Reactivities of putative intermediates in asymmetric ketone

hydrogenation.
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The most extensive stoichiometric study of this system under both
base-free and basic conditions was done by Hamilton and Bergens.%
They prepared putative intermediates 5, 6 and 7 shown in Scheme 1-8
independently, and examined the reactivity of each intermediate with
low-temperature NMR experiments. Unlike the proposed catalytic cycle,
they did not observe formation of 6 from 5 in neutral 2-PrOH solutions.
Further, they observed that 5 does not hydrogenate acetophenone in
neutral 2-PrOH solution under stoichiometric conditions (~2 atm Hy, 22 °C)
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nor under catalytic conditions (0.05 mol% 5, 4 atm H,, 30 °C, 3 h, ~0.1%
yield). They observed dramatic accelerations of the reaction, however, in
the presence of either NaBH, (0.05 mol% 5, 0.05 mol% NaBH4, 4 atm H,,
30 °C, 3 h, 32% yield) or KOt-Bu (0.05 mol% 5, 0.05 mol% KOt-Bu, 4 atm
H,, 30 °C, 3 h, 25% vyield) (Scheme 1-9). These results showed that the
Ru-dihydrogen compound 5 requires added base to be active towards the
hydrogenation.®**

A possible mechanism by which base enhances the rate of these
hydrogenations was discovered by further reactions. In 2-PrOH, the
reaction of 5 and 1 equiv of KOt-Bu (~2 atm H,, —-80 °C) forms the
Ru-alkoxide 12. The proposed formation of the Ru-dihydride 6 from
deprotonation of 5 (Scheme 1-8, Cycle I) was not observed upon
prolonged exposure of 12 to Hy in 2-PrOH (~10 h, ~2 atm, 22 °C). However,
12 formed 6 upon addition of 1 equiv KOt-Bu (~2 atm H,, =80 °C, <10 min)
in THF-dg via formation of t-BuO™ hydrogen bonded Ru-alkoxide 13. The
transformation from 13 to 6 is proposed to proceed via the Ru-amide 7,
formed by a base-catalyzed elimination reaction. Indeed, 7 was
independently prepared, and reacted with H; reversibly (~2 atm, —80 °C, <5
min) to generate 6 quantitatively (Scheme 1-9). The added base thus likely
accelerates the hydrogenation by promoting formation of active
Ru-dihydride 6 from the catalyst resting state Ru-alkoxide.>*®
These stoichiometric studies also showed that the Ru-dihydride 6

reacts with acetophenone at —-80 °C (~2 atm H,, <1 min). 6 is thus
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extremely reactive towards reduction of carbonyl compounds. The net
insertion products, however, were not the Ru-amide 7 and product alcohol
predicted by the bifunctional addition reaction (Scheme 1-7), instead it was
the Ru-alkoxide 14. Ru-alkoxide 14 was also prepared independently by
reacting 7 with (x)-1-phenylethanol. This observation was unexpected
since Morris and co-workers observed formation of Ru-amide and a free
product alcohol in their mechanistic study (Equation 1-6). Finally, 14
regenerated the dihydride 6 under H, (~2 atm) at —40 °C in the presence of
1.5 equiv of excess KOt-Bu, presumably via the base assisted formation of

the product alcohol and Ru-amide 7.3

A complete, kinetically competent
catalytic cycle was thus observed at low temperatures.
Possible mechanisms for the formation of Ru-alkoxide 14

There are four possible reaction pathways to explain the formation
of Ru-alkoxide 14 (Scheme 1-10). These pathways can be divided into two
groups; either they proceed via concerted addition of RuH and NH to
carbonyl carbon and oxygen respectively, or via transfer of RuH without NH
bond cleavage. There are three possible pathways that proceed via
concerted transfer. One pathway is that the concerted addition forms
Ru-amide 7 and a free product alcohol as proposed by Noyori and Morris,
and the subsequent reaction between 7 and the free alcohol forms 14
(Scheme 1-10, path A).%?° Other pathways are that the concerted addition

forms amide 7 and the free alcohol within the solvent cage (path B), or that

the concerted addition forms 7 with a strong hydrogen bond between the
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product alcohol and the amide nitrogen (path C). These species then
collapse to 14 without formation of the free alcohol. A possible pathway that
proceeds via RuH insertion without NH bond cleavage is that proceeds via
concerted formation of a Ru—O bond and C—H bond with the assistance of
a NH hydrogen bond to the carbonyl oxygen to form 14 (Scheme 1-10,

path D).

Scheme 1-10. Possible pathways to form Ru-alkoxide 14.
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There are numerous computational as well as experimental studies
that support concerted transfer of RuH and NH (Scheme 1-10, paths A-C)
in Ru(diphosphine)(X).(diamine) and related catalyst systems. Morris,
Catlow, and Harvey  reported computational  studies  on
Ru(diphosphine)(X).(diamine) catalyst systems.***3” Their calculation

under gas-phase conditions using trans-[Ru(PH3)2(H)2(en)] (en is
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ethylenediamine) as a model catalyst showed that the most stable Ru
species is a Ru-amide that has a hydrogen bond with a product alcohol via
the amide nitrogen. This species then collapses into the Ru-amide and the
free alcohol. Their calculations thus support reaction paths A and C.

A similar mechanism as the path C is proposed by Baratta and
co-workers to explain their observation of a Ru-alkoxide complex.®® They
observed that the related Ru-CNN pincer complex [Ru(PPhz(CH2)4PPh,)-
(H)(CNN)] (15) (see Equation 1-7 for the structure of CNN ligand) reacts
with 1 equiv of benzophenone at 20 °C in C¢Ds to form a Ru-alkoxide 16. It
was proposed that 16 has a hydrogen bond with one of the NH groups

because one of the NH signals in the *H NMR is shifted downfield.

o]
Ph, Ph,
7/ N\ \s‘P Ph)J\Ph / N s‘P
N—Ru—P N—Ru—P 1-7)
—(7/ Phz  C4Dg 20°C —=(7// Ph
ally Ph>/9—NH
Ha Ph HHI
15 16

Baratta proposed that the alkoxide 16 formed via a mechanism that
involves: Formation of a hydrogen bond between the catalyst NH, group
and the oxygen of benzophenone that activates the carbonyl group
towards nucleophilic attack; Nucleophilic attack of Ru—H to benzophenone
to form the product alkoxide anion that remains hydrogen-bonded to the
NH group; Finally, migration of the alkoxide anion from the NH group to the

Ru centre. They, however, could not rule out another possible pathway that
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involves dissociation of the NH, group followed by coordination of
benzophenone, and hydride insertion via the inner coordination sphere
mechanism.

Related transfer/H, ketone hydrogenation catalysts RuH(arene)-
(XCH2CH2NHy) (X = O or NTs) (Ts is SO,CgH4-p-CHz) and Shvo’s system,
are also proposed to proceed via a concerted addition mechanism. Several
research groups independently studied reaction mechanisms of
RuH(arene)(OCH,CH,;NH,) catalyzed transfer hydrogenation of ketones
using computational methods, and all of them came to similar
conclusions.® Figure 1-3 shows an energy diagram of the reaction
mechanism calculated by Noyori and co-workers under gas-phase
conditions using RuH(CgHs)(OCH,CH,NH,) and formaldehyde.>*¢ All of
the computational studies found that this catalyst system most likely
proceeds via the concerted addition of RuH and NH to the carbonyl carbon
and oxygen respectively (Figure 1-3, TS), and predicted that the most
stable Ru species in the catalytic cycle is the Ru-amide 17 that has a
hydrogen bond with a product alcohol via the amide nitrogen.® This
prediction agrees with Morris’ computational study.®** The majority of the
computational studies found that the Ru-alkoxide, Ru(OCHz3)(CsHe)-
(OCH2CH2NH,) (18), forms from the hydrogen bonded Ru-amide 17 or
from Ru-amide and a free alcohol. They found formation of 17 from 18 is
thermodynamically favoured (AG = —7.3 to —10.8 kcal/mol), and 18 is the

most stable Ru complex that can form in and out of the catalytic cycle. It is
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proposed that the alkoxide 18 is stabilized by an intramolecular

Ru-0O-:-H-N hydrogen bond, and is a catalyst resting state.
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Figure 1-3. An energy diagram of RuH(CgHg)(OCH,CH,NH,) catalyzed

transfer hydrogenation of formaldehyde under gas-phase conditions.

An experimental study that supports concerted RuH and NH
addition was reported by Casey and Johnson using the reverse reaction,
i.e. dehydrogenation of an alcohol by a Ru-amide 19 to form a
corresponding Ru-hydride and a ketone.*® The authors determined kinetic
isotope effects (KIE) of dehydrogenation reaction using Ru-amide 19 and
isotopomers of 2-PrOH: ((CDs3),CHOH, (CD3),CHOD, (CD3).CDOH, and
(CD3).,CDOD) (Equation 1-8). They found KIE for the reaction of
(CD3).CDOH and 19 (KIEcpoy = 2.86 *= 0.20), for the reaction of

(CD3).,CHOD and 19 (KIEchop = 1.79 + 0.07), and for the reaction of
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(CD3).CDOD and 19 (KIEcpop = 4.88 = 0.41). The observation of KIE for
transfer of both CH(D) and OH(D) indicates that dehydrogenation of
alcohols proceeds via concerted addition of CH and OH to Ru and N
respectively. As a further support of the concerted mechanism, the authors
found that KIEcpop was within experimental error of the product of KIEcpon
and KlEcnop (2.86 x 1.79 = 5.11). Reaction paths A and B are, thus,
supported by those computational and experimental studies of
RuH(arene)(XCH,CH;NH;) (X = O or Ts) catalyzed transfer

hydrogenations.

X0 ¥ &

I
Ts — Ts -
Phﬂ‘“}/Ru " D7 CDs Dl 20°C  Ph N““}RU\Y +D3C cDs (1-8)
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A mechanism of related Shvo’s catalyst systems has also been
investigated extensively by Casey and Béackvall.***® There are two
proposed catalytic cycles for this system, one proposed by Casey and the
other proposed by Backvall (Scheme 1-11). Casey proposed that this
catalyst system proceed via an outer coordination sphere mechanism
without coordination of a substrate before RuH insertion. Conversely,
Backvall proposed that this system proceeds via an inner coordination
sphere mechanism with coordination of a substrate by n° — n*® ring

slippage of a cyclopentadienyl (Cp) ligand.
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Scheme 1-11. Proposed mechanisms for Shvo’s system.
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Both of them proposed that the addition of RuH and OH proceeds
via concerted mechanism. Their proposed RuH and NH net addition
products are, however, different. Casey proposed formation of 16 electron
species 20. Conversely, Backvall proposed formation of an alcohol adduct
21. They studied these reaction mechanisms using computational, KIE,
and trapping experiments using aldehydes, ketones, and imines.

In the case of aldehyde and ketone hydrogenation, Casey and
co-workers studied addition of RuH and OH to a carbonyl carbon and
oxygen using KIE experiments that are similar to Equation 1-8 with
isotopomers of Ru-hydride 22 and benzaldehyde.*'? The authors found

both RuD (2.2 + 0.1) and OD (1.5 £ 0.2) showed positive KIE’s, and the
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product (2.2 x 1.5 = 3.3) is within experimental error of the combined KIE
measured for RuDOD (3.6 £ 0.3). Similar observations were also made
using acetophenone. They concluded that RUHOH addition to an aldehyde
or a ketone is concerted based on these observations. Backvall and
Johnson also carried out similar KIE experiments using dehydrogenation of
isotopomers of (+)-2-(p-fluorophenyl) ethanol.*?? They also found that both
CD (2.57 £ 0.26) and OD (1.87 £ 0.17) of the alcohol showed positive KIE,
and the product of these KIE’s (2.57 x 1.87 = 4.80) was within experimental
error of combined KIE measured for CDOD (4.61 + 0.37). Thus, the
reverse reaction also proceeds via a concerted mechanism. These KIE
experiments, thus, support reaction paths A—C that proceed via concerted
transfer of both RuH and NH, however, it does not differentiate between the
outer and inner coordination sphere mechanisms proposed by Casey and
Backvall respectively.

Lledés and co-workers studied these mechanisms by
computational methods using model compound [Ru(°-CsH4COH)(CO),H]
(23) and formaldehyde.** They found that Casey’s outer coordination
sphere mechanism is more favoured, however they did not consider the
effects of aromatic groups on Cp ligands that are known to facilitate ring
slippage of Cp ligands.

Similar arguments are also made for the imide hydrogenation. In
the case of imide hydrogenation, however, KIE experiments were difficult to

interpret since magnitudes of KIE’s change significantly (KIEgupop = 0.56 to
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3.32) upon change of substrate structures.***%?*¢ Also, unlike ketone
hydrogenation, product amines formed Ru-amine complexes due to
stronger coordination ability of product amines than alcohols (See Equation
1-9 for a structure of Ru-amine complexe). Casey and Backvall carried out
inter- and intramolecular trapping experiments to distinguish the outer and

inner coordination sphere mechanisms.

Ph

Phg h\@//o‘
(j)k J@A M (a9
H2 CDCl,  oC' / N

-20°C

26
100%

Backvall and co-workers conducted an intermolecular trapping
experiment using Ru-hydride 22, imine 24, and trapping amine 25 under H;
to prevent competitive dehydrogenation reaction of 25 (Equation 1-9).%%¢ If
the RuH insertion proceeds via the outer coordination sphere mechanism
such as the path Ain Scheme 1-10, the insertion forms product amine and
16 electron Ru species 20. The coordinatively unsaturated 20 should then
be trapped by both a product amine and a trapping amine. Conversely, if
the insertion proceeds via inner coordination sphere mechanism, the
insertion will form only Ru-amine complex of product amine. The authors
found only Ru-amine complex of the product amine 26 formed at —20 °C.
The concerted mechanism that produces free amine and 16 electron

species 20 (an analogue of path Ain Scheme 1-10) is thus not likely.

Casey also conducted similar experiments, and observed
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formation of Ru-amine complexes of product amines exclusively.*¥ These
results of intermolecular trapping experiments can be, however, explained
using outer coordination sphere mechanisms such as paths B and C. Thus,
if there is a strong hydrogen bond or solvent cage effect between 16
electron species 20 and a product amine, the observation of intermolecular
trapping experiments can be explained by an outer coordination sphere
mechanism. To distinguish these variations of the outer coordination
sphere mechanism and the inner coordination sphere mechanism.
Intramolecular trapping experiments were carried out by both Casey and

Backvall,#1d"42e

Table 1-2. Results of intramolecular trapping experiments (Ru*: complex

20).
entry aminoimines T (°C) Ru-amine complexes
H Ph H Ph
H._ _Ph he he
\H/ N—Ru* NH
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HoN *Ru—N
HoN H
50% 50%
I?n Bn
2 0 ISR
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N
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Table 1-2 summarizes results of their intramolecular trapping

experiments. The observations of two Ru-amine species in entry 1 and 2
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suggest the outer coordination sphere mechanisms. Conversely, the
absence of a trapped product in entry 3 indicates the inner coordination
sphere mechanism. These incoherent results might indicate change of
reaction mechanisms by changing imide substrate, which is observed in
KIE experiments.

There are relatively few reports that support the mechanism that
involves RuH insertion without NH bond cleavage (Scheme 1-10, path D).
Morris  recently reported a computational study of the
Ru(diphosphine)(X).(diamine) catalyst system in the presence of 2-PrOH
using trans-[Ru(PHs)-(H)2(pica)] (pica is a-picolylamine) and acetone.* In
the presence of 2-PrOH, they found that 2-PrOH-assisted transfer of Ru—H
to the acetone carbonyl carbon proceeds via alcohol assisted transition
states, and formed Ru-2-propoxide trans-[Ru(PH3).(H)(OCH(CHj3),)(pica)]
as the most stable intermediate without cleavage of the N—H bond. This
observation thus supports path C. Morris and Bergens suggested that the
stability of the Ru-alkoxides are attributed to the intra- and/or
intermolecular hydrogen bonds between the NH group and RO™ ligand
and/or alcohol solvent molecules.®*® *° In fact, recently Morris reported a
solid state structure of related Ru-alkoxide, trans-[Ru(PPhs),(H)(OPh)-
(NH.CMe,CMe;NH,)]-HOPh, in which a phenol molecule forms a
six-membered RuO---HO(Ph)--\NH ring via intermolecular hydrogen

bonds.*®

To investigate the possibility of path A, Hamilton and Bergens
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carried out an intermolecular trapping experiment (Equation 1-10).%*' They
carried out the addition reaction between the Ru-dihydride 6 and
acetophenone at —80 °C in the presence of ~5 equiv 2-PrOH as an internal
trap, and observed only 14 as the Ru-alkoxide product. No formation of

Ru-2-propoxide 12 was observed during the addition.

Ph2 H H2 th H HZ
<P//”':,,' | ‘”\\\\\N o) OH <P/ IIIIIII | ‘\\\\\\\N 1 10
RU. + + —_— ‘Ru: -
o IU\N Ph){ )\ THF-dg, 80°C  \ o~ |U\N ( )
Ph, H H, (1 equiv) (~5 equiv) Ph, O H H,

6

14
Only one product

They also carried out a control experiment by adding a mixture of
2-PrOH (~5 equiv) and 1-phenylethanol (1 equiv) to Ru-amide 7, and
observed both Ru-alkoxides 12 and 14 in a ~1:1 ratio. Based upon these
two experiments they proved that the free Ru-amide 7 is not the product of
addition reaction between Ru-dihydride 6 and acetophenone, and hence
eliminated the possibility of reaction path A. Further intramolecular trapping
experiments using ketones that have alcohol functionalities will be able to
distinguish reaction paths B-D. KIE experiments such as these described

above will also be able to distinguish path B-D.

Hydrogenation of carboxylic acids and their derivatives

Unlike the hydrogenation of ketones, there are only a few catalyst
systems that can hydrogenate carboxylic acids and their derivatives, even
though these functionalities are as ubiquitous in nature as ketones. The

lower reactivity of these functionalities towards hydrogenation can be
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attributed to the lower electrophilicity at carbon, and the lower Tr-acidity of
the ester carbonyl group relative to ketones. It is known that electrophilicity
of the carbonyl carbon decreases in the order of acid halides > aldehydes >
ketones > acid anhydrides > carboxylic acids, esters > amides >
carboxylate ions due to inductive and resonance effects.*’ In fact, unlike
aldehydes and ketones, esters and amides usually are not reduced using
NaBHj,, instead they are usually reduced using stronger, and hence more
hazardous, reducing agents such as LiAIH,4. Additionally, the lower
m-acidity weakens n? (1) coordination of esters to a metal centre, which is
believed to be the necessary step in Ru catalyzed ketone hydrogenation
via the inner coordination sphere mechanism. In fact, there are no reports
of n?-carboxylic acid complexes (n>-C=0 coordination complex), and few
reports of n>-carboxylic acid derivatives. All of these reports utilize powerful
T-basic metal centres to compensate for the lower Tr-acidity of carboxylic
acid derivatives.*® For example, Harman and co-workers showed that
esters, acid anhydrides, imides, and amides form n? (1) complexes with

highly Tr-basic Re(1)*®, Mo(0)**?, and W(0)***“ complexes (Equation 1-11).
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Hydrogenation of esters

All of the catalytic ester hydrogenations developed to date
hydrogenates the esters completely to give the corresponding primary
alcohols. Unlike B—H or Al-H reagents such as DIBAL-H, there is no
example of a catalyst that can hydrogenate esters to hemiacetals or
aldehydes since hemiacetals and aldehydes are usually in equilibrium, and
aldehydes are more reactive towards hydrogenation than esters. The most
common heterogeneous catalyst for the hydrogenation of esters is
copper-containing mixed-oxides such as copper chromite, CuCr,04.24*
The major application of these catalysts is hydrogenation of long-chain
alkyl esters, such as vegetable oils and animal fats, to produce aliphatic
alcohols that have several applications including emulsifiers in cosmetics
and food industries.*® The catalyst is usually used under harsh conditions,
typically 200—300 °C and 200-300 atm H, (Equation 1-12). As a result, the
applicability of this catalyst system to the synthesis of multi-functional fine

chemicals and pharmaceuticals is limited.

Io) Cu—Cr oxide

/\/\/\/\/\)J\ —>(~7 mol%e) 112
/\ /\/\/\/\/\/\ -
o H, (220 atm) on (1-12)
250°C,1.8h 97.5%

There are relatively few homogeneous catalysts that can
hydrogenate esters. Interestingly, all of them are Ru complexes. In 1981,
Grey and co-workers reported the first homogeneous ester hydrogenation

system using anionic Ru complex, K[RuHz(PPhs),(PPh,Ce¢H4)] (27), and
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Ko[RuzH4(PPh,)(PPhs)s]-(diglyme), (28).° The chemical formula of
complex 28 was proposed based on *P NMR data, and formation of
Ru,Cl4(PPh3)3(PPh,H) and 4H, upon addition of HCI to the complex. These
catalysts were capable of hydrogenating activated esters such as
trifluoroethyl tirfluoroacetate (0.3 mol% 27 or 28, 6.1 atm Hy, 90 °C, 4-12 h,
100% vyield) and dimethyloxalate (0.3 mol% 28, 6.1 atm H,, 90 °C, 20 h,
70% vyield), however hydrogenation of unactivated esters, such as methyl
acetate, was sluggish (0.3 mol% 28, 6.1 atm H;, 90 °C, 20 h, 22% vyield).
Halpern and co-workers studied a reaction mechanism of this system using
a ketone, and found Ru-dihydride species RuH,(L)(PPhs); is the actual
active species for the hydrogenation of ketones.®* However, mechanistic
studies using esters have not been done to date.

Matteoli and coworkers also reported the hydrogenation of
dimethyloxalate in the 80’s utilizing the Ru-carbonyl complex
Ru(CO)»(CH3CO0),(PBus), as catalyst.>> This hydrogenation produced
methyl glycolate in high TON under forcing conditions (0.0065 mol%
catalyst, 130 atm H,, 180 °C, 50 h, 100% vyield, TON = 15000). The
application of this catalyst to unactivated esters has not been reported.

The most well studied system in both academia and industry for
ester hydrogenation uses Ru(lll)(acac); with phosphine ligands as
catalyst.>® Typically 3 equiv of PBus or 1 equiv of MeC(CH,PPh,); are used
as phosphine ligands. For example, Elsevier and co-workers reported one

of the earliest examples of homogeneous hydrogenation of unactivated
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esters using Ru(lll)(acac); with 1.15-1.65 equiv. MeC(CH,PPh,); as
catalyst.”®® They hydrogenated benzyl benzoate (PhCOOBN) in high TON
under forcing conditions in the presence of base (0.046 mol% catalyst, 9
mol% NEts, 85 atm H», 120 °C, 16 h, 95% yield, TON = 2071). Interestingly,
the TON was higher in 1,1,1,3,3,3-hexafluoropropan-2-ol solvent
(maximum TON = 2071) than in 2-PrOH (maximum TON = 105). The
authors postulated that this increase in TON is due to the formation of
PhCOOCH(CF3), by transesterification. The Ru(lll)(acac); with
MeC(CH,PPh,); system has been patented by several chemical
companies, which is an indicator of the importance of ester hydrogenation
in industry.>®¢ One of the recent applications of this system is
transformation of biomass into economically more valuable chemicals
using tandem dehydration/hydrogenation. Leitner and co-workers reported
tandem dehydration/hydrogenation of levulinic acid and itaconic acid to

form diols, or cyclic ethers (Equation 1-13).>*

Ru(acac)s (0.5 mol%)
MeC(CH,PPhj,)3 (0.6 mol%)
Additive (2 mol%)

o]
OH H, (100 atm) 0)
o) l0Xane

Itaconic acid 195°C, 18 h 93% 97%

o (No additive) (With TsOH and NH,PFg)
OH

(0]
Levulinic acid

These systems described above likely proceed via inner

coordination sphere mechanisms that are similar to that proposed for
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ketones with the Ru(diphosphine)(X), catalysts. Commonly these systems
require high temperatures (120-180 °C) and high H, pressures (85-130
atm) for the hydrogenation of unactivated esters. This requirement of
harsher reaction conditions likely results from the lower reactivity of esters
towards hydrogenation. In fact, most of these catalyst systems
hydrogenate activated esters in high TON but not unactivated esters.

In a recent breakthrough, Milstein and co-workers reported a
ruthenium-PNN pincer complex that hydrogenates a series of unactivated
esters under relatively low H, pressure (5.3 atm) to give the corresponding
alcohol products (Equation 1-14).°> This reaction, however, requires

relatively high catalyst loading and temperature (1 mol% catalyst, 115 °C).

o) 29 (1 mol%) T—Pt-Buz
7
H, (5.3 atm)
OMe 2 OH  meon & N-Rl-co  (1-14)
Dioxane, 115 °C, 4 h — /
N
97 % r I\

29

The authors proposed an inner coordination sphere mechanism
with ligand-assisted heterolytic cleavage of H, by 29 to form
trans-Ru-dihydride 30 (Scheme 1-12). In fact, these authors observed
formation of 30 from 29 upon exposure to H,. Dissociation of the hemilabile
NEt, group, and coordination of the ester forms 31 most likely via n'
coordination. Change of coordination mode (n* to n?), followed by Ru-H
insertion forms Ru-hemiacetaloxide 32. Deprotonation of the acidic

benzylic proton next to the Pt-Bu, group in 32 by the hemiacetaloxide
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ligand regenerates 29 and a free hemiacetal. The hemiacetal tautomerizes
to the corresponding aldehyde which is further hydrogenated via the same
catalytic cycle to form primary alcohol products. The importance of the
hemilabile NEt, group was proposed based upon observations that the
PNP analogue of 29 showed lower catalytic activity towards the
hydrogenation of ethyl benzoate (1 mol% catalyst, 5.3 atm H,, 115 °C,
7.5 % yield (PNP analogue, 16 h) vs. 99.2 % yield (29, 4 h)). Catalyst 29
(Milstein Catalyst) and its analogue [RUHCI(PPhy(CH),NH(CH,).PPhy)-
(CO)] (Ru-MACHO™) developed by Takasago are now commercially

available from Strem.>®

Scheme 1-12. A reaction mechanism proposed by Milstein and

co-workers.
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Recently Saudan and co-workers from Firmenich SA reported
several Ru(diphosphine)(X).(diamine)-type catalyst systems that
hydrogenate unactivated esters with high TOF and high TON under
relatively forcing conditions in the presence of a large amount of base
(typically 0.05 mol% catalyst, 100 °C, 50 atm H, 1-4 h, 5 mol% NaOMe, in
THF, 82-99% vyield) (Figure 1-4).>" For example, this system was capable
of hydrogenating sterically hindered aromatic esters, and electron-rich alkyl
esters in high yields and TOF. The authors proposed that this catalyst
system likely proceeds via an outer coordination sphere mechanism
because high C=0O/C=C selectivity was observed in hydrogenation of
several unsaturated esters. Interestingly, they found that RuCl,(P-N), or
RuClI,(PNNP) systems work better than the Noyori-type RuCl,(P—P)(N-N)
systems. This observation could be explained by the stronger coordination
abilities of P—N or PNNP ligands that prevent decomposition of the catalyst

under high temperatures.
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Figure 1-4. Hydrogenation of unactivated esters reported by Saudan and

co-workers.

They also observed decreases in catalyst activity towards
hydrogenation of methyl benzoate (0.05 mol% 33, 5 mol% NaOMe) under
lower H; pressure (100 °C, 10 atm Hy, 4 h, 47% yield) or lower temperature
(60 °C, 50 atm H,, 2 h, 90% vyield). These systems thus have to be used
under relatively forcing conditions (100 °C, 50 atm) to achieve high TON
and TOF. Another interesting observation is the solvent dependency of this
system. For example, the catalyst activity towards hydrogenation of methyl
benzoate (0.05 mol% 33, 100 °C, 50 atm Hy, 1 h, 5 mol% NaOMe)
decreases significantly when primary alcohols are used as solvent (36%
yield (EtOH), 1% vyield (MeOH)), however almost no change in catalyst
activity was observed when 2-PrOH was used as solvent (95% yield). The

catalyst system was active in a wide range of aprotic solvents such as
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ethers (92-99% yield), toluene (83% vyield), and hexanes (68% yield). As a
potential commercial application, this hydrogenation system was applied to
the hydrogenation of the lactone 36, a precursor for CETALOX® (a major
ingredient of the smell of amber) (Figure 1-4).°’® Catalyst 33 is also
commercially available from Strem.>®

Ino and co-workers from Takasago International Corp. also
reported several Ru(diphosphine)(X),(diamine)-type catalyst systems for
ester hydrogenation in the absence of base (Typically, 1 mol% catalyst,
80 °C, 50 atm H,, 16 h, in THF, 45-95% yield).”® Their focus is on
hydrogenation of chiral esters to chiral alcohols without racemization. They
found a Noyori-type base-free catalyst, RuH(BH4)(dppp)((S,S)-dpen) (37)
(dppp is 1,3-bis(diphenylphosphino)propane, (S,S)-dpen is
(1S,2S)-(-)-1,2-diphenylethylenediamine) hydrogenates a- and B-chiral
esters without racemization (Equation 1-15). Interestingly, a significant
decrease in catalyst activity was observed when an unprotected a-amino
ester was hydrogenated (0% yield), that did not occur when a [3-amino
(53% yield), ester was used as substrate. This observation could be
interpreted as relatively weak coordination of the N—N ligand in the catalyst
that can be replaced by the chelating product, 1,2-aminoalcohol. This
catalyst system requires forcing conditions as well as relatively high
catalyst loadings. The observed slow hydrogenation could be explained by
the report of Hamilton and Bergens regarding rate acceleration by the

addition of base in Ru(diphosphine)(X).(diamine)-type catalyst systems.
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37 (1 mol%) R

O R O
H, (50 atm)
« —_— Y % 115

OMe THF, 80°C,16h g
R
61.3-99% ee 45-95% yield

R = NH,, NHBoc, NHPh, OH, OBn No significant change in ee
Ph2 H H Ph

P | N]/
s
P” | N

37
Recently, lkariya and co-workers reported Ru-Cp*(P—N) complexs
(Cp*: n°-CsMes) that hydrogenate esters with lower TOF in the presence of
large amount of base (Typical reaction conditions: 1 mol% catalyst, 100 °C,
50 atm Hy, 21 h, 25 mol% NaOMe, in THF, 85-99% yield).>® Interestingly,
they tried dynamic kinetic resolution of a-substituted esters using chiral
Ru-Cp*(N-N) complex, however, the ee was unsatisfactory (Equation

1-16). Morris et al. also recently reported analogous catalyst system using

a Ru-Cp* (N-NHC) (NHC is N-heterocyclic carbene) complex.®

Catalyst (5 mol%)

o KOt-Bu (25 mol%) OH \@
Ph H, (50 atm) Ph |
T P \< OH . H
2-PrOH, 60 °C, 90 h Catalyst: N%‘"RU\ (1-16)
/ “c

96% yield H
35% ee

These Milstein, Ino, and Ikariya’s systems likely proceed via outer
coordination sphere mechanisms that are similar to that proposed for
ketones with the Ru(diphosphine)(X).(diamine) catalysts. This system
potentially has an advantage over previously reported Ru(diphosphine)-

(X)2-type systems because this system does not require electronically less
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favourable n? coordination of esters. Developmental homogeneous ester
hydrogenation chemistry in both academia and industry has begun to
produce practical homogeneous catalyst systems. Mechanistic studies of
both Ru(diphosphine)(X).-type and Ru(diphosphine)(X).(diamine)-type
systems have not been reported likely due to the forcing conditions
required to observe catalytic activity.
Hydrogenation of imides

The hydrogenation of imides can produce several products as
shown in Scheme 1-13. Path A involves hydrogenation of one of the imide
C=0 bonds. Products of this reaction could be either an aldehyde and
amide or the corresponding hydroxy-amide. Further hydrogenation of the
mixture of aldehyde and amide gives the corresponding primary alcohol
and amide (path B). In contrast, further hydrogenation of hydroxy-amide via
hydrogenolysis of C—OH bond forms the corresponding amide (path C).
Finally, complete hydrogenation of all C=0O bonds gives several products

(path D).

Scheme 1-13. Possible products of hydrogenation of imides.

Path C

o

-
o
2H2T -H,0
o w98
2 4H, OH
R~ ¥ HNJkR - R N R" R"NH + k or RFONTR"
Y Path B R Path D R R
OH
1H, or R7ONH, + LR" +R'NH,



Cyclic imides can be hydrogenated using heterogeneous catalyst
such as copper chromite, or Raney Ni under harsh conditions (typically
200-300 °C, 200-300 atm H). The products are typically lactams which
formed via reaction pathway C in Scheme 1-13.%* Two exceptions are the
PtO,- and Pd/C-catalyzed hydrogenation of imides.®* These catalysts can
hydrogenate activated imides such as N-acetylphthalimide under ambient
conditions (20 °C, 1 atm H,) to form monohydrogenated N-substituted
hydroxyl lactams via reaction pathway A, however, they are inactive
towards unactivated imides such as N-alkylphthalimide under these
conditions. These catalysts also hydrogenate aromatic C=C bonds, as

illustrated in Equation 1-17.

0 Pt,0 (0.3 g) OH

H
0 H, (1 atm) o)
N~ N—4 (1-17)
R AcOEt, 20°C, 24 h 2
o] H Y
19 (Racemate)
R = Me, OEt, OMe, NMe, 0.21-0.80 g

Until recently, there were only two reports of homogeneous
systems that hydrogenate imides (Equation 1-18).° Both of them use
Ru(ll) as catalysts, and hydrogenate unactivated imides to form lactams via
reaction pathway C. The possible in situ formation of heterogeneous Ru
catalyst is unlikely since addition of mercury did not affect the catalyst
activity. This catalyst system most likely proceeds via an inner coordination
sphere mechanism because this system also hydrogenates aromatic C=C

bonds.
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0 [RugHg(p-cymene),]Cly(1 mol%) H O

H, (60 atm)
NH NH (1 -1 8)
H,0, 90 °C, 24 h

H
© (Racemate)

78 % yield

Recently, Ikariya and co-workers reported Ru-Cp*(P—N) complexes
that hydrogenate cyclic imides in the absence of excess base (Typical
reaction conditions: 10 mol % catalyst, 80 °C, 30 atm H;, 18-24 h, in
2-PrOH, >99 % vyield) (Figure 1-5).°® The products were dihydrogenated,
ring-opened alcohol-amides formed via reaction pathway B. Further, they
reported the first enantioselective desymmetrization of cyclic imides using
chiral Ru-Cp*(P-N) catalyst. They observed moderate to excellent ee
(62—98%) in high yields (>99%). The TOF was, however, low (0.42/h). This
system likely proceeds via an outer coordination sphere mechanism.
Homogeneous hydrogenations of imides via the reaction pathway A as well
as mechanistic study of imide hydrogenation were not reported before this

research.
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39 (10 mol%)

/O KOt-Bu (10 mol%) OH
H, (30 atm)
R N-R R— NHR
\ 2-PrOH, 80 °C, 24 h
o o]
> 99%
(6] O [e) Ov
O O e}
Using 38 Using 38 97% ee

o o]
W 94% ee (m=1) W 62% ee (m=0)
94% ee (m = 2) N O 91% ee (m = 1, using 40)
93% ee (m = 3) O 81% ee (m = 2, using 40)
(0]

92% ee (m = 3, using 40)

2Ru Ph, R
Py W
RN P PR
(/NHz cl N cl
38 39 (n=1)
n 40 (n=2)

Figure 1-5. Dihydrogenation of imides reported by Ikariya and co-workers.

Research objectives

As llustrated in this review Ru catalyzed homogeneous
hydrogenation of the C=0 functionality is one of the most environmentally
(and economically) superior synthetic methods to produce alcohols that are
ubiquitous in nature, and hence important products in fine chemical and
pharmaceutical industries. In the case of asymmetric ketone hydrogenation,
there are two types of well-studied Ru catalyst systems, namely the
Ru(diphosphine)(X). system and the Ru(diphosphine)(X),(diamine) system.
Both of these catalyst systems have been studied extensively by the
Bergens group using stoichiometric reactions of putative catalytic
intermediates.®* 3% One of the most important findings during the course

of those mechanistic studies is remarkable reactivity of the Ru-dihydride 6
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towards ketone hydrogenation (Scheme 1-8).%f

Unlike ketone hydrogenation, there are only a few reports of Ru
catalysts that hydrogenate more challenging carbonyl compounds such as
esters and imides. With rational considerations of reaction mechanisms
based on previous studies, and the high reactivity of 6 in hand, the first
objectives of my research ware the development and mechanistic
investigation of a highly active catalyst system towards hydrogenation of
esters and imides under mild reaction conditions.

Another important observation from previous studies is the
observation of a net Ru-H insertion product Ru-alkoxide 14.%
Understanding of reaction pathways that lead to formation of 14 is
important since this complex is most likely a catalyst resting state as
predicted by computational studies of related RuH(arene)(XCH;CH,;NH>)
system. Previously the reaction mechanism of the formation of 14 was
studied using an intermolecular trapping experiment (Equation 1-10). The
second objective of my research was thus elucidation of a reaction
mechanism that leads to the formation of alkoxide 14 using intramolecular
trapping experiments. The findings presented in this thesis are the
breakthrough towards development of C=0O bond hydrogenations that

would enable industries to develop more sustainable processes.
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Chapter 2
Ru Catalyzed Hydrogenation of Esters under Mild Conditions. The
First Direct Observation of Intermediates
Introduction

As described in Chapter 1, the extensive hydrogenation of esters to
give alcohol products is a relatively difficult transformation in both
heterogeneous and homogeneous catalysis. This hydrogenation, however,
offers significant benefits because it can remove the requirement for
stoichiometric amounts of hazardous and wasteful metal-hydride reagents
to reduce esters. Recently, Saudan and co-workers reported a Noyori-type
RuCl,(P—N), catalyst that can hydrogenate esters in high TON and TOF
(Figure 1-4).>” This reaction, however, has to be carried out under relatively
forcing conditions (100 °C, 50 atm H,) to achieve these high TON and TOF.
As a consequence, a detailed mechanistic investigation of this system to
improve the catalyst performance is unavailable to date.

Hamilton and Bergens recently reported the most extensive
mechanistic investigation of Noyori ketone hydrogenation catalyzed by
trans-[Ru((R)-BINAP)(CI)»((R,R)-dpen)] in the presence of a base.**
During the course of this study they developed a high-yield, low
temperature preparation of several key Ru putative intermediates (Figure
2-1), and found that the dihydride 6 is an active carbonyl reducing agent.
For example, 6 reacts with 1 equiv of acetophenone on mixing at —80 °C to

form the alkoxide trans-[Ru((R)-BINAP)(H)(OCH(CH3)(Ph))((R,R)-dpen)]
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(14), the net product of ketone-hydride insertion.*'

With this reactivity in
hand Chapter 2 discusses the low temperature and pressure
hydrogenation of esters using 6 and its analogues in the presence of base,

and the first direct observations of catalytic intermediates in lactone/ester

hydrogenations.

th H Ph, H H, Ph, H H,

OO ///// P/”u l \N //,/’ | \\\\N
j - “Ru’

N P N

OO Ph, H H H2 H2 Ph, H Ph, O H,

Figure 2-1. Ru putative intermediates prepared by Hamilton and Bergens.

Results and discussion

We prepared solutions of Ru-dihydride 6 and its ethylenediamine
(en) analogue trans-[Ru((R)-BINAP)(H)2(en)] (41) for this study by reacting
trans-[Ru((R)-BINAP)(H)(n*-H,)(diamine)]BF; with 1.5-20 equiv of
KN(Si(CHs)s3), or KOt-Bu under H, (~2 atm) at =78 °C in THF.**® As 1 equiv
of base is consumed to prepare 6 or 41, the amount of base quoted in this
thesis is that remaining after 6 or 41 is prepared. We found that 6 was
inactive for ester hydrogenations in 2-PrOH, the most common solvent for
ketone hydrogenation catalyzed by Ru(diphosphine)(X).(diamine).?’® For

example, hydrogenation of acetophenone and benzaldehyde proceed
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guantitatively in 2-PrOH (0.5 mol% 6, 5.5 mol% KOt-Bu or KN(Si(CH3)3)2, 4
atm Hj, 40 °C, overnight). Under identical condition, hydrogenation of
methyl benzoate did not form the desired alcohol products. The
transesterification product, isopropyl benzoate, was observed (92% yield)
instead. Compound 6 was, however, active in THF (the solvent used in
previous reports under harsh conditions (typically 100 °C, 50 atm Hy))
under low pressures and temperatures. For example, the hydrogenation of
ethyl hexanoate at —20 °C under 4 atm H; formed 1-hexanol and ethanol as
the sole organic products in 23% yield. The yield increased to 55% upon
increasing the temperature to 0 °C (Equation 2-1). Thus, the lower intrinsic
reactivity of esters does not impede their hydrogenation under very mild

conditions with these catalysts.

6 (1.7 mol%)
KN(Si(CH3)3)> (6.7 mol%)

/\/\)J\ H, (4 atm)
SN0 + EtOH (21
OEt THF. 2h OH (2-1)

23% (=20 °C)
55% (0 °C)

The hydrogenation did, however, slow over time. For example,
hydrogenation of methyl benzoate using Ru-dihydride 41 (100 equiv of
ester, 9 equiv of KOt-Bu, 23 °C, 4 atm H,) showed a significant decrease in

TOF over time (Figure 2-2).
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Figure 2-2. Plot of TON vs. time for hydrogenation of methyl benzoate.

TOF (h™) decreased from 49 for the first hour to 3 for the last hour.
The following control experiment was conducted to distinguish between
this phenomenon and the exponential decrease of reaction rate that might
be observed if this hydrogenation has first order kinetics in [ester].
Hydrogenation of methyl benzoate were carried out under the same
conditions, as those used in Figure 2-2 in the presence of 80 equiv added
methanol and 80 equiv of benzyl alcohol. The observed TOF (h™) of 17 (for
the first hour) confirms that product inhibition is the origin of the rate
decrease over time.

We investigated the high intrinsic activity of this catalyst, and the
product inhibition, by carrying out the stoichiometric addition of
y-butyrolactone (42) to Ru-dihydride 6 at —80 °C (THF-dg, ~3 equiv of 42,
~2 atm Hy, 0.5 equiv of KN(Si(CHj3)3). or 2 equiv of KOt-Bu). Excess base
was added to prevent formation of trans-[Ru((R)-BINAP)(H)(OR)-
(R,R)-dpen)] (R = H (43)** or t-Bu (44)) that forms via reaction of
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Ru-amide (7) and trace water or t-BuOH if KOt-Bu is used. The addition
formed the Ru-hemiacetaloxide 45, the result of a net carbonyl-hydride
insertion, in 55% vyield over ~3 min. No intermediates were detected during

the bifunctional addition of 6 to 42 (Equation 2-2).

Ph; Hy Ph H
OO P., T N__Ph _ P2 M N
///// S R o > 2:2)
u + —_— u -
P | 07O THF-dg,-80°C \pr” | Ny

Ph
OO Ph, H H, Ph, O H,

6 42 H-7—0O

45
~55% yield

Stoichiometric transition metal-ester chemistry is less studied than
that of ketones. Most reports are of the ester ligand coordinating through
the carbonyl oxygen.®® There are fewer reports of coordination through the
alkoxide oxygen,® and there are only four reports of an ester coordinating
as a Tligand.*® This is the first observation of a transition
metal-hemiacetaloxide compound formed from addition of a lactone or
ester substrate. The hemiacetaloxide 45 was identified with *H, 3P, *H-*C
gHSQC, 'H-'H gCOSY and 2D gTOCSY NMR experiments. Figure 2-3
shows key a-CH correlation of the hemiacetaloxide group in *H-*C
gHSQC NMR spectra. The *H and **C signals of the CH peak were at &
6.17 and 110.9 ppm, respectively, shifted down-field by 0.84 and 13.4 ppm

from the free hemiacetal in THF-dg at —80 °C.
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Figure 2-3. The key a-CH (marked by *) correlation of the hemiacetaloxide

group in *H-"*C gHSQC NMR of 45.

The identity of 45 was further confirmed by independent synthesis.
Specifically, we showed previously that alcohols rapidly add to the
Ru-amide 7 at low temperatures to form the corresponding Ru-alkoxide

el The corresponding addition reaction

compounds (Scheme 1-9).
between the free hemiacetal 46 (~1 equiv) and 7 also occurred rapidly at

—78 °C to form 45 in a near quantitative yield (Equation 2-3).

Ph, H, Ph H
OO P, N SIS

PR P N
R D el G > (2-3)
~ Ph 0~ “OH THF-dg,-78 °C | N

=
p N P |
Phy H Ph, O H,

7 46 H (0]

Phthalide (47) also added to 6, forming the corresponding

Ru-hemiacetaloxide 48 at —80 °C (Equation 2-4). The rate of this addition
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was ~3x slower than the addition of y-butyrolactone (42) to 6 likely due to
the sterically bulkier 47. The addition of methyl benzoate began at ~—60 °C
to form mixtures of catalyst-alkoxide compounds. The order of reactivity
towards 6 is, thus, 42 > 47 > methyl benzoate. This trend agrees with the
more electrophilic nature of a lactone C=0O bond due to lack of
stereoelectronic stabilization by n—o*(C=0) interaction.®®

OO Ph y Hp Ph, H Hp
Prs,, | N~ oPh ~10 min Por, | N
—_—

[ \
\\\\\\\\\\\\\
\\\\\\\

Ru + Ru (2-4)
P | SN P o THFds—80°C \pr | Ny
Ph, H H, o Ph, O H,
6 47 H ©]
48
~50% vyield

Our preliminary model for these unexpectedly facile additions of
lactones and esters to 6 is that they proceed in a manner similar to the
addition of ketones. Specifically, the additions either proceed in a
bifunctional manner to form the hemiacetal that has a hydrogen-bond to
the Ru-amide 7, or exists with 7 as a hydrogen bonded species, which then
collapses into Ru-hemiacetaloxide 45. Alternatively, the bifunctional
addition forms 45 directly through a partial Ru-oxygen bond in the transition
state (Figure 2-4). These transition states have the same formal electron

count. Both pathways may also occur in parallel.
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\N or/and Ph, H \‘o\
i \ H

Figure 2-4. Possible transition states for the formation of

Ru-hemiacetaloxide 45.

Scheme 2-1. Transformation of the hemiacetaloxide 45 into Ru-alkoxide

49.
Ph, H H, Ha (~2 atm) Ph, H H,
P.., | N KN(Si(CH3)3), (~0.5 equiv) P, | N
s : Ru
o | N THF-dg, —80 to —40 °C p” | \N

Ru—NH

(LN

OR H

\_Base
Ph 4  Hp OH Ph, y H o}
= = N> f H Po, | o N !
Via: ‘Ru; + 0 =— ‘Ru' + OH

P Sy P | SN
Ph, ; H Ph, H H,

The hemiacetaloxide 45 transformed into the Ru-alkoxide 49 under
hydrogen (~2 atm) (Scheme 2-1). This conversion occurs slowly at —80 °C,
and quickly upon warming up to —40 °C. The alkoxide ligand in 49 is the
diol that would result from complete reduction of the parent lactone. The
hemiacetaloxide 48, made by addition of phthalide 47 to 6, underwent the
same transformation at —40 °C to form the corresponding Ru-alkoxide 50.

Compounds 49 and 50 were identified with *H, 3P, *H-'*C gHSQC, and
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'H-'H gCOSY NMR experiments, and with independent synthesis by
addition of the corresponding diols to the amide 7. Interestingly, the OH *H
NMR signal from coordinated diols appeared at unusually down-field (12.8
ppm for 49 and 13.3 ppm for 50). These low-field shifts are probably
because of a formation of an intramolecular hydrogen bond between an
OH group of the alkoxide ligand (donor) and the Ru-oxygen group of the
alkoxide ligand (acceptor).®” An intermolecular hydrogen bond between
excess base (KOt-Bu or KN(Si(CHs)3)2) or the corresponding protonated
base is unlikely since the same OH signals were observed no matter which

base is used.

Scheme 2-2. A proposed origin of the product inhibition.

th Ph, H H,
< \\\\\\\\\\\\\\\ < \\\\\\\\\\\\\\\ H2
/ \ - / \ — “H, | N
Ph Ph Ph, H H
2 w 2 7 2 6 2
R

Inactive Active

We have shown in our previous studies that alkoxides related to
45, 48, 49, and 50 undergo a base-assisted elimination of the alkoxide

ligand to generate the Ru-amide 7,3

which also reacts quickly with H; to
form 6. We propose that a similar sequence of steps occurs as a part of the
transformations of 45 and 48 into 49 and 50, respectively, via the
tautomerization of hemiacetals into aldehyde-alcohols (Scheme 2-2). If this

mechanism is operative, a competition would be established during the
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catalytic hydrogenations between the primary alcohol products that react
with the Ru-amide 7 to form catalytically inactive Ru-alkoxides, and H, that
reacts with 7 to form catalytically active Ru-dihydride 6. In other words, as
the concentration of primary alcohol products increases, the probability of
the Ru-amide 7 reacting with the product alcohols increases. As a
consequence, the concentration of catalytically active species 6 decreases.
Additionally, primary alcohols are more reactive towards Ru-amide 7 since
they are less hindered, and have more acidic OH groups than secondary or
tertiary alcohols.®® We propose that this competition of alcohols and H,
toward 7 combined with higher acidity of primary alcohol products is the
origin of the product inhibition. This proposal is further supported by the
fact that the catalytic reaction did work in t-BuOH, a less acidic, and less
coordinating alcohol solvent, (0.5 mol% 41, 4.5 mol% KOt-Bu, 4 atm H,, 23
°C, 2 h, 32% yield), unlike in 2-PrOH.

Hansen et al. proposed a similar product inhibition for their Rh
catalyzed enamine hydrogenation.'® They observed that the
hydrogenation took ~3 times longer when 32 mol% of the product amine
was added to the reaction mixture before the hydrogenation (Equation 2-5).
Further, the hydrogenation was ~3 times faster in the presence of 200
mol% of (Boc),O as the product amine trap, despite a 5-fold reduction in

catalyst loading (Equation 2-6).
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2 mol% Chiral P-P
1 mol% [Rh(COD)CI],

NHy O H, (32.6 atm) NH; O , Pt-Bu,
2-5)
AN Fe PPh; (
NHPh MeOH, 40 °C NHPh
98% yield Q
3.6 h (without product amine) Chiral P-P

11.3h (with 32 mol% product amine)

0.4 mol% Chiral P-P Ot-Bu
0,
0.2 mol% [Rh(COD)ClI], O)\NH

O O
NH, O L H, (32.6 atm) Q
+ 200 mol% . X 2-6
N NHEh o t-BuO” ~O~ “Ot-Bu MeOH, 40 °C NHPh( )
(Boc),O —CO,, —t-BuOH 98% yield

1.1h

As described in Chapter 1, researchers at Firmenich and Takasago
reported ester hydrogenation with high TON and TOF using Noyori-type,
ketone hydrogenation catalysts under high H, pressure (50 atm),
temperature (100 °C), and [base].>’® Based on our low temperature,
stoichiometric study, these reaction conditions most likely contribute to the
high TON and TOF by helping to overcome product inhibition.

Table 2-1 shows the results for hydrogenation of a series of esters
and lactones under mild conditions using Ru-dihydride 41 as a catalyst.
Several of these substrates were hydrogenated in 100% yield (entries 1-3)
using 1 mol% 41 at 30 or 50 °C (9 equiv KOt-Bu, 4 atm H,, 3 or 4 h). No
significant difference in activity was observed between 6 and 41. For
example, hydrogenation of y-butyrolactone (200 equiv, room temperature 4
atm H, 10 equiv KOt-Bu, 2 h) was 97% complete with 6, and 85% with 41.
Lactones are less prone to product inhibition than acyclic esters (entries 2
and 3), possibly due to their higher reactivity towards Ru-dihydride 6 as

seen in the low temperature, stoichiometric reactions, and fewer molecules
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of alcohols produced per molecule of esters hydrogenated. The remaining
substrates in Table 1 were hydrogenated using 2 mol% catalyst. Steric
hindrance (entries 5 and 6) and more electron donating substituents
(entries 8 and 9) retarded the yields as expected. Both the C=0 and C=C
bonds of methyl cinnamate were reduced in 100% yield possibly via
concerted 1,4-addition of RuH and NH to B-carbon and carbonyl oxygen, or
via reduction of carbonyl C=0 followed by isomerization of an resulting allyl

alcohol.

Table 2-1. Catalytic hydrogenation of esters and lactones.?

entry ester/lactone vyield (%)° |entry ester/lactone yield (%)°

O (@]
1C ©)J\OM9 100 6 ©)‘\Ot-8u 75
o (0]
2 i‘fo 100 7 J@)LOMe 100
FiC
o (0]
3¢ (jo 100 8 @*om 84
MeO
? O
e
* @E/fo 92 9 A OEt 61
(@] O

!

Oi-Pr 01 10 @/V%Me 100

2 Conditions: 50 equiv ester, 30 °C, 9 equiv KOt-Bu, 4 atm H,, 3 h unless otherwise noted. ® Determined by 'H
NMR. ¢ 100 equiv ester, 50 °C. ® 100 equiv ester, 4 h. ®4 h.
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Conclusions

This Chapter presented the first direct observation and study of
intermediates in the homogeneous hydrogenation of lactones and esters
using the highly active Noyori ketone hydrogenation catalyst
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6). Contrary to expectations, the
intrinsic reactivity of Ru-dihydride 6 towards esters and lactones is high. It
is product inhibition that limits the turnover number under low pressures
and temperatures. Future catalyst development should be directed towards
systems that minimize product inhibition and still retain a high intrinsic
activity towards esters.
Experimental
Materials and Methods. All pressure reactions were carried out in a glass
autoclave. All NMR experiments were carried out in NMR tubes fitted with a
rubber septum under an atmosphere of argon or hydrogen using standard
Schlenk and glovebox techniques unless stated otherwise. Deuterated
solvents were obtained from Cambridge Isotope Laboratories. Common
solvents were obtained from Fisher Scientific and distilled over appropriate
drying reagents. THF was distilled over potassium/benzophenone before
each experiment. THF-dg was distilled over potassium before each
experiment. MeOH, 2-PrOH, tert-butanol, and benzyl alcohol were distilled
over CaH,. Common chemicals were obtained from Aldrich, TCI America,
and Strem, and were used as received unless stated otherwise. Potassium

tert-butoxide (KOt-Bu) was sublimed before use. All liquid esters and
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lactones were distilled over molecular sieves type 4A or CaH,.
y-Butyrolactone (42) was distilled over molecular sieve type 4A and passed
through activated neutral alumina before use. Phthalide (47) was used as
received. Ethylenediamine was distilled over KOH. trans-[Ru((R)-BINAP)-
(H)2((R,R)-dpen)] (6) and [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph))2NHz)] (7)
were prepared using the method reported previously.*®
1,2-Benzenedimethanol was prepared by the LiAlH4 reduction of 47.%°
2-Hydroxyfuran (46) was prepared by the DIBAL-H reduction of
y-butyrolactone.” Hydrogen gas was ultra high purity grade purchased
from Praxair. 'H, *C, and *'P NMR spectra were recorded using
Varian-Inova (400 MHz) spectrometers. *H and **C NMR chemical shifts
are reported in parts per million (d) relative to TMS with the solvent as the
internal reference. 3P chemical shifts are reported in parts per million ()
relative to 85% H3PO, as the external reference. NMR peak assignments
were made using *H-'H gCOSY, 2D gTOCSY, and *H-'3C gHSQC NMR
experiments. Abbreviations for NMR spectra are s (singlet), d (doublet), t
(triplet), g (quartet), dd (doublet of doublet), ddd (doublet of doublet of
doublet), dt (doublet of triplet), tt (triplet of triplet), m (multiplet), and br
(broad). Gas chromatography was performed using a Hewlett Packard
5890 chromatograph equipped with a flame ionization detector, a 3392A
integrator, and a Beta Dex™ 120 fused silica capillary column (30m x

0.25mm x 0.25um thickness, Supelco) using 20 psi He as carrier gas. The

standard conditions used to determine yield of benzyl alcohol were: initial
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oven temperature 100 °C increased at 1.0 °C/min. The retention times
were tg = 9.0 min for methyl benzoate, and tg = 13.7 min for benzyl alcohol.
Preparation of the hemiacetaloxide 45 by reaction of
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with y-butyrolactone (42). A
solution of 6 (0.011 mmol) was prepared in THF-dg (0.80 mL) using
KN(Si(CHs)s), (3.4 mg, 0.017 mmol) at —78 °C under H,.3*® Argon was then
bubbled through the solution for 1 min at —78 °C to remove the excess H;
used to prepare 6. y-Butyrolactone (42) (2.6 pL, 0.034 mmol) was then
added at —78 °C using a syringe. The NMR tube was quickly removed from
the —78 °C bath, shaken once, and returned to the bath. The sample was
then introduced into the NMR probe pre-cooled to —80 °C. The first *H NMR
spectrum showed that ~94% of the dihydride 6 had reacted to form a
mixture of the hemiacetaloxide 45, ~70% and the diol alkoxide 49, ~24%.
45 was characterized at —80 °C using several *H, *P{*H}, *H-'H gCOSY,
2D gTOCSY, and 'H-*C gHSQC NMR experiments. *H NMR (399.95
MHz, THF-dg, =80 °C): & —17.6 (1H, t, 2Jp.q = 24.0 Hz, Ru-H), 1.79 (1H,
overlapping with a residual THF-dg peak, CgHH), 1.95 (1H, overlapping
with a CcHH peak, CgHH), 1.97 (1H, overlapping with a CgHH peak,
CcHH), 2.46 (1H, br, overlapping with a y-butyrolactone peak, C;HNHH),
2.73 (1H, broad peak, CcHH), 3.66 (1H, br, overlapping with a residual
THF-dg peak, CLHNHH), 3.87 (1H, br, overlapping with a free (R,R)-dpen
peak, CpHH), 3.97 (1H, brt, 3Jun = 12.0 Hz, CoHNHH), 4.23 (1H, br t, 3Ju.4

= 7.0 Hz, overlapping with a y-butyrolactone peak, C.HNHH), 4.47 (1H, br,
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overlapping with a C;HNHH peak, CpHH), 4.55 (1H, br, overlapping with a
CoHH peak, C.HNHH), 4.78 (1H, br, CLHNHH), 6.17 (1H, s, CaHO-Ru),
6-9.5 (overlapping peaks, aromatic). **C{*H} NMR (100.6 MHz, THF-ds,
—80 °C, determined using *H-'3C gHSQC): & 27.8 (CcH,), 38.3 (CgHy),
64.5 (CpHy), 64.4 (CoHNH,) 69.5 (CaHNH,), 110.9 (CaHO-RU), 126-136
(aromatic). **P{*H} NMR (161.91 MHz, THF-dg, —80 °C): & 65.90 (d, 2Jp_p =
41.9 Hz), 69.26 (d, 2Jp_p = 41.9Hz). Figure 2-5 shows the P NMR
spectrum.

Preparation of the hemiacetaloxide 45 by reaction of
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with y-butyrolactone (42)
using KOt-Bu as base. A solution of 6 (0.010 mmol) was prepared in
THF-dg (0.80 mL) using KOt-Bu (3.7 mg, 0.033 mmol), and frozen in a
liquid nitrogen bath.**® y-Butyrolactone (42) (2.3 pL, 0.030 mmol) was then
added at —78 °C using a syringe. The frozen solution was partially thawed
and mixed by shaking once outside the bath. The sample was then
introduced into the NMR probe pre-cooled to —80 °C. The first *H NMR
spectrum (~3 min at —80 °C) showed that ~83% of the dihydride 6 had
reacted to form a mixture of the hemiacetaloxide 45, ~55%, the
tert-butoxide compound 44, ~17% ,and the diol alkoxide 49, ~11%. The
tert-butoxide compound was likely formed by reaction of 45 with the
tert-butanol present from the preparation of 6. The composition of the
tert-butoxide compound was confirmed by an independent synthesis where

the amide 7 was reacted with tert-butanol. The sample was then stored in
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the NMR probe (=80 °C) for 30 min. The *H NMR spectrum taken after 30
min showed that a total of ~96% of the dihydride 6 had reacted to form a
mixture of the hemiacetaloxide 45, ~67%, the tert-butoxide compound 44,
~15%, and the diol alkoxide 49, ~14%. This rate roughly corresponds to
76% of the dihydride present when the first NMR was recorded reacting
over 30 min at —80 °C. The hemiacetaloxide 45 converted into diol alkoxide
49 over several hours at —80 °C or upon warming up to —40 °C.
Preparation of the hemiacetaloxide 45 by reaction of
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH,)] (7) with 2-hydroxyfuran
(46). A solution of 7 (0.015 mmol) was prepared in THF-dg (0.70 mL) using
KN(Si(CHz3)3)2 (4.6 mg, 0.023 mmol), and frozen in a liquid nitrogen bath.
2-hydroxyfuran (46) (1.4mg, 0.016 mmol)’® in THF-dg (0.10 mL) was then
added into a frozen solution of 7 by cannula under argon pressure. Two
frozen layers were partially melted and mixed by shaking once outside the
bath. The sample was then introduced into the NMR probe pre-cooled to
—80 °C. The first *H NMR spectrum (~3 min at —80 °C) showed that all
compound 7 had reacted to form a mixture of the hemiacetaloxide 45,
~91%, and the diol alkoxide 49, ~9%. See Figure 2-6 — 2-8.

Preparation of the hemiacetaloxide 48 by reaction of
trans-[Ru((R)-BINAP)(H)>((R,R)-dpen)] (6) with phthalide (47). A
solution of 6 (0.015 mmol) was prepared in THF-dg (0.60 mL) using
KN(Si(CHs)s), (4.5 mg, 0.023 mmol) at —=78 °C under H,.3*® Argon was then

bubbled through the solution for 1 min at —78 °C to remove the excess H;
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used to prepare 6. A solution of phthalide (47) (6.1 mg, 0.045 mmol) in
THF-dg (0.20 mL) was then added at —78 °C by cannula under argon
pressure. The NMR tube was quickly removed from the —78 °C bath,
shaken once, and returned to the bath. The sample was then introduced
into the NMR probe pre-cooled to —80 °C. The *H NMR spectrum showed
that 89% of the dihydride 6 had reacted to form a mixture of the
hemiacetaloxide 48, ~73%, and the diol alkoxide 50, ~16%. The
hemiacetaloxide 48 was characterized at —80 °C using *H, *P{*H}, *H-'H
gCoOSY, and *H-'3C gHSQC NMR experiments. *H NMR (399.95 MHz,
THF-dg, =80 °C): & —18.0 (1H, t, 2Jp.y = 25.0 Hz, Ru-H), 2.46 (1H, br,
C,HNHH), 3.88 (1H, br, overlapping with a free (R,R)-dpen peak,
CpHNHH ), 4.06 (1H, br quartet, CoHNHH), 4.19 (1H, br quartet, C;HNHH),
4.44 (1H, br, CoHNHH), 4.87 (1H, br, overlapping with a CHH peak,
CaHNHH), 4.92 (1H, d, overlapping with a C.HNHH peak, 2Jy. = 12.0 Hz,
CHH), 5.28 (1H, d, overlapping with a phthalide peak, 2Jy.ny = 12.0 Hz,
CHH), 7.35 (1H, s, CHO-Ru, overlapping with aromatic peaks), 6-10
(overlapping peaks, aromatic). **C{*H} NMR (100.6 MHz, THF-dg, —80 °C,
determined using *H-C gHSQC): & 63.2 (CiHNH,), 67.6 (CH,), 69.7
(CoHNH,), 117.2 (CHO-Ru), 121-138 (aromatic). >!P{*H} NMR (161.91
MHz, THF-dg, —80 °C): & 66.32 (d, “Jp_p = 43.1 Hz), 68.80 (d, Jp_p = 43.1
Hz). See Figures 2-9 — 2-11.

Preparation of the hemiacetaloxide 48 by reaction of

trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with phthalide (47) using
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KOt-Bu as base. A solution of 6 (0.015 mmol) was prepared in THF-dg
(0.60 mL) using KOt-Bu (5.0 mg, 0.045 mmol). A solution of phthalide (47)
(5.7 mg, 0.043 mmol) in THF-dg (0.20 mL) was then added at —78 °C by
cannula under H; pressure (~2 atm). The NMR tube was quickly removed
from the —78 °C bath, shaken once, and returned to the bath. The sample
was then introduced into the NMR probe pre-cooled to —80 °C. The first *H
NMR spectrum (~10 min after the shake) showed that ~73% of the
dihydride 6 had reacted to form a mixture of the hemiacetaloxide 48, ~50%,
the tert-butoxide compound, ~13%, the diol alkoxide 50, ~1% and an
uncharacterized ruthenium species, ~9%. The tert-butoxide compound was
likely formed by reaction of 48 with the tert-butanol present from the
preparation of 6. The sample was then stored in the NMR probe (=80 °C)
for 30 min. The *H NMR spectrum taken after 30 min showed that a total of
~80% of the dihydride 6 had reacted to form a mixture of the
hemiacetaloxide 48, ~53%, the tert-butoxide compound, ~15%, the diol
alkoxide 50, ~3%, and an uncharacterized ruthenium species, ~9%. This
rate roughly corresponds to 26% of the dihydride present when the first
NMR was recorded reacting over 30 min at —80 °C. This ruthenium
hemiacetaloxide converted into the diol alkoxide 50 over several hours at
—80 °C or upon warming up to —40 °C.

Reaction of trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with methyl
benzoate. A solution of 6 (0.011 mmol) was prepared in THF-dg (0.80 mL)

using KN(Si(CHs)3)2 (3.3 mg, 0.017 mmol).*>** Methyl benzoate (3.9 pL,
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0.031 mmol) was then added at —78 °C using a syringe. The NMR tube
was quickly removed from the —78 °C bath, shaken once, and returned to
the bath. The sample was then introduced into the NMR probe pre-cooled
to —80 °C. *H and *'P{*H} NMR spectra was taken at —80, —60 and —40 °C.
The reaction slowly started at —60 °C and all 6 was consumed when
temperature reached —40 °C. The reaction products were a mixture of
unidentified catalyst-alkoxide compounds.

Preparation of diol alkoxide 49 by reaction of
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with y-butyrolactone (42).
The hemiacetaloxide 45 was prepared as described previously using
KOt-Bu as base, and stored for 3 h in the NMR probe pre-cooled to —80 °C.
NMR spectra showed this mixture consisted of the diol alkoxide 49, ~61%,
the hemiacetaloxide 45, ~19%, the tert-butoxide compound 44, ~18%, and
the dihydride 6, ~2%. Upon warming the NMR probe from —80 to —40 °C
over ~10 min, the mixture consisted of 49, ~86%, the tert-butoxide
compound 44, ~9%, and an unidentified ruthenium species, ~5%. 49 was
characterized at —80 °C using several ‘H, *P{*H}, *H-'H gCOSY, and
'H-13C gHSQC NMR experiments. *H NMR (399.95 MHz, THF-dg, —80 °C):
5 —17.3 (1H, t, 2Jpy = 25.2 Hz, Ru-H), 1.47 (1H, overlapping with a
cyclooctane peak  (formed  during the hydrogenation of
[Ru((R)-BINAP)((1-5-n)-CgH11)]BF4), CgHH), 1.61 (1H, overlapping with a
cyclooctane peak, CgHH), 1.79 (2H, overlapping with a residual THF-dg

peak, CcHH), 2.51 (1H, br, C,HNHH), 3.04 (1H, br, overlapping with a
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CpHNHH peak, CAHHO-Ru), 3.11 (1H, br, overlapping with a CAHHO-Ru
peak, Cp,HNHH), 3.53 (1H, overlapping with a residual THF-dg peak,
CaHHO-Ru), 3.65 (1H, overlapping with a residual THF-dg peak, CoHHOH),
3.87 (1H, overlapping with a free (R,R)-dpen peak, CoHHOH), 4.03 (1H, br,
Cp,HNHH), 4.26 (1H, overlapping with a y-butyrolactone peak, C;HNHH),
4.32 (1H, overlapping with a C;HNHH peak, C;HNHH), 4.45 (1H, br,
CpoHNHH), 6-9.5 (overlapping peaks, aromatic), 12.8 (1H, s, CpobHHOH).
Bc{H} NMR (100.6 MHz, THF-dg, —80 °C, determined using ‘H-*C
gHSQC): & 36.0 (CcHy), 37.0 (CgHy), 62.6 (CaHNH,) 62.7 (CpHy), 69.2
(CoHNH,), 69.3 (CaH,0-Ru), 126-140 (aromatic). 3P{*H} NMR (161.91
MHz, THF-dg, —80 °C): d 68.98 (d, 2Jp_p = 43.1 Hz), 73.76 (d, 2Jp_p = 41.9
Hz). See Figures 2-12 — 2-14. This compound was also prepared using 1.5
equiv KN(Si(CHs3)3), instead of KOt-Bu to avoid the formation of ruthenium
tert-butoxide compound.

Preparation of diol alkoxide 50 by reaction of
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with phthalide (47). A
solution of 6 (0.017 mmol) was prepared in THF-dg (0.60 mL) using KOt-Bu
(5.7 mg, 0.051 mmol).** A solution of phthalide (47) (7.7 mg, 0.057 mmol)
in THF-dg (0.20 mL) was then added at —78 °C by cannula under H,
pressure (~2 atm). The NMR tube was shaken for ~5 sec outside the —78
°C bath and then returned to the bath. This process was repeated nine
times. *H, 3*P{*H}, *H-'H gCOSY, and *H-"*C gHSQC NMR spectra taken

at —80 °C showed that the reaction was completed and formed ruthenium
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alkoxide (50). Yield: 98% (based on *P NMR). 'H NMR (399.95 MHz,
THF-dg, =40 °C): & —17.4 (1H, t, 2Jp.y = 25.6 Hz, Ru-H), 2.23 (1H, br,
partially overlapping with a cyclooctene peak (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CgH11)]BF4), C:HNHH), 3.83 (1H,
d, 2Jun = 11.5 Hz, CAHHO-Ru), 3.91-4.00 (3H, overlapping multiplet,
CaHNHH, CoHNHH and CyHNHH overlapping with a free (R,R)-dpen
peak), 4.11 (1H, br, CLHNHH), 4.46 (1H, br, C;HNHH), 4.72 (1H, br,
CgHHOH), 5.22 (1H, d, 23y = 11.0 Hz, CAHHO-RU), 5.43 (1H, d, 2Jyn =
11.1 Hz, CgHHOH), 6-10 (overlapping peaks, aromatic), 13.3 (1H, br,
CgHHOH). BC{*H} NMR (100.6 MHz, THF-dg, —40 °C, determined using
H-13C gHSQC): & 63.0 (C.HNH,), 66.7 (CaH,0-Ru), 69.8 (CoHNH,), 73.5
(CgH,OH), 126-138 (aromatic). *!P{*H} NMR (161.91 MHz, THF-dgs, —40
°C): 8 67.55 (d, 2Jp_p = 46.9 Hz), 75.27 (d, 2Jp_p = 46.9 Hz). This compound
was also prepared using 1.5 equiv KN(Si(CH3)3), instead of KOt-Bu to
avoid the formation of the ruthenium tert-butoxide compound.

Preparation of diol alkoxide 49 by reaction of
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH)] (7) with 1,4-butanediol. A
solution of 7 (0.010 mmol) was prepared in THF-dg (0.80 mL) as we
described previously using KN(Si(CHs)s). (3.1 mg, 0.016 mmol).>*®
1,4-Butanediol (1 pL, 0.011 mmol) was then added at —78 °C using a
syringe. The NMR tube was shaken once outside the —78 °C bath and then

returned to the bath. *H, **P{*H}, *H-'H gCOSY and *H-*C gHSQC NMR
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spectra showed formation of diol alkoxide 49. Yield: ~100% (based on *'P
NMR).

Preparation of diol alkoxide 50 by the reaction of
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph))2NH,)] (7) with
1,2-benzenedimethanol. A solution of 7 (0.020 mmol) was prepared in
THF-dg (0.60 mL) as we described previously using KN(Si(CH3)3), (8.1 mg,
0.041 mmol).**® A solution of 1,2-benzenedimethanol (3.1 mg, 0.022 mmol)
in THF-dg (0.20 mL) was then added at —78 °C by cannula under argon.
The NMR tube was shaken for ~5 sec outside the —78 °C bath and then
returned to the bath. This process was repeated nine times. *H, 3P{*H},
'H-'H gCOSY, and *H-"*C gHSQC NMR spectra showed formation of diol
alkoxide 50. Yield: 100% (based on *P NMR). See Figures 2-15 — 2-17.
Preparation of a mixture of trans-[Ru((R)-BINAP)(H).-
(ethylenediamine)] (41) and 9 equiv KOt-Bu for use as an ester
hydrogenation catalyst. This compound was prepared using the method
reported previously for the preparation of trans-[Ru((R)-BINAP)(H),-
((R,R)-dpen)] (6).%*¢ A solution of [Ru((R)-BINAP)((1-5-1)-CgH11)]BF4 (9.2
mg, 0.010 mmol)’* in THF (0.50 mL) was shaken under H; (~2 atm) in a
NMR tube at 0 °C for 3 min. Ethylenediamine (1.0 pL, 0.015 mmol) was
then added using a micro-liter syringe at —78 °‘C. An excess of
ethylenediamine was used to overcome the losses associated with
measuring and addition of the required 0.7 pL (0.010 mmol) of

ethylenediamine. The NMR tube was then shaken for ~5 sec outside the
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—78 °C bath and then returned to the bath. This process was repeated nine
times. KOt-Bu (11.2 mg, 0.10 mmol) (KN(Si(CHz3)3), can be used as well) in
THF (0.50 mL) was then added by cannula under H, pressure (~2 atm).
The NMR tube was shaken for ~5 sec outside the —78 °C bath and then
returned to the bath. This process was repeated nine times. The solution
color changed from yellow to red during the addition of KOt-Bu. NMR
spectra recorded at —20 °C showed formation of the ruthenium dihydride
41 as sole ruthenium containing product. 41 was characterized using *H,
31ptH}, 'H-'H gCOSY, and *H-'3C gHSQC NMR.'H NMR (399.95 MHz,
THF-dg, =20 °C): & —=5.46 (2H, t, 2Jp.q = 16.7 Hz, Ru-H), 1.68 (2H, broad
peak, 2NHH, partially overlapping with a residual THF-dg peak), 2.40 (2H,
broad peak, 2CHH, partially overlapping with the other 2CHH peak), 2.48
(2H, broad peak, 2CHH, partially overlapping with the other 2CHH peak
and a free en peak), 3.27 (2H, broad peak, 2NHH), 6.0-9.5 (overlapping
peaks, aromatic). **C{*H} NMR (100.6 MHz, THF-ds, —20 °C, determined
using *H-"3C gHSQC): & 46.4 (2CH,), 123-135 (aromatic). **P{*H} NMR
(161.88 MHz, THF-dg, —20 °C): & 86.97 (s). See Figures 2-18 — 2-20. This
mixture was then added by cannula under H, pressure (~2 atm) to a glass
autoclave containing an appropriate ester (1.0 or 0.50 mmol) and 2.0 mL of
freshly distilled THF.

Typical procedure for hydrogenation of esters. A glass autoclave was
purged with H, before adding reagents. The appropriate ester (1.0 or 0.50

mmol) and 2.0 mL of freshly distiled THF were then injected into the
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autoclave. A mixture of trans-[Ru((R)-BINAP)(H).(ethylenediamine)] (41)
(0.010 mmol) and KOt-Bu (0.10 mmol) in THF (1.0 mL), prepared as
described in the previous section, was then added by cannula under H,
pressure (~2 atm). The reaction mixture was stirred at 30 °C for 3 h under 4
atm of H,. Formation of small amount of solid was sometimes observed
during the reaction. The autoclave was then vented. The reaction mixture
was analyzed by NMR and/or GC.

TON vs. Reaction time for hydrogenation of methyl benzoate (Figure
2-2.). A glass autoclave was purged with H, before adding reagents.
Methyl benzoate (0.13 mL, 1.0 mmol) and 2.0 mL of freshly distilled THF
were injected into the autoclave. A mixture of trans-[Ru((R)-BINAP)-
(H),(ethylenediamine)] (0.010 mmol) and KO'Bu (11.6 mg, 0.10 mmol) in
THF (1.0 mL) was then added by cannula under H, pressure (~2 atm). The
reaction mixture was stirred at room temperature (~23 °C) for 4 h under 4
atm of H,. Aliquot of the reaction mixture was taken every 30 min for 4 h
and analyzed using GC. Yield: 35% (30 min), 49% (60 min), 62% (90 min),
67% (120 min), 72% (150 min), 77% (180 min), 78% (210 min), 80% (240
min). The turnover frequency of the first an hour and the last an hour were
49 h™ and 3 h™* respectively.

Hydrogenation of methyl benzoate in the presence of product
alcohols. A glass autoclave was purged with H, before adding reagents.
Methyl benzoate (0.130 mL, 1.03 mmol, 100 equiv), benzyl alcohol (0.086

mL, 0.83 mmol, 80 equiv), MeOH (0.034 mL, 0.84 mmol, 80 equiv), and 2.0
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mL of freshly distilled THF were injected into the autoclave. A solution of
trans-[Ru((R)-BINAP)(H)2(en)] (41) (0.010 mmol, 1 equiv) prepared using
[Ru((R)-BINAP)((1-5-n)-CgH11)]BF4 (9.5 mg, 0.010 mmol) and KOt-Bu (11.6
mg, 0.094 mmol) in THF (1.0 mL) was then added to the autoclave under
H, pressure (~2 atm). The reaction mixture was stirred at room
temperature (~23 °C) for 1 h under 4 atm of H,. The reaction mixture was
analyzed by NMR and GC. The mixture of methyl benzoate (18 %), benzyl
alcohol (30 %), and benzyl benzoate (52 %) was obtained. Benzyl
benzoate was formed via a base catalyzed transesterification. This ratio
was translated into the increased amount of benzyl alcohol from 80 equiv
to 97 equiv for 1 h by counting the benzyl benzoate as a product and a
reactant. This increase corresponds to TOF of 17 h™.

Preparation of Ru-tert-butoxide compound 44 by the reaction of
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH>)] (7) with t-BuOH. A solution
of 7 (0.012 mmol) was prepared in THF-dg (0.60 mL) as we described
previously using KN(Si(CHs)s)» (3.7 mg, 0.019 mmol).>*® t-BuOH (3.5 pL,
0.036 mmol) in was then added using a syringe at —78 °C. The NMR tube
was shaken for ~5 sec outside the —78 °C bath and then returned to the
bath. 'H, *P{*H}, 'H-'H gCOSY, and 'H-*C gHSQC NMR spectra
showed formation of diol alkoxide 44. Yield: 75% (based on *'P NMR). *H
NMR (399.95 MHz, THF-dg, =80 °C): 6 —16.3 (1H, t, 2Jp.ui = 23.8 Hz, Ru-H),
1.17 (9H, overlapping with a free t-BuOH peak, OC(CH3)), 2.13 (1H, broad

peak, partially overlapping with a cyclooctene peak (formed during the
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hydrogenation of [Ru((R)-BINAP)((1-5-1)-CgH11)|BF4), CaHNHH), 3.29 (1H,
br, CbHNHH), 3.98 (1H, br t, C,HNHH), 4.33 (2H, br, overlapping C;HNHH
and C,HNHH), 4.56 (1H, br, C;HNHH), 6-10 (overlapping peaks, aromatic).
BCc{H} NMR (100.6 MHz, THF-dg, —80 °C, determined using ‘H-*C
gHSQC): & 31.8 (C(CHs)), 62.3 (C.HNH.), 69.4 (C,HNH,), 126-138
(aromatic). **P{*H} NMR (161.91 MHz, THF-dg, —80 °C): & 68.39 (d, 2Jp_p =

41.9 Hz), 73.75 (d, 2Jp_p = 40.8 Hz). See Figures 2-21 — 2-23.
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Figure 2-5. 3P NMR spectrum (5 100 to 40) of 45 prepared from 6 and 42
using KN(Si(CHs)3)2 at —80 °C. * is Ru species formed during preparation of

6.
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Figure 2-6. 3'P NMR spectrum (5 100 to 40) of 45 prepared from 7 and 46

at —80 °C. * is Ru species formed during preparation of 7.
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Figure 2-7. *H NMR spectrum (5 —0.5 to —20) of 45 prepared from 7 and 46

at —80 °C. * is Ru species formed during preparation of 7.

Figure 2-8. *H NMR spectrum (3 10 to —0.5) of 45 prepared from 7 and 46
at —80 °C. The non-aromatic peaks assigned to 45 are marked with an
asterisk. The remaining peaks are due to trace y-butyrolactone (42) and
49, residual protons in THF-dg, KN(Si(CH3)3)2, HN(Si(CH3)3)2, cyclooctane
and cyclooctene (formed during the hydrogenation of

[Ru((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Figure 2-9. 3P NMR spectrum (5 100 to 40) of 48 prepared from 6 and 47

at —80 °C. * is Ru species formed during preparation of 6.
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Figure 2-10. *H NMR spectrum (3 —0.5 to —20) of 48 prepared from 6 and

47 at —80 °C. * is Ru species formed during preparation of 6.

Figure 2-11. *H NMR spectrum (5 10 to —0.5) of 48 prepared from 6 and 47
at —80 °C. The non-aromatic peaks assigned to 48 are marked with an
asterisk. The remaining peaks are due to excess phthalide (47), trace 6
and 50, residual protons in THF-dg, KN(SIC(Hz)3)2, HN(SI(CHz3)3)2,
cyclooctane and cyclooctene (formed during the hydrogenation of

[RU((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Figure 2-12. *'P NMR spectrum (3 100 to 40) of 49 prepared from 6 and 42
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at —80 °C. * is Ru species formed during preparation of 6.

Figure 2-13. *H NMR spectrum (5 —0.5 to —20) of 49 prepared from 6 and

42 at —80 °C. * is Ru species formed during preparation of 6.
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Figure 2-14. *H NMR spectrum (5 14 to —0.5) of 49 prepared from 6 and 42
using KOt-Bu at —80 °C. The non-aromatic peaks assigned to 49 are
marked with an asterisk. The remaining peaks are due to excess 42,
residual protons in THF-dg, KOt-Bu, t-BuOH, H,, cyclooctane and
cyclooctene (formed during the hydrogenation of

[RU((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Figure 2-15. *'P NMR spectrum (5 100 to 40) of 50 prepared from 7 and
1,2-benzenedimethanol at —40 °C. * is Ru species formed during

preparation of 7.

Figure 2-16. *H NMR spectrum (3 —0.5 to —20) of 50 prepared from 7 and
1,2-benzenedimethanol at —40 °C. * is Ru species formed during

preparation of 7.
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Figure 2-17. *H NMR spectrum (3 14 to —0.5) of 50 prepared from 7 and

1,2-benzenedimethanol at —40 °C. The non-aromatic peaks assigned to 50
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are marked with an asterisk. The remaining peaks are due to excess
1,2-benzenedimethanol, residual protons in THF-dg, KN(Si(CHs)3)2,
HN(Si(CHgz)3)2, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if

present.

95 90 85 80 75 70 65 60 55 50 45 40

Figure 2-18. %P NMR spectrum (5 100 to 40) of 41 prepared using

KN(Si(CHa)s)2 at —20 °C.

Figure 2-19. 'H NMR spectrum (& —0.5 to —20) of 41 prepared using

KN(Si(CHa)s), at —20 °C.
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Figure 2-20. *H NMR spectrum (3 10 to —0.5) of 41 prepared using
KN(Si(CH3)3), at —20 °C. The non-aromatic peaks assigned to 41 are
marked with an asterisk. The remaining peaks are due to trace amount of
excess ethylenediamine, residual protons in THF-dg, KN(Si(CHz3)3)2,
HN(SIC(CHs)3)2, H2, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CsH11)]BF4), diethyl ether and

hexanes, if present.

95 90 85 80 75 70 65 60 55 50 45 40

Figure 2-21. *P NMR spectrum (5 100 to 40) of 44 at —-80 °C. * is Ru

species formed during preparation of 7.
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Figure 2-22. *H NMR spectrum (5 —2 to —20) of 44 at —80 °C. * is Ru

species formed during preparation of 7.

9 8 7 6 5 4 3 2 1 o] -1 -2

Figure 2-23. 'H NMR spectrum (5 10 to —2) of 44 at —80 °C. The
non-aromatic peaks assigned to 44 are marked with an asterisk. The
remaining peaks are due to trace amount of excess ethylenediamine,
residual protons in THF-dg, KN(Si(CHgz)s)2, HN(Si(CH3)3)2, t-BuOH,
cyclooctane and cyclooctene (formed during the hydrogenation of

[Ru((R)-BINAP)((1-5-n)-CsH11)]BF4), diethyl ether and hexanes, if present.
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Chapter 3
Ru Catalyzed Enantioselective Desymmetrization of meso-Cyclic
Imides via Monohydrogenation

Introduction

Enantioselective desymmetrization of meso-compounds is an
efficient method to form multiple stereogenic centres’® with identical ee in
one reaction from simple substrates such as meso-anhydrides, epoxides,
dienes, and diols. Enantioselective desymmetrizations of anhydrides by
esterification are among the most studied because of the ready availability
of the corresponding meso-diacid starting materials, and because of the
high electrophilicity of anhydrides.”” There are, in contrast, only a few
reports of enantioselective desymmetrization of meso-imides. Among
these, there is one report of imide desymmetrization by esterification,”® and
several reports of enantioselective desymmetrization of meso-cyclic imides
using chiral M-H reagents.” Most of these M—H reductions utilize either
chiral oxazaborolidine catalysts (CBS catalyst) + BH3-THF, or (R)- or
(S)-BINAL-H(MeOH), where BINAL-H(MeOH) is a 1:1:1 mixture of BINOL,
LiAlH4, and MeOH (BINOL is 1,1'-bi-2-naphthol). The products of these
reductions are hydroxy lactams made by monoreduction of the imide
(Scheme 1-13, path A).

Speckamp and coworkers utilized the CBS catalyst 51 + BH3- THF
system to effect the enantioselective desymmetrization of meso-cyclic

imides at 0 °C (Table 3-1).”*° Reduction of imides using 10-50 mol% of 51
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and 0.60-0.75 equiv of BH3-THF (i.e. 1.8-2.25 equiv BH), followed by
addition of 5% HCI at 0 °C formed a mixture of cis- and trans-hydroxy

lactams in 68—94% yield and 77-89% ee.

Table 3-1. Enantioselective desymmetrization of meso-cyclic imides via

monoreduction by CBS catalyst 51 + BH3-THF system.

1) BH3 THF (0.60-0.75 equiv)
51 (10-50 mol%)

R, P THF, 0°C, 0.5-3 h OF Hpn
2) 2M H,S0, in EtOH, RT, 2 h N
N-R N-R b_g Ph
R' N R o H .
o @ 51
entry imide product yield (%) ee (%)
H O H O
1 CEENBn CtéNBn 87 80
H o H OEt
H @ H @
2 CtléNBn CEENBn 85 77
Ho H OEt
H O H O
3 NBn EKIENB” 68 89
H o H OEt
H O H O
4 NBn <t§NBn 94 88
H o H OEt

The authors found that all the cis-isomers converted into the
thermodynamically more stable trans-isomers upon transformation into the
corresponding ethoxy lactams. The trans-ethoxy lactam is favoured by

thermodynamics because it has less steric repulsion between the ethoxy
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group and the imide backbone. The authors proposed that the cis-hydroxy
lactam is the kinetic product resulting from hydride attack from the least
hindered convex face of the carbonyl group. The observed
enantiogroup-selectivity was explained with transition state steric
arguments (Figure 3-1). Specifically, the authors proposed that the bulky
N-benzyl group is situated on the convex side of the catalyst 51 in the
transition state to minimize steric repulsions. This explanation also
accounts for the increase in ee that occurs when the steric size of the imide
backbone is decreased (entries 1 and 2 vs. 3 and 4) because a smaller
backbone will enhance the steric recognition between the N-benzyl group

and the backbone.

§

O H m repulsic:n/_> :,’ \\"
N( \ ﬁ(t\l\ P \\\ ,,’I
-0 BH 770

b :
favoured unfavoured

Figure 3-1. A proposed transition state for the enantioselective
desymmetrization of meso-cyclic imides via monoreduction by the CBS

catalyst 51 + BH3-THF system.

Matsuki and co-workers utilized the BINAL-H(MeOH) system to
effect the enantioselective desymmetrization of meso-bicyclic imides at

—78 °C.”™ Reduction of imides using 3.5 equiv of (R)-BINAL-H(MeOH),
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followed by addition of 10% HCI at —78 °C followed by warming to 0 °C

formed a mixture of cis- and trans-hydroxy lactams in 55-86% yield and

88-91% ee (Table 3-2).

Table 3-2. Enantioselective desymmetrization of meso-cyclic imides via

monoreduction by (R)-BINAL-H(MeOH) system.

1) (R)-BINAL-H(MeOH) (

R O THF, —78 °C, 20 h
2) 10% HCI, 0 °C
N-R
R'\\w
o}
R= 4—MeO—CGH4

3.5 equiv) j Li

(R)-BINAL-H(MeOH)

entry imide yield (%) cisitransratio  ee (%)
H O

1 NR 86 9:1 88
H o
H O

2 CtléNR 79 10:1 88
H o
H O

3 @EENR 55 10:1 91
H o

The cis/trans ratio was dependent on the conditions utilized for the

reaction work-up. Work-up by addition of 10% HCI at 0 °C formed mixtures

of the cis- and trans-hydroxy lactams in ~9:1 ratios (Table 3-2). However,

work-up by addition of 10% HCI at —78 °C resulted in exclusive formation of

the cis-isomer of the hydroxy lactam. As the convex faces of the carbonyls

are less sterically crowded than the concave faces, hydride delivery from
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the convex face forms the unstable cis-alcohol. The cis-isomer was

converted into the trans-isomer upon treatment with 10% HCI at RT for 1 h.

Hydroxy lactams, and their derivatives are versatile building blocks
that have been used to prepare several potent and commercialized
pharmaceutical compounds including vitamins, and EP4 antagonists such
as (+)-biotin,"*""> and MF-310"®. Numerous academically important
alkaloids such as gelsemine,”” have also been prepared from hydroxy

lactams and their derivatives.

Unlike hemiacetals, hydroxy lactams are isolable, bench-stable,
and can be stored under ambient conditions. Also, they are readily
converted into the corresponding lactones or lactams by reduction. Most of
the hydroxy lactams in the literature are prepared by NaBH, or DIBAL-H
reduction of the corresponding imides. For example, MF-310, a potential
new treatment for chronic inflammation, was prepared in >2 kg scale using
lactam 54 by researchers at Merck.”® The preparation involved the
regioselective DIBAL-H reduction of the imide 52 carried out on a 3 kg
scale. The hydroxy lactam 53 was then reduced by SiHEt3in the presence

of trifluoroacetic acid (TFA) to form 54 (Scheme 3-1).
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Scheme 3-1. Preparation of MF-310 developed by Merck.

DIBAL-H (3.4 equiv)
(ji;ié THF (0.7 equw (ji\;(lé S|HEt3 (5 equiv) (ﬁ '
PhCl 0°C,2h CH2C|2/TFA 5h R
Reflux

R= OCHZCF3 6% yleld 90% yleld

11:1 regioselectivity
SO,NH, /
R =-}
Me;ig
O@ Dot

MF-310

Hydroxy lactams form N-acyliminium ions upon the addition of
Lewis or Brgnsted acids.”® N-acyliminium ions undergo a myriad of C—C
bond forming reactions with a variety of nucleophiles such as
organometallic reagents, alkenes, and arenes.”®® Furthermore, they are
frequently utilized to prepare nitrogen-containing polycyclic compounds
such as alkaloids via intramolecular cyclizations. For example, Speckamp
and coworkers synthesized (+)-biotin starting from L-cysteine (Scheme
3-2).”°" They prepared the hydroxy lactam derivative 56 from the imide 55
using excess DIBAL-H. The corresponding N-acyliminium ion was then
generated in situ by the addition of TMSOTTf to 56. Intramolecular addition
between the enol C=C bond and the iminium ion formed the bicyclic
compound 57, which was then transformed into (+)-biotin. Recent
advances in N-acyliminium ion chemistry include organocatalytic,
enantioselective Morita—Baylis—Hillman-type reactions,” and
Pictet—Spengler-type cyclizations.®°
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Scheme 3-2. Synthetic route to (+)-biotin developed by Speckmap et al..

1) DIBAL-H (2.2 equiv) ~ B
0 2) RC(0)CH,CI, NEts o) )
5 N)L 3) H,S0O,, EtOH oTf
H” " 4)TMSOTf, NEt, E;”N\ NBY TMSOTE (1 equiv) B”N g NBn
< o < “9gt  CHoCl,, -70°C, 1h < )
SH 5 xR ~TMSOEt
55 56 OTMS B (OTMS_
R = (CH,);CO,Me
H,0 | -TMSOH
i i
HN” “NH BnN” “NBn
™ P
s "’///\/\COZH s (
(+)-Biotin 57. O
69% yield

Jacobsen and co-workers recently reported enantioselective
Pictet—Spengler-type cyclizations using a chiral thiourea catalyst (Scheme
3-3). These authors synthesized an alkaloid, (+)-harmicine, using an
intermolecular N-acyliminium cyclization of the corresponding hydroxy
lactam.®® Their hydroxy lactam was prepared from NaBH, reduction of the
corresponding imide. They proposed that the chiral thiourea catalyst
induces enantioselectivity by the formation of N-acyliminium
chloride—thiourea complex via hydrogen bonds between the thiourea and

chloride anion.

91



Scheme 3-3. Synthetic route to (+)-harmicine developed by Jacobsen et

al..

o X
10 mol%)
N
N\ TMSCI (2 equiv)
N HO MTBE, -55 °C, 48 h
—~TMSOH,-HCI
B S
X Y
\NJLN

Via:

@E@i&

@f@j

LiAIH,4 (6 equiv)
THF RT, 16 h

o0

(+)- Harmlcme

S

X Y
\NJLN
H O H

n

CHyt-Bu S

As described in Chapter 1, the hydrogenation of imides is rare in

both heterogeneous and homogeneous catalysis.

enantioselective imide hydrogenation is reported to date.

Indeed, only one

Ikariya and

co-workers reported Ru-Cp*(P-N) complexes that hydrogenate cyclic

imides in the absence of base (Typical reaction conditions: 10 mol %

catalyst, 80 °C, 30 atm Hy, 18-24 h, in 2-PrOH, >99 % vyield) (Figure 3-2).%®

Further, they reported the first enantioselective desymmetrization of cyclic

imides by dihydrogenation using a chiral Ru-Cp*(P—N) catalyst (10 mol%).

They observed moderate to excellent ee (62-98%) in high yields (>99%).

The TOF was, however, low (0.42/h).
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39 (10 mol%)

/O KOt-Bu (10 mol%) OH
H, (30 atm)
R N-R R— NHR
\ 2-PrOH, 80 °C, 24 h
o o]
> 99%
(6] O [e) Ov
(@] (o) e}
Using 38 Using 38 97% ee

o o]
W 94% ee (m=1) W 62% ee (m=0)
94% ee (m = 2) N O 91% ee (m = 1, using 40)
93% ee (m = 3) O 81% ee (m = 2, using 40)
(0]

92% ee (m = 3, using 40)

2Ru Ph, R
Py W
RN P PR
(/NHz cl N cl
38 39 (n=1)
n 40 (n=2)

Figure 3-2. Dihydrogenation of imides reported by Ikariya and co-workers.

This  hydrogenation produces the ring-opened, chiral
alcohol-amides (Figure 3-1), as a result of dihydrogenation.
Dihydrogenation presumably occurred via monohydrogenation to form
hydroxyl lactams, followed by tautomerization to form the ring-opened
aldehyde—amides that were subsequently hydrogenated to form
alcohol-amides. The equilibrium position between the hydroxy lactam and
the aldehyde—amide depends significantly on the substituents on the imide
backbone, and upon the reaction conditions. Thus, the desired
monohydrogenation is favoured under conditions that favour ring closing,
such as lower reaction temperatures and bulky substituents on the
backbone ring. For example, although NaBH,4 reduction generally forms

direduced products, Speckamp and co-workers reported monoreduction of
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several succinimides using NaBH, at lower temperatures (typically O °C) in

ethanol.®?

The reduction of N-methylsuccinimide (58) at low temperature is
sluggish. The authors found, however, that portion-wise addition of 2M HCI
accelerates the reaction to form a monoreduced hydroxy lactam 59 as a
ethoxy compound in 80% vyield (Equation 3-1). The rate enhancement by

HCl may arise from protonation of an imide oxygen, and/or formation of

borane that activates the imide by coordination to the imide oxygen.

o NaBH, (excess) OFt
2M HCI
N ——————— [ N— (3-1)
EtOH,0°C,5h
O O
58 59
80% yield

Imides such as 60 can be monoreduced to the hydroxy lactam 61
in near quantitative yield without activation by acids (Equation 3-2). The
phenyl substituents on the imide backbone favour the ring closed hydroxy
lactam tautomers (gem-disubstituent effect).®® Also, the phenyl
substituents may activate the adjacent imide C=0O bond toward hydride
addition by an overlap between the forming oc_y orbital and the o* orbital of

the antiperiplanar C—Ph bond (stereoelectronic effect).®*

Ph ph OH
NaBH, (excess
Ph N— #, Ph N— (3-2)
EtOH,0°C,4.5h
O (0]
60 61
100% yield
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The effect of backbone rigidity on the rates and equilibrium
constants for related lactonization of alcohol-acids was studied by
Koshland and Storm.® They reported that both the rate constant and the
equilibrium constant (Keq) for the lactonization increased significantly by

increasing the rigidity of the backbone (Table 3-3).

Table 3-3. Effect of the backbone rigidity in alcohol-acid lactonization.

1M H* O
R COMH 1,0 R’
OH ——— O
RZI{ 20% EtOH, 25°C  R2
R® RS

rate constant of

Entry  alcohol-acid lactonization (M~‘min~%) Kegq
CO.H
1 OH 0.086 6.15
CO,H
) (Iz 0.344 data not
OH available
WCOzH
3 @ 7.23 2810
., ~OH
""'COzH
4 1120 12740

For example, the rate of ring closure for an alcohol-acid with a
structurally rigid norbornane backbone is ~10* times faster than the
non-substituted alcohol-acid (entry 1 vs. 4). The corresponding equilibrium
constant is also ~2000 times larger. This effect is due to the restricted
rotation around C-C bonds and the proximity of the OH and C=0O

functionalities.
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These  examples from the literature predict  that
monohydrogenation of imides to the corresponding hydroxy lactams is
possible under the appropriate combination of reaction conditions and
imide structures.®® In fact, McCrindle and McAlees reported the
heterogeneous, achiral monohydrogenation of imides under mild reaction
conditions (20 °C, 1 atm Hj) with activated pseudo-bicyclic imides e.g.

N-acylphthalimides (Equation 3-3).

% Pt,0 (0.3 g) oLy
O H, (1 atm) o)
N4 N—4 (3-3)
R AcOEt, 20 °C, 24 h R
o) H S
19 (Racemate)
R = Me, OEt, OMe, NMe, 0.21-0.80 g

Monohydrogenation of unactivated imides, however, has not been
reported with either heterogeneous or homogeneous catalysis to date.
Based upon these literature results, it was hypothesized that the
enantioselective  desymmetrization of meso-cyclic imides by
monohydrogenation would be possible if the catalyst was active enough to
hydrogenate imides with structures that favour ring closing under mild
conditions. In addition, this kind of hydrogenation is a desymmetrization
that will catalytically produce multiple, adaptive stereogenic centres in the
hydroxy lactam products.

This chapter discusses the application of the active Ru-dihydride
catalyst 6 towards the monohydrogenation of a series of meso-cyclic

imides. The mechanism of the reaction is investigated using low
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temperature NMR experiments. A hydroxy lactam with 5 stereogenic
centres is prepared in high ee, and transformed into a heteropolycyclic
compound with 7 stereogenic centres using N-acyliminium ion chemistry.
Results and discussions

Solutions of the Ru-dihydride 6, the en analogue 41, the
N,N'-dimethylethylenediamine analogue 62, and the (R)-daipen (daipen is
1,1-bis(4-methoxyphenyl)-3-methyl-1,2-butanediamine)®  analogue 63
were prepared for this study by reacting mixtures of trans-[Ru((R)-BINAP)-
(H)(77°-H.)(diamine)](BF4) with 1-100 equiv of KOt-Bu or KN(Si(CHs)s)2,
under H, (~2 atm) at =78 °C in THF.%*® As 1 equiv base is consumed to
prepare these Ru-dihydrides the amount of base quoted in this text is that
remaining after the dihydrides are prepared. We found the common
catalyst precursor trans-[Ru((R)-BINAP)(CI),((R,R)-dpen)]®” was inactive
towards this imide hydrogenation under these conditions. Figure 3-3 shows

structures of catalysts and imide substrates used in this chapter.

OMe

Ph, H, H R
OO P.,, T \\‘\NZ N2 HN HoN_
SOL TS o

R
41:R=
R

62:
H

Q@Cti@tﬁ@@i@tih

64a: R =Me 64c:R=Me 64g: R = Me 64j: X =H 64n: X = none
64b: R=Ph 64d: R =Bn 64h: X =Bn 64k: X =F

64e: R = Ph 64i: X = Ph 64l: X = NMe,

64f: R=H 64m: X = OMe

Figure 3-3. Structures of catalysts and cyclic Imides.
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Table 3-4. Achiral hydrogenation of imides.?

1 mol% 1

0
R 9 mol% KOt-Bu _

N-R + H, (4 atm)
R THF.30°C.3h R

o)

64

entry  catalyst Imide 64 (%)° 65 (%)° 66 (%)°
1° 41 64a 100 0 0
2 62 64a 100 0 0
3 41 64a 0 0 100
4 41 64c 30 70 0
5 41 64d 34 66 0
6° 41 64e 24 76 0
7° 41 64f 100 0 0
8’ 6 64c 45 55 0
9¢ 6 64c 50 30 20

[Imlde] 0.33 M unless otherW|se noted. ® Determined by "H NMR. © Imide/41/KOt-Bu = 200 1:9, [imide] =
0.5 Min THF/2-PrOH = 3 1, . “[imide] = 0.11 M in THF/CH,CI, = 2:1 due to solubility of 64c. ® [Imide] = 0.17M
due to solubility of 64e. " Racemic product. ° At 60 °C.

Table 3-4 summarizes results from achiral hydrogenations under
mild conditions (30 °C, 4 atm H,, 3h) using 1 mol% catalyst, 9 mol%
KOt-Bu, and 4 atm of H,. In preliminary experiments, it was found that the
catalyst 41 was inactive towards hydrogenation of N-methylsuccinimide
(64a) using 2-PrOH as solvent, likely due to the formation of
Ru-2-propoxide 12 (Table 3-4, entry 1). The use of a secondary diamine
ligand also suppressed the catalytic activity (entry 2). The secondary
diamine ligand likely deactivated the catalyst by increasing its steric bulk
and/or by weakening hydrogen bonds that would occur between the
substrate carbonyl oxygen and the catalyst NH bond during a bifunctional
type addition. The imide 64a was, however, dihydrogenated exclusively to

the alcohol-amide product 66a in THF using 41 (entry 3) as a catalyst. A
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TOF of 33 h™* was observed in the presence of 1 mol% 41 and 9 mol%
KOt-Bu at 30 °C, 4 atm H, for 3 h in THF. This result shows that the
Ru-dihydride catalyst has among the highest reactivities towards imide
hydrogenation. By comparison, lkariya’s system requires harsher
conditions (1 mol% catalyst, 80 °C,10 atm H, 18 h) to dihydrogenate the
N-benzyl analogue of 64a (>99% yield, TOF = 5.6 h™). The N-substituted
phthalimides (64c—e) were monohydrogenated exclusively to form the
corresponding hydroxy lactams in moderate yields (entries 4-6). Thus, as
predicted, substituents on the imide backbone have a significant influence
on ring-chain tautomerization, and thereby are a determining factor in
mono/dihydrogenation selectivity. In contrast, the nature of the
N-substituent has little influence upon the vyield and upon the
mono/dihydrogenation selectivity for this system. Phthalimide 64f was
inactive towards the hydrogenation. This inactivity may be due to the
acidity of the imide NH group that would consume the added base (entry 7).
The enantioselective hydrogenation of 64c was attempted using 6,
however all the hydrogenations resulted in the formation of racemic
products due to base catalyzed epimerization of the hydroxy lactam
product 65c (entry 8). Increasing the reaction temperature resulted in
partial dihydrogenation (entry 9). These results suggest that
monohydrogenation is favoured under mild conditions when the backbone

of the cyclic imide favours ring-closing.
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Table 3-5 summarizes results from optimization of the reaction
conditions and imide structures for enantioselective hydrogenations using
6 as a catalyst. The cyclohexyl imides 64g—i (Figure 3-3) were chosen to
optimize the extent of hydrogenation (mono/di), the catalyst loadings, the

diastereo- (cis/trans), and the enantioselectivity of the hydrogenation.

a

Table 3-5. Optimization of the reaction conditions and structure of imides

entrv  imide T time 65 66 d.r. of ee of 65

Y Q) () (W) (%) 65 (%)°
19 64g 30 3 8 68 n.d. n.d.
29  64h 30 3 26 59 n.d. n.d.
3 64i 30 3 88 6 97:3 90
4 64i 0 4 95 0 98:2 90
5% 64i 0 57 90 trace 97:3 88
6' 64i 0 4 76 0 98:2 87

Imide/6/KOt-Bu = 100:1:9, [imide] = 0.125 M, 50 atm H, in THF unless otherwise noted.” Determined by 'H
NMR. d.r.: diastereomeric ratio, n.d.: not determined. ° Determined by HPLC analysis using Daicel
CHIRALPAK IB column. “40 atm H,. ® Imide/6/KOt-Bu = 1000:1:99, [imide] = 0.25 M. 10 atm H,.

Hydrogenation (40-50 atm) of 64g—i at 30 °C formed a mixture of
mono- and dihydrogenation products in a wide range of ratios (entries 1-3).
The N-phenyl substituted imide 64i showed the highest selectivity towards
monohydrogenation. The selectivity of the hydrogenation towards
monohydrogenation was increased by lowering the temperature (entry 4).
The activity of the catalyst was sufficient to effect the reaction at a
reasonable rate at this lower temperature, and the ee was high. In fact the
catalyst loading could be decreased to 0.1 mol% without a significant
decrease in yield (entry 5). Lowering the pressure of H, gas decreased the

TOF at this temperature (entry 6). The optimal reaction conditions were
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thus chosen to be at 0 °C under 50 atm H; using N-phenylimides. Table 3-6
summarizes the results from the enantioselective hydrogenation of several

N-phenyl meso-cyclic imides using these reaction conditions.

Table 3-6. Enantioselective desymmetrization of meso-cyclic imides via

monohydrogenation under optimized conditions.?

entry imide T time 65b 66b d.r. t())f ee of 65

W®) (h) (%) (%) 65 (%)°
19 64 0 17 98 0 >99:1 96
2 64k 0 17 99 0 >90:1 97
3 64l 0 17 92 0 >09:1 97
4  64m 0 17 98 0 >90:1 95
5° 64n 0 6 97 trace 93:7 92
6 640 0 17 44 0 >90:1 92
7' 64b 0 6 0 100 n.a. n.a.

2 Imide/6/KOt-Bu = 500:1:9, [imide] = 0.625 M, 50 atm H, in THF unless otherwise noted.” Determined by "H
NMR. d.r.. diastereomeric ratio, n.a.. not applicable. ¢ Determined by HPLC analysis using Daicel
CHIRALPAK IB column. ¢ Imide/6/KOt-Bu = 1000:1:9, [imide] = 1.25 M, ®Imide/63/KOt-Bu = 100:1:4, [imide]
=0.125 M. "Imide/6/KOt-Bu = 100:1:4, [imide] = 0.125 M.

The imide 64j was hydrogenated exclusively to the corresponding
hydroxy lactam 65j in 98% vyield and in 96% ee, without hydrogenating
the reactive olefin backbone using 0.1 mol% 6 (entry 1). This observation
indicates an outer coordination sphere mechanism. High preferences for
C=0 over C=C hydrogenations are well established for ketone and ester
hydrogenations using Noyori-type Ru(diphosphine)(X)2(diamine)
catalysts.®”*" One recrystallization of 65j increased the ee to >99%. Thus,
this desymmerization reaction formed five stereogenic centres in >99% ee
in one step after one recrystallization. The 4-F, -NMe,, and -OMe variants

64k—m reacted in 92-99% vyield and 95-99% ee, using 0.2 mol% of 6 as
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catalyst (entries 2—4). The exo-O-bridged imide 64n was hydrogenated in
97% vyield and 92% ee using 1 mol% 63 (entry5). The norbornane imide
640 reacted in 44% yield and in 92% ee (entry 6). The lower reactivity of
the imide 640 towards Al-H reduction was also reported by Matsuki et al
(Table 3-2, entry 3)"*, and is most likely a result of steric hindrance from
the norbornane backbone.®® N-phenlysuccinimide 64b was dihydrogenated
exclusively under the optimized conditions (entry 7). Thus, the structure of
the imide backbone has a significant effect on mono/dihydrogenation

selectivity even under optimized conditions.

Figure 3-4. ORTEP drawings of hydroxy lactam trans-65) (left) and
trans-65k (right) with 20% probability ellipsoids except hydrogen atoms.

The absolute configuration was not determined.

The stereochemistry at the hydroxy carbon of the hydroxy lactam
products was determined using *H NMR, and X-ray crystallography. The

relative stereochemistry was almost exclusively trans. Figure 3-4 shows
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the solid-state structures of hydroxy lactam trans-65j and trans-65k. The
absolute configurations of these hydroxy lactams were not determined.

A control experiment was carried out using the cis-isomer of 65]
which was prepared by DIBAL-H reduction of 64] followed by workup at low
temperature under neutral conditions.”*® Treatment of cis-65j with 5 mol%
of KOt-Bu in THF at 0 °C for 4 h resulted in isomerization to trans-65j in
guantitative yield. Cis-trans isomerization is thus catalyzed by base under
the conditions of these hydrogenations. Speckamp et al. also reported
complete conversion of cis-65g to trans-65g upon mixing with excess
NaOEt.%® Therefore, the enantiogroup selectivity is preserved under the
conditions of these hydrogenations, but the cis-trans selectivity at the
hydroxy carbon is not.

To investigate the hydrogenation mechanism, stoichiometric
reactions between the dihydride 6 and the imide 64j were investigated
using NMR spectroscopy. We prepared solutions of the dihydride 6 for this

purpose as described previously*>®

by reacting mixtures of the
Ru-dihydrogen compound 5 with 1-1.5 equiv of KN(Si(CHg)3)2, under H;
(~2 atm) at -78 °C in THF-dg in a NMR tube. When 1 equiv of
KN(Si(CHs)3)2 was used, 6 formed in ~70% yield along with ~30% of the
Ru-hydroxide 43 caused by the presence of trace amounts of water in the
THF-dg. This trace of water likely accumulated during the numerous

weighing, hydrogenation, and transfer steps involved in the preparation of

6.
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The effects of the HN(Si(CHs)s), and KOH by-products formed
during the preparation of 6 were investigated because these bases could
catalyze the cis-trans isomerization of the hydroxy lactam product. We
found that in the control experiment the cis-trans isomerization was
completed on mixing at —80 °C when cis-65g was mixed with 1 equiv of
HN(Si(CHz)3)2 and 1 equiv of KOH prepared from water and KN(Si(CHs3)3)a.
In another control experiment, HN(Si(CHz)3), did not isomerize cis-65¢g
even at 0 °C. Thus, the isomerization is catalyzed by KOH, and is fast
under the conditions of stoichiometric reactions discussed in the following
pages. The effect of KBF, that forms during the preparation of 6 was
assumed to be negligible.

The reaction between imide 64j and 6 prepared using 1.5 equiv of
KN(Si(CHz3)3), in THF-dg proceeded at —80 °C to form the Ru-alkoxide of
trans-65j, trans-67, quantitatively within an hour via the net hydride
insertion (Equation 3-4). This net insertion is analogous to the addition

reactions observed previously with ketones and lactams as substrates.

OH

@téwh H
H o EXEEN%
Ph, H

64j

Ph, 4 H . o }
P, | NS KN(Si(CHs)s), P 1 N H Y phe T R

Ry _05eav) < """ Ru’ wa< "R (3-4)
P | SN/ THRds 80°C \pe” | Sy THF-dg, —80°C  \pe™ X
Ph, H Ho 1h Ph, (o) H, Ph, N

6 H_/—NPh ;
o
H

trans-67
100% yield
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The rate of the net hydride insertion was slower than the
corresponding rates of reactions with acetophenone (complete on mixing
at —80 °C), or y-butyrolactone (~83% conversion after ~3 min). The lower
rate of addition between 6 and 64j is likely due to the lower electrophilicity
of the imide carbonyl groups relative to acetophenone, and y-butyrolactone
and steric hindrance around the carbonyl groups in 64j. No other
intermediates were observed during the addition.

The identity of trans-67 was determined using 'H, 3P, H-*C
gHSQC, and *H-'H gCOSY NMR experiments, and confirmed by addition
of the hydroxy lactam trans-65] (>99% ee) to the Ru-amide 7 at —80 °C
(Equation 3-4). Figure 3-5 shows the key C-H correlation within the
Ru-alkoxide group (RuOCH) of trans-67 in the ‘H-*C gHSQC NMR
correlation plot. The *H and *3C signals from the coordinated alkoxide
OC-H group are at d 6.13 and 96.24 ppm, respectively. These signals are
shifted down-field by 1.11 and 9.66 ppm respectively from the
corresponding signals in the spectra of the free hydroxy lactam trans-65j in
THF-dg at —80 °C. Such downfield shifts by the formation of Ru—O bonds
are previously reported, and are likely due to electron donation from

oxygen to the Ru centre.®
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Figure 3-5. The C-H correlation (marked by *) of the Ru-alkoxide group

(RUOCH) in the *H-"*C gHSQC NMR spectra of trans-67.

The formation of the trans-Ru-alkoxide trans-67 by the addition at
-80 °C is unexpected because it is a Ru-alkoxide that results from addition
of the dihydride 6 from the more crowded, concave face of the imide
carbonyl. All reports of monoreduction of imides by M—H reagents to date
show that addition to the least hindered, convex face of a carbonyl group is
kinetically favoured.” For example, Speckamp et al. and Matsuki et al.
reported that cis-hydroxy lactams are the Kkinetic products in the
monoreduction of imides using a CBS catalyst system and BINAL-H,
respectively.”*®° Further, Speckamp reported that the reduction of imide
64g by NaBH4 at 0 °C formed cis-65g in quantitative yield if the reaction
was quenched at low temperature. 8° Thus, even a sterically less crowded
M-H reagent prefers addition to the least hindered face of one of the imide

carbonyl groups. The formation of trans-67 is thus, likely a result of an
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initial addition of the dihydride 6 to the least hindered, convex face of one of
the imide carbonyls, followed by cis-trans isomerization.

Previously we reported that additions between the dihydride 6 and
acetophenone or lactones formed the corresponding Ru-alkoxides or

35" We thus assumed that addition of 6 to the least

Ru-hemiacetaloxides.
hindered convex face of one of the imide carbonyls would form the
cis-Ru-alkoxide cis-67. Inspection of molecular models of cis-67, however,
shows that an olefin group in the cis-alkoxide ligand is held within close
proximity of the bulky trans-[Ru((R)-BINAP)(H)((R,R)-dpen)] group. This

steric crowding is severe, and destabilizes cis-67 relative to trans-67

(Figure 3-6).

Figure 3-6. Steric crowding in cis-67.

A possible mechanism for the formation of trans-67 is one that
proceeds via the formation of cis-67 as a kinetic product. Rapid base
catalyzed elimination and isomerization of the cis-alkoxide would form the
thermodynamic product trans-67. Another possible mechanism is one that
proceeds via the formation of Ru-amide 7 and the cis-hydroxy lactam

cis-65j. This is the conventional bifunctional addition that forms Ru-amide
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and alcohol as products. Base catalyzed isomerization of cis-65j and
subsequent reaction between 7 and trans-65] forms the thermodynamic
product trans-67.

To investigate whether cis-67 is stable in the absence of base, 6
and imide 64j were reacted in the absence of excess KN(Si(CHs)3)2. This
addition reaction proceeded at —80 °C at approximately the same rate as in
the presence of KN(Si(CHs)3), to form a new hydride species along with a
small amount of trans-67 (Equation 3-5). This new species transformed

into trans-67 upon warming to —40 °C.

\
W
W
WY

Ph . . . .
P,,,z T \\HZ 64; /RU\ cis-65 (racemic) S?IZ T \\HZ
< """ Re™ H (~2 atm) Eh ‘ N (2 equiv) < ey > (3-5)
X H u -
P | SN/ THRdg, -80°C 150 (0 \_y © THF-ds-80°C,2min Npr Xy
Ph, H H, - Ph, H
6 78% 68 H H 72% 68
13% trans-67 28% 6
7% 6
X,Y = 0O, NHPh

68

Characterization of the new species by low temperature NMR
experiments, however, did not show evidence for the expected cis-67.
Specifically, the expected alkoxide C—H peak of cis-67 could not be
detected in 'H-°*C gHSQC NMR experiments, even though other
structural features such as 'H and *3C signals from the Ru-hydride,
(R,R)-dpen, the norbornene group, as well as *'P signals from (R)-BINAP
ligand were observed using *H, *!P, *H-*C gHSQC, and *H-'H gCOSY

NMR experiments. In addition, a broad signal was observed in the *H NMR
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spectra at 16.5 ppm. 'H-C gHSQC, and 'H-'H gCOSY NMR
experiments could not characterize this peak unambiguously due to broad
signal.

This compound was also independently prepared from the reaction
between the Ru-amide 7 and two equiv of racemic cis-65j in the absence of
excess KN(Si(CHs)3).. This reaction was complete after 2 min at —80 °C to
form the new species and Ru-dihydride 6 in 72% and 28 % yield,
respectively (Equation 3-5). The formation of 6 indicates that the addition
between 6 and imide 64j to form the Ru-amide 7 and cis-65j is, to some
extent, reversible. In contrast, the formation of the Ru-dihydride is not
observed during the reaction of the amide 7 and trans-65j. In a control
experiment, this new complex was quenched using 2-PrOH-dg to form
Ru-2-propoxide compound 12 and trans-65j. However, no significant
deuteration on CH signal next to the CHOH group in trans-65] was
observed. Thus, formation of a Ru-enolate complex®*® via deprotonation of
a-CH group in aldehyde-amide tautomer is not likely.

From this spectroscopic and experimental evidence, the identity of
the new Ru-hydride species is proposed to be the N- or O-coordinated
Ru-amidate 68. The formation of Ru-amidate 68 can be explained by
ring-chain tautomerization of the alkoxide cis-67 within the coordination
sphere (Scheme 3-4). Generally, late transition metal-alkoxide bonds are
highly polar covalent bonds that exhibit ionic bond character.® This ionic

character, together with the steric repulsions in cis-67 will weaken the
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Ru-oxygen bond. Thus, cis-67 could exist as a weakly coordinated
compound as depicted in Scheme 3-4. Therefore, it is possible that the
cis-67 tautomerizes to the amidate 68 within the coordination sphere via

formation of the corresponding aldehyde—amide tautomer.

Scheme 3-4. Proposed pathways for the formation of the amidate 68.

Ehz H H
,,,,,,,,, N Ph Hy |
Rlu P2 M\ Ph, H H,
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U H H
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b cis-67 X.Y = O, NHPh
64j 68

Detection of cis-65] was attempted by the stoichiometric addition of
6 and 64j in the absence of KN(Si(CHj3)3), at =80 °C. Cis-65j would be
trapped if the trapping reaction is faster than ring-chain tautomerization to
form 68. In the first attempt, 2 equiv of HBF4-OEt, was added after the
stoichiometric addition between 6 and 64 at —80 °C. Matuki et al. reported
that cis-hydroxy lactams formed exclusively by quenching the BINAL-H
reduction by 10% HCI at —78 °C.”*® Contrary to expectations, the trapped
product was trans-65] exclusively (Scheme 3-5). The cationic
Ru-dihydrogen complex 5 was generated upon addition of HBF,4-OEt;
under H; (=2 atm). The ee and the absolute configuration of the trans-65j

(96% ee) were the same as that of the catalytic reaction (Table 3-4, entry

110



1). Thus, the Ru-H insertion step is the enantioselective step in the

catalytic cycle.

Scheme 3-5. Trapping experiments using HBF4-OEt, and BSA.

1) 64j (1 equiv), 1h H OH Ph, 4 H, |BFs
2) HBF,-OEt, (2 equiv) P, | N
NPh + Ru
THF-dg, —80 °C P/ | \N
H o Ph, H-H H,
E,hz H HZ trans-65j 5
< ”””” R|u \\\\\\ 1, siv (96% ee)
P | SN ) eSives -
Ph, H H )I\ (5 equiv)
2 OSiMe; H OSiMe; Ph, H H,
6 2) 64j (1 equiv), 1 Po,, | N
NPh  + Ru
THF-dg, —80 °C an
H o Ph, X H,
trans-TMS-65j Y

X,Y = O, NSiMe,
69

In another attempt, the stoichiometric addition was conducted at
—80 °C in the presence of N,O-bis(trimethylsilyl)acetamide (BSA)* to trap
cis-64j by silylation. The trapped product was, however silylated trans-65j,
trans-TMS-65) (Scheme 3-5). In a control experiment, we found that
racemic cis-65] reacts slowly with excess BSA at 60 °C to form
trans-TMS-65j in neutral CDCI; solution. Thus, cis-TMS-65j does not form
due to the steric repulsion between TMS group and imide backbone. This
observation indicates that the Ru-alkoxide cis-67 would possess a great
deal of steric strain that weakens the Ru-O bond.

Trans-TMS-65j was characterized by *H, #Si, 3P, 'H-'3C gHSQC,
'H-P gHSQC, 'H-*C gHMBC, and 'H-'H gCOSY NMR experiments,

and by independent synthesis from trans-65] and BSA. The Ru-amidate
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complex 69 formed upon Ru—H insertion. It is known that the silylation of
alcohols by BSA forms N-trimethylsilylacetamide as a byproduct.”® The
amidate 69 was partially characterized by H, #°Si, *'p, 'H-*C gHSQC,
'H-?Sj gHSQC, *H-'3C gHMBC, and *H-'H gCOSY NMR experiments.
However, the coordination mode of the amidate ligand, N- or O-
coordination, could not be determined.

The absolute configuration of the hydroxy lactam trans-65j was
determined by transforming trans-65j into bromocarbamate 70 using
4-bromophenyl isocyanate.®® The absolute configuration was one that
resulted from addition to the convex face of the carbonyl group on the
S-side (Figure 3-7). The reduced side of the hydroxy lactam trans-65j in
Figure 3-7 is called the S-side because the absolute configurations of two

stereogenic centres on this side of the norbornene backbone are both S.%?

(o}

N=C=0  Sside JI_
by OH /©/ st 9N
. H
Br (1 equiv)
NPh ————————————— & NPh
Acetone
B 60°C,7h RH G
trans-65j R-side
70
78% yield

:
c13 =
cedd 03 :Q T L

Figure 3-7. Preparation and ORTEP drawing of 70 with 20% probability
ellipsoids except hydrogen atoms. The absolute configuration was

determined, with a Flack parameter of 0.013(6).
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The high enantioselectivity at —80 °C (Equation 3-7) can be
explained by the steric interactions within the transition state for the
addition step. There are two proposed transition states for the addition of
Ru-dihydride to carbonyl groups in aprotic solvent. Noyori et al. proposed a
a six membered pericyclic transition state that contains partial formation of
Ru=N double bond (Figure 3-8, Ru—N transition state).>** Another transition
state was proposed by us to account for the observation of Ru-alkoxides
via the addition between the dihydride 6 and acetophenone or lactones at
—80 °C.>*® This transition state contains an interaction between the Ru
centre and the carbonyl oxygen instead of the Ru=N interaction (Figure 3-7,

Ru-0 transition state).
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Figure 3-8. Possible transition states for the addition between the

Ru-dihydride 6 and carbonyl compounds.
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Both of these transition states will have the same or very similar
steric interactions and thereby enantioselectivity during the Ru-dihydride
addition. It is known that the dihydride 6 takes the conformation shown in
Figure 3-8. Specifically, both (R)-BINAP and (R,R)-dpen ligands take the A
conformation to minimize the axial-axial steric repulsions. As a result, the
four phenyl groups on the phosphine atoms and the four NH groups take a
fixed spatial arrangement, and the two hydrides become spatially
equivalent. The optimal geometry for the pericyclic six-membered transition
state has been calculated for the trans-[Ru(diphosphine)(X).(diamine)]
catalyzed ketone hydrogenation. All of the calculations to date show that
the small H-Ru—N-H dihedral angle stabilizes the pericyclic six-membered
transition state since it forms a strong dipole-dipole interaction with the
carbonyl C=0 dipole.**"3" Noyori et al. proposed that the carbonyl C=0
bond reacts with Ru-H and the axial NH groups via the six-membered
pericyclic transition state because H-Ru-N-H,x has the smaller
H-Ru-N-H dihedral angle than H—Ru—-N-He,.>*® This proposed steric
requirement would also be applicable for the Ru—-O transition state
because it also contains the dipole interaction between the dihydride and
carbonyl group. In the next few pages, the high enantioselectivity of
trans-65j at —80 °C is explained using the Ru—O transition state.

In theory there are four possible geometries for the transition states
since the imide 64 has four carbonyl C=0O faces with different steric

geometries. The four possible isomers that form via these transition states

114



are the two enantiomers of cis-65j and the two enantiomers of trans-65;j.
These isomers are named (R)- or (S)-cis-65] and (R)- or (S)-trans-65j.
(S)-Trans-65j is the major product observed in both the stoichiometric and
catalytic reactions in the presence of excess base. The addition reaction
between the dihydride 6 and imide 64j will likely occur from the least
hindered convex face of the carbonyl groups.”*®? Figure 3-9 shows two
possible geometries of the transition state for the addition to the convex
face of 64j, TSa and TSg.?’® The norbornene backbone in 64j has smaller
effective steric bulk than the N-phenyl group due to the endo-conformation.
TSa is thereby favoured over TSg because TSg suffers from severe steric
repulsions between a phenyl group on (R)-BINAP and the N-phenyl group
of imide 64j. (S)-Cis-65] thus forms preferentially. The base-catalyzed
isomerization of (S)-cis-65j then forms (S)-trans-65j. This model explains
the high enantioselectivity (96% ee) observed for the catalytic

hydrogenation of 64j.
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Figure 3-9. Favoured and unfavoured geometries of the transition state.
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The enantioselectivity of a catalytic system often depends on the
relative rates and reversibility of the steps in the catalytic cycle.®® Such a
situation was clearly demonstrated in the [Rh((S,S)-Chiraphos)(solvent),]*
(see Scheme 3-6 for the structure of (S,S)-Chiraphos) -catalyzed

enantioselective hydrogenation of alkenes (Scheme 3-6).%

Scheme 3-6. Catalytic cycle for the [Rh((S,S)-Chiraphos)(solvent),]*

catalyzed enantioselective alkene hydrogenation.
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Halpern et al. reported that  the reaction of

[Rh((S,S)-Chiraphos)(solvent),]* and (Z)-a-acetamidocinnamate forms
diastereomeric alkene-amide coordinated complex Is and Ig in a >95:5
diastereomeric  ratio.* However, this ratio is opposite to the
enantioselection observed in a catalytic reaction (S product : R product >

2.5:97.5). Hence, the substrate coordination is not the only step that
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determines the overall enantioselectivity of the catalytic reaction. Further
study showed that the minor intermediate Iz oxidatively adds H, much
faster than the major intermediate Is. Thus, overall enantioselectivity
depends only the relative rates of H, addition to Ir and Is.

In a case of the Noyori ketone hydrogenation, Hamilton et al.
reported that the stoichiometric reaction of Ru-dihydride 6 and
acetophenone at —80 °C in THF forms the corresponding diastereomeric
Ru-alkoxide 14 in a 91.5:8.5 diastereomeric ratio.** These authors found
that this diastereomeric ratio is roughly the same as the enantiomeric ratio
of product alcohols observed in a catalytic reaction in 2-PrOH. The
enantiomeric ratio of the product alcohol, however, quickly deteriorates to
~50:50 in the presence of 6 (10 mol%) in THF at 30 °C under ~2 atm H,.
The proposed origin of this racemization is the reversibility of both the
Ru-dihydride addition step and the following product liberation step in THF

(Scheme 3-7).

Scheme 3-7. Proposed mechanism for the racemization in ketone

hydrogenation in THF.
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Thus, if the insertion step is irreversible, the high intrinsic
enantioselectivity can be preserved. Alternatively, the intrinsic
enantioselectivity can be preserved if the liberation step is irreversible and
much faster than the reversible formation of the dihydride 6 from the
alkoxide 14. Indeed, the authors found that the use of 2-PrOH solvent
preserves the enantioselectivity because 2-PrOH intercepts the amide 7 to
form the Ru-isopropoxide complex before it reversibly reacts with the

product alcohol.

Scheme 3-8. Possible explanation for the high overall enantioselectivity in

THF.
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In the case of the imide hydrogenation, similar high intrinsic
enantioselectivity (96% ee) was observed in the stoichiometric reaction of 6
and the imide 64j at —80 °C in THF. Unlike ketone hydrogenations, this
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enantioselectivity was preserved in the presence of 6 in THF for prolonged
periods of time (Table 3-6, entry 1, 96% ee after 17 h). Scheme 3-8 shows
a possible explanation for this high overall enantioselectivity in THF.
Reaction of the dihydride 6 with imide 64j in the presence of excess base
forms trans-hydroxy lactam (S)-trans-67 (96 % ee at —80 °C) via initial
addition of the dihydride from the convex face to form cis-67, followed by
cis-trans isomerization to form (S)-trans-67 (98 %), and (R)-trans-67 (2 %).
The alkoxide trans-67 reversibly forms the Ru-amide 7, and (S)- and
(R)-trans-65j in a 98:2 ratio via the base-assisted elimination. The amide 7
then reacts with H, and regenerates the dihydride 6.

As seen in Equation 3-4, the hydroxy lactam trans-65j is less prone
to reversibly form 6 and imide 64j at —80 °C upon reaction with the
Ru-amide 7. This is likely due to the thermodynamic stability of trans-65j.
The reaction pathways for the addition between 6 and 64j to form trans-67
and dehydrogenation of trans-67 to form 6 and 64j are the same because
of the principle of microscopic reversibility. Thus, the reverse reaction
requires the formation of alkoxide cis-67 from alkoxide trans-67 prior to the
dehydrogenation. However, the formation of cis-67 is almost negligible
because equilibrium between cis- and trans-67 almost exclusively forms
the thermodynamically stable trans-67 in the presence of base. Thus,
formation of (S)-trans-67 (96% ee) is virtually irreversible, and hence
prevents racemization of the product. The origins for the high overall

enantioselectivity in THF are thus the high intrinsic enantioselectivity of the
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net hydride insertion observed at —80 °C, and rapid irreversible formation of
trans-67. Additionally, the base catalyzed product liberation of the alkoxide
trans-67 is the turnover limiting step at —80 °C since all the other steps
shown in Scheme 3-8 are observable at —80 °C.

Another factor that would contribute to the high enantioselectivity is
precipitation of hydroxy lactams observed in the reactions conducted at
0 °C (Table 3-5, entries 4—6, and Table 3-6, entries 1-6). However, the
effect of precipitation is not a significant factor because deterioration in ee
was not observed when the reaction was conducted at higher temperature,
lower concentration, or prolonged reaction times (Table 3-5, entries 3-5).
However, precipitation of the product will have a positive influence on
reaction rate because it limits [product] which will cause product inhibition
in a similar manner as discussed in Chapter 2. The proposed origin of the
overall enantioselectivity could be further investigated using kinetic and
control experiments that elucidate effects of solvents, temperature, [Hz],
[imide], [hydroxy lactam], and reversibility of the four possible isomers of
the product hydroxy lactams.

To demonstrate the utility of this hydrogenation two experiments
were conducted. First, a potential (+)-biotin precursor N-benzyl hydroxy
lactam 72 was prepared from the corresponding imide 71 using 2 mol% of
6 (Equation 3-6).”% The trans isomer of 72 was obtained in 95% yield with
low ee and d.r. (89:11). The low ee is probably because of the reversibility

of the hydrogenation that originates from high temperature and a weaker
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steric bias to trap the trans-hydroxy lactam. Further optimization of catalyst
structures as well as reaction conditions would improve the

enantioselectivity.

0 6 (2 mol%) o)
KOt-Bu (18 mol%) J
BnN NBn BnN NBn
H, (50 atm)
H H H H (3-6)
THF, 60 °C, 1 h
0P\ ~=0 0=\~ "OH
Bn Bn
71 72

95% yield, 18% ee

Secondly, we converted the hydroxy lactam 65] into the
corresponding iminium ion by treatment with BF3-OEt; at 22 °C in toluene.
Either cis- or trans-65] would form this iminium ion. This species reacted
with indene to form the heteropolycyclic compound 73 containing 7
stereogenic centres in 90% vyield and in 91:9 diastereomeric ratio (d.r.)
(Scheme 3-9). Further, one recrystallization increased the d.r. to >99%.
Figure 3-10 shows the solid-state structure of the major diastereomer of
73. This reaction likely occurred by addition of indene to the convex face of
the iminum ion to form the benzylic carbocation, followed by intramolecular

cyclization with the N-phenyl ring, and rearomatization.**
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Scheme 3-9. Intermolecular cyclization of 65j and indene.

H O
BF3+OEt; (2 equiv)
SRS
Toluene, 22 °C
H OH 1.1 equiv 30 min

65j
(>99% ee)

Via:

Figure 3-10. An ORTEP drawing of the major diastereomer of 73 with 20%
probability ellipsoids except hydrogen atoms. The absolute configuration

was not determined.

Analogs of 65] were also used in the literature to prepare

indolizidine, and pyrrolizidine alkaloids.® For example, (+)-indolizidine was
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synthesized from a hydroxy lactam 74 using the cyclization of the
corresponding N-acyliminium ion, followed by a retro-Diels-Alder reaction

(Scheme 3-10).
Scheme 3-10. An enantioselective synthesis of (+)-indolizidine.

NaBH4 H*

_/— Pd -BaSO,, pyridine J_/ HCOOH
N
7H20
O:(
N Via: (“N H
— rD

(+)-Indolizidine

Conclusions

This chapter presents the first enantioselective desymmetrization
of meso-imides using chemo-, diastereo-, and enantiogroup-selective
monohydrogenations. These desymmetrization reactions formed up to five
stereogenic centres in high enantioselectivity with one hydrogenation. The
mechanistic investigation showed that the addition between the dihydride 6
and imide 64j at =80 °C in the presence of excess base forms the
Ru-alkoxide trans-67, the product of net hydride insertion from the hindered
face of the carbonyl groups. All attempts to form or detect the kinetically
favoured alkoxide cis-67 resulted in the formation of Ru-amidate 68 or
trapped trans-hydroxy lactams. In the absence of excess base, the

Ru-amidate 68 formed upon the addition between dihydride 6 and imide

123



64j. Based on these observations and reported stereochemistry for M—H
reduction of imides, we propose that the hydride addition proceeds from
the less hindered face of the imide 64j to form either the Ru-amide 7 and
hydroxy lactam cis-65j or the alkoxide cis-67. These species collapse into
either the alkoxide trans-67 (in the presence of base) or the Ru-amidate 68
(in the absence of base). Thus, both the conventional six-membered
pericyclic transition state with a Ru=N interaction (Ru—N transition state),
and our proposed transition state with a Ru-O interaction (Ru-O transition
state) can explain the observation. We proposed that the high
enantioselectivity induced by the addition between 6 and 64j is preserved
by the rapid irreversible cis-trans isomerization of the net Ru-hydride
insertion product cis-67. The utility of this hydrogenation and its product
were demonstrated using the preparation of a potential (+)-biotin precursor
72, and N-acyliminium ion chemistry that readily increases the number of
stereogenic centres.

Experimental

Materials and Methods. All pressure reactions were carried out in a glass
(for 4 atm Hy) or stainless steel (for 50 atm H;) autoclave equipped with a
stirring bar. Deuterated solvents were obtained from Cambridge Isotope
Laboratories, and Aldrich. Common solvents were distilled over
appropriate drying reagents. THF was distilled over sodium/benzophenone
before each experiment. 2-PrOH, toluene, and CH,Cl, were distilled over

CaH,. Common chemicals were obtained from Aldrich, TCI America, and
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Strem, and were used as received unless stated otherwise. Potassium
tert-butoxide (KOt-Bu) was sublimed before use. Ethylenediamine was
distilled over KOH. N-methylsuccinimide (64a) was purchased from Aldrich,
and used as received. Phthalimide (64f) was purchased from General
Intermediates of Canada, and used as received. Indene was purchased
from Matheson Coleman & Bell, and fractionally distilled. Hydrogen gas
was ultra high purity grade purchased from Praxair. *H, **C, *°F, #Sj and
3P NMR spectra were taken using Varian Inova (300 and 400 MHz), and
Varian DirectDrive (500 MHz) spectrometers. *H, **C, ?°Si NMR chemical
shifts are reported in parts per million (d) relative to TMS with the solvent
as the internal reference. *P chemical shifts are reported in parts per
million () relative to 85% H3;PO, as the external reference. °F chemical
shifts are reported in parts per million (d) relative to CCIsF as the external
reference. NMR peak assignments were made using *H-*C gHSQC,
'H-?Sj gHSQC, *H-'3C gHMBC, and *H-'H gCOSY NMR experiments.
Abbreviations for NMR spectra are s (singlet), d (doublet), t (triplet), g
(quartet), dd (doublet of doublet), ddd (doublet of doublet of doublet), dt
(doublet of triplet), tt (triplet of triplet), m (multiplet), and br (broad). IR
spectra were taken using Nic-Plan FTIR microscope, and are reported in
wavenumbers (cm™). High resolution mass spectra were taken using
Applied BioSystems Mariner BioSpectrometry Workstation oaTOF mass
spectrometer. Elemental analysis data were obtained using Carlo Erba

CHNS-O EA1108 elemental analyzer. Optical rotations ([o] %) were
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measured using Perkin Elmer 241 polarimeter. Melting points (M.p.) were
measured using Perkin Elmer Pyris 1 differential scanning calorimeter.
HPLC analysis was performed using a Waters 600E multisolvent delivery
system equipped with Waters 715 Ultra WISP sample processor, Waters
temperature control system, Waters 990 photodiode array detector, Waters
410 differential refractometer, Waters 5200 printer plotter, and Daicel
CHIRALPAK IB (4.6 mm i.d. x 250 mm) chiral column. All ee’s were
confirmed by comparing the HPLC chromatogram of the hydrogenation
product to that of the racemic product prepared by NaBH, or DIBAL-H
reduction, followed by acidic work-up at RT.”**%22 HPLC grade hexanes
(Min. 99.5%) and 2-propanol (Min. 99.7%) were obtained from Caledon
Laboratories Ltd.

A general procedure for preparation of imides 64.%° Under argon, the
corresponding anhydride (10 mmol), primary amine (10 mmol), and THF
(15 mL) were added to a 200 mL round bottom flask equipped with a 1 inch
Teflon® coated stirring bar. The solution was stirred for 30 min at 40 °C.
Removal of the solvent using a rotary evaporator gave the corresponding
carboxylic acid—amide as a white solid. The carboxylic acid—amide was
then heated at 150-200 °C under argon using a silicon oil bath. After
complete melting, the melt was stirred at 150-200 °C from 5 min to 4 h.
The extent of reaction was monitored using TLC. The crude, faint-yellow
product was cooled to room temperature, solidified, and purified by flash

chromatography using 230-400 mesh silica gel (ethyl acetate/hexanes)
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followed by recrystallization. As imides 64b—e, 64g—k, and 64m-o are well
known in the literature, only the *H NMR data are reported.

64b%" Heating conditions: 170 °C, 2 h. Recrystallization solvents:
CH.Cl,/ethanol. Yield: 70%. *H NMR (399.80 MHz, CDCls, 27.0 °C): 5 2.91
(4H, s, 2CHy), 7.28 (2H, m, aromatic 2CH), 7.42 (1H, m, aromatic CH),
7.50 (2H, m, aromatic 2CH).

64c® Heating conditions: 190 °C, 1.5 h. Recrystallization solvents:
acetone/water. 40 w% MeNH; in water was used as an amine. Yield: 78%.
'H NMR (399.79 MHz, CDCls, 27.0 °C): & 3.19 (3H, s, CH3), 7.71 (2H, m,
aromatic 2CH), 7.85 (2H, m, aromatic 2CH).

64d%® Heating conditions: 150 °C, 30 min. Recrystallization solvents:
acetone/water. Yield: 81%. *H NMR (399.79 MHz, CDCls, 27.0 °C): 5 4.86
(2H, s, CHy), 7.30 (3H, m, aromatic 3CH), 7.43 (2H, m, aromatic 2CH),
7.72 (2H, m, aromatic 2CH), 7.86 (2H, m, aromatic 2CH).

64e® Heating conditions: 200 °C, 1 h. Recrystallization solvents:
acetone/water. Yield: 81%. *H NMR (399.79 MHz, CDCls;, 27.0 °C):
7.41-7.55 (5H, m, aromatic 5CH), 7.80 (2H, m, aromatic 2CH), 7.97 (2H, m,
aromatic 2CH).

64g°° Heating conditions: 170 °C, 10 min under vacuum. Not recrystallized.
Yield: 56%. *H NMR (399.79 MHz, CDCls, 27.0 °C): © 1.41 (4H, m, 2CHy),
1.71 (2H, m, CH,), 1.84 (2H, m, CH,), 2.82 (2H, m, 2CH), 2.94 (3H, s, CHa)
64h'® Heating conditions: 150 °C, 5 min. Recrystallization solvent: hot

ethanol. Yield: 46%. *H NMR (399.79 MHz, CDCls, 27.0 °C): & 1.38 (4H, m,
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2CH,), 1.72 (2H, m, CH,), 1.84 (2H, m, CH,), 2.85 (2H, m, CH), 4.64 (2H,
s, CHy), 7.26-7.38 (5H, m, aromatic 5CH).

64i°° Heating conditions: 190 °C, 4 h. Recrystallization solvent: hot ethanol.
Yield: 90%. *H NMR (399.79 MHz, CDCls, 27.0 °C): & 1.53 (4H, m, 2CH,),
1.93 (4H, m, 2CH,), 3.05 (2H, m, 2CH), 7.29 (2H, m, aromatic 2CH), 7.38
(1H, m, aromatic 1CH), 7.47 (2H, m, aromatic 2CH).

64j'°' Heating conditions: 160 °C, 15 min under vacuum. Recrystallization
solvents: acetone/water. Yield: 80%. *H NMR (399.79 MHz, CDCls, 27.0
°C): 8 1.61 (1H, m, CH,), 1.79 (1H, dt, J = 1.6 and 8.8 Hz CHy), 3.43 (2H, m,
2CH), 3.51 (2H, m, bridgehead 2CH), 6.27 (2H, t, J = 1.8 Hz 2CH), 7.13
(2H, m, aromatic 2CH), 7.36 (1H, m, aromatic CH), 7.44 (2H, m, aromatic
2CH).

64k'%? Heating conditions: 200 °C, 15 min. Recrystallization solvents: hot
ethyl acetate/hexanes. Yield: 85%. *H NMR (399.79 MHz, CDCls, 27.0 °C):
6 1.61 (1H, d, J=8.8 Hz, CH), 1.79 (1H, dt, J = 1.6 and 8.8 Hz, CHy), 3.42
(2H, m, 2CH), 3.50 (2H, m, bridgehead 2CH), 6.25 (2H, t, J = 1.6 Hz, 2CH),
7.10 (2H, d, J = 2.0 Hz, aromatic 2CH), 7.12 (1H, s, aromatic 2CH). *°F
NMR (376.15 MHz, CDCl3, 27.0 °C): & -112.83 (tt, J = 6.0 and 7.5 Hz).

64| Heating conditions: 190 °C, 1 h. Recrystallization solvent: hot ethyl
acetate. Yield: 80%. *H NMR (399.79 MHz, CDCls, 27.0 °C): & 1.57 (1H, m,
CH,), 1.74 (1H, m, CH,), 2.94 (6H, s, 2CHs), 3.37 (2H, m, 2CH), 3.47 (2H,
m, bridgehead 2CH), 6.23 (2H, m, 2CH), 6.69 (2H, m, aromatic, 2CH), 6.93

(2H, m, aromatic 2CH). *C{*H} NMR (100.5 MHz, CDCls, 27.0 °C): 5 40.5
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(2CHy), 45.4 (bridgehead 2CH), 45.6 (2CH), 52.1 (CHy), 112.4 (aromatic),
120.4 (aromatic), 127.2 (aromatic), 134.5 (C=C), 150.4 (aromatic), 177.4
(C=0). IR (solid): 2877, 1708, 1568, 1354, 1179 cm™. HRMS (ESI*) m/z
calcd for C17H19NoO2" ([M + HJY): 283.1441. Found: 283.1435. Elemental
analysis calcd for C17H18N20O2: N 9.92, C 72.32, H 6.43. Found: N 9.99, C
72.55, H 6.49. M.p.: 175.0 °C.

64m*°! Heating conditions: 170 °C, 1 h. Recrystallization solvent: hot ethyl
acetate. Yield: 60%. *H NMR (399.79 MHz, CDCls, 27.0 °C): & 1.57 (1H, m,
CH,), 1.74 (1H, m, CH,), 3.37 (2H, m, 2CH), 3.46 (2H, m, bridgehead
2CH), 3.78 (3H, s, CHs), 6.23 (2H, m, 2CH), 6.90 (2H, m, aromatic, 2CH),
7.02 (2H, m, aromatic 2CH).

64n'" Heating conditions: 180 °C, 1 h. Recrystallization solvent: hot
ethanol. Yield: 86%. *H NMR (399.79 MHz, CDCls, 27.0 °C): & 1.66 (2H, m,
CH,), 1.91 (2H, m, CHy), 3.04 (2H, s, bridgehead 2CH), 5.00 (2H, m, 2CH),
7.25 (2H, m, aromatic 2CH), 7.36-7.50 (3H, m, aromatic 3CH).

640'% Heating conditions: 200 °C, 30 min. Recrystallization solvent: hot
ethanol/water. Yield: 62%. *H NMR (399.79 MHz, CDCls, 27.0 °C): 5 1.49
(2H, m, CH,), 1.68 (4H, m, 2CH,), 2.88 (2H, m, bridgehead 2CH), 3.25 (2H,
m, 2CH), 7.25 (2H, m, aromatic 2CH), 7.39 (1H, m, aromatic CH), 7.48 (2H,
m, aromatic 2CH).

A procedure for preparation of imides 71.°° Under argon,
cis-1,3-dibenzyl-2-o0x0-4,5-imidazolidinedicarboxylic anhydride (3.3652 g,

10 mmol)’*?, benzylamine (1.1 mL, 10 mmol), acetic anhydride (0.95 mL,
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10 mmol), and toluene (70 mL) were added to a 200 mL round bottom flask
equipped with a 1 inch Teflon® coated stirring bar. The solution was stirred
for 5 h under reflux. Removal of the solvent using a rotary evaporator gave
yellow oil. The crude product was then purified by flash chromatography
using 230-400 mesh silica gel (ethyl acetate:hexanes = 1:2). A white solid
was obtained upon removal of the solvents. Yield: 86%. As imide 71 is well
known in the literature’, only the *H NMR data are reported. *"H NMR
(299.97 MHz, CDCls, 27.0 °C): 8 4.00 (2H, s, 2CH), 4.26 (2H, d, J = 18.0
Hz, CH,), 4.66 (2H, s, CH,), 5.07 (2H, d, J = 15.0 Hz, CHj), 7.35 (15H, m,
aromatic 15CH).

Typical preparation of the catalyst [Ru((R)-BINAP)(diamine)(H),] with
4-99 equiv KOt-Bu.**® A solution of [Ru((R)-BINAP)((1-5-1)-CgH11)]BFa
(0.005 or 0.010 mmol) in THF (0.50 mL) was shaken under H, (~2 atm) in a
NMR tube at 0 °C for 3 min. The resulting solution containing
[Ru((R)-BINAP)(H)(THF)3]BF4 was then cooled in a —78 °C dry ice/acetone
bath, and the diamine (0.005 or 0.010 mmol) in THF (0.20 mL) was then
added by cannula under H; pressure (~2 atm) at —78 °C. The NMR tube
was shaken for ~5 sec outside the —78 °C bath, and then returned to the
bath. This process was repeated nine times. KOt-Bu (0.050-0.50 mmol) in
THF (0.30 mL) was then added by cannula under H,. The NMR tube was
shaken for ~5 sec outside the —78 °C bath and then returned to the bath.
This process was repeated nine times. The solution color changed from

yellow to red during the addition of KOt-Bu to form a mixture containing
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trans-[Ru((R)-BINAP)(diamine)(H),] and 4-99 equiv KOt-Bu. This mixture
was used directly for the catalytic hydrogenation as described in the next
section.

Typical procedure for hydrogenation using
[Ru((R)-BINAP)(diamine)(H),] as prepared above. A solution of the imide
(1.0-10.0 mmol) in THF (3-19 mL), prepared under argon, was added to a
stainless steel autoclave equipped with a magnetic stir bar. The
atmosphere in the autoclave was then flushed with H; gas for ~3 min at O
°C, and a solution of trans-[Ru((R)-BINAP)(diamine)(H).] (0.005 or 0.010
mmol) and KOt-Bu (0.045-0.495 mmol) in THF (1.0 mL), prepared typically
as described above, was then added by cannula under H; pressure. The
autoclave was then pressurized with H, to 50 atm. The reaction mixture
was stirred at 0 °C under 50 atm H, for 6-57 h. The autoclave was then
vented slowly at 0 °C. Precipitation of the product hydroxy lactam was
observed (Table 3-5, entries 4-6, and Table 3-6, entries 1-6). The reaction
yield, diastereomeric ratio, and enantiomeric excess were determined by
'H NMR and HPLC. As compound 65c—e, 66a, 66b, and 72 are known in
the literature, only the *H NMR data and HPLC data (if applicable) are
reported here. Only major spectrometric data of major isomers (trans
isomers) are reported if applicable.

65c*%® (Table 3-4, entry 4, 8, and 9: 1.0 mmol of 64c was used.) *H NMR
(399.79 MHz, CDCls, 27.0 °C): § 2.94 (3H, s, CHa), 3.66 (1H, br, OH), 5.61

(1H, s, CH), 7.42 (1H, m, aromatic CH), 7.60 (3H, m, aromatic 3CH).
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65d'%® (Table 3-4, entry 5: 1.0 mmol of 64d was used.) *H NMR (399.79
MHz, CDCls, 27.0 °C): & 3.43 (1H, d, J = 12.0 Hz, OH), 4.27 (1H, d, J =
14.8 Hz, CH,), 4.89 (1H, d, J = 14.8 Hz, CH,), 5.60 (1H, d, J = 11.6 Hz, CH),
7.2-7.6 (8H, m, aromatic 8CH), 7.69 (1H, m, aromatic CH).

65e'% (Table 3-4, entry 6: 1.0 mmol of 64e was used.) *H NMR (399.79
MHz, CDClg, 27.0 °C): & 3.25 (1H, br, OH), 6.38 (1H, br, CH), 7.22 (1H, m,
aromatic CH), 7.4-7.8 (8H, m, aromatic 8CH).

65i (Table 3-5, entry 3, 4, 6 and 7: 1.0 mmol of 64i was used. Table 3-5,
entry 5: 5.0 mmol of 64i was used.) *H NMR (399.79 MHz, CDCls, 27.0 °C):
5 1.12 (3H, m, CHy), 1.55 (3H, m, CH,), 1.86 (1H, m, CH,), 2.17 (1H, m,
CH,), 2.28 (1H, dt, J = 6.4 and 11.3 Hz, CH), 2.99 (1H, m, CH), 3.47 (1H, br
d, J = 5.9 Hz, OH), 5.10 (1H, d, J = 4.6 Hz, CHOH), 7.18 (1H, m, aromatic
CH), 7.35 (2H, m, aromatic 2CH), 7.54 (2H, m, aromatic 2CH). **C{*H}
NMR (100.5 MHz, CDCls, 27.0 °C): & 22.8 (CH>), 23.0 (CH,), 23.4 (CH,),
26.5 (CH,), 39.5 (CH), 41.1 (CH), 88.5 (CHOH), 122.3 (aromatic), 125.6
(aromatic), 129.0 (aromatic), 138.2 (aromatic), 175.6 (C=0). IR (CHCI3
cast film): 3315, 2935, 2855, 1666, 1599, 1501, 1409, 1060, 759 cm™.
HRMS (ESI*) m/z calcd for C14H17NNaO," (M + Na]*): 254.11515. Found:
254.11489. Elemental analysis calcd for C14H17NO2: N 6.06, C 72.70, H
7.41. Found: N 6.01, C 72.85, H 7.56. [a]s —34.07 (c = 1.00 g/100 mL,
CHCI3, 93% ee). M.p.: 133.8 °C. HPLC analysis conditions: Daicel

CHIRALPAK IB column (4.6 mm i.d. x 250 mm), Hexanes:2-Propanol =
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97:3, 30 °C, flow rate = 0.8 mL/min, detection (UV, 210 nm). Retention
times: 27.0 min (minor enantiomer), 50.8 min (major enantiomer).

65j (Table 3-6, entry 1: 10.0 mmol of 64j was used.) *H NMR (399.79 MHz,
acetone-dg, 27.0 °C): & 1.47 (2H, m, CHy), 2.76 (1H, m, CH), 3.21 (3H,
overlapping multiplet, CH and bridgehead 2CH), 5.04 (1H, d, J = 8.1 Hz,
CHOH), 5.23 (1H, d, J = 8.7 Hz, OH), 6.08 (1H, dd, J = 2.8 and 5.6 Hz, CH),
6.19 (1H, dd, J=2.8 and 5.6 Hz, CH), 7.12 (1H, m, aromatic CH), 7.28 (2H,
m, aromatic 2CH), 7.50 (2H, m, aromatic 2CH). **C{*H} NMR (100.5 MHz,
~0.7 mL of acetone-dg with ~0.1 mL of MeOH-d4, 27.0 °C): & 46.0
(bridgehead CH), 46.5 (bridgehead CH), 47.5 (CH), 50.4 (CH), 51.7 (CH),
87.5 (CHOH), 125.3 (aromatic), 126.7 (aromatic), 129.4 (aromatic), 134.7
(aromatic), 136.6 (C=C), 138.9 (C=C), 176.1 (C=0). IR (CHCI; cast film):
3187, 2968, 1666, 1594, 1502, 1428, 1330, 1228, 1076, 721 cm™. HRMS
(ESI") m/z caled for CisHisNNaO," (M + Na]’): 264.0995. Found:
264.09938. Elemental analysis calcd for C15H15NO2: N 5.81, C 74.67, H
6.27. Found: N 5.86, C 74.8, H 6.11. [a]3 —168.65 (¢ = 1.00 g/100 mL of
methanol, >99% ee). M.p.: 120.5 °C. HPLC analysis conditions: Daicel
CHIRALPAK IB column (4.6 mm i.d. x 250 mm), Hexanes:2-Propanol =
97:3, 30 °C, flow rate = 0.8 mL/min, detection (UV, 210 nm). Retention
times: 41.1 min (minor enantiomer), 49.7 min (major enantiomer). Product
with >99% ee was obtained upon single recrystallization from hot ethanol.
Yield after single recrystallization (recrystallization conditions not

optimized): 73%. This crystal was used for X-ray diffraction analysis.
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65k (Table 3-6, entry 2: 2.5 mmol of 64k was used.) *H NMR (399.80 MHz,
acetone-dg, 27.0 °C): & 1.44 (1H, br dt, J = 1.6 and 8.4 Hz, CH,), 1.50 (1H,
dt, J = 1.6 and 8.4 Hz, CH,), 2.76 (1H, m, CH), 3.18 (1H, m, CH), 3.23 (2H,
overlapping multiplet, CH and bridgehead CH), 5.00 (1H, d, J = 8.0 Hz,
CHOH), 5.26 (1H, d, J = 8.8 Hz, OH), 6.09 (1H, dd, J = 3.2 and 5.6 Hz, CH),
6.20 (1H, dd, J = 3.2 and 5.6 Hz, CH), 7.05 (2H, m, aromatic 2CH), 7.50
(2H, m, aromatic 2CH). **C{*H} NMR (100.5 MHz, acetone-ds, 27.0 °C): &
46.0 (bridgehead CH), 46.5 (bridgehead CH), 47.4 (CH), 50.0 (CH), 51.6
(CHy), 87.2 (CHOH), 115.6 (aromatic), 115.8 (aromatic), 126.4 (aromatic),
126.5 (aromatic), 134.5 (C=C), 136.6 (C=C), 159.7 (aromatic), 162.1
(aromatic), 174.8 (C=0). F NMR (376.15 MHz, acetone-ds, 27.0 °C): &
—119.27 (tt, J = 5.3 and 8.3 Hz). IR (methanol cast film): 3219, 2975, 1667,
1514, 1436, 1254, 1074 cm™. HRMS (ESI*) m/z calcd for Ci5H14FNNaO,"
(IM + NaJ*): 282.0901. Found: 282.0899. Elemental analysis calcd for
C15H14FNO2: N 5.40, C 69.49, H 5.44. Found: N 5.42, C 69.47, H 5.45. [o]%
—151.13 (c = 1.00 g/100 mL of methanol, >99% ee). M.p.: 219.0 °C. HPLC
analysis conditions: Daicel CHIRALPAK IB column (4.6 mm i.d. x 250 mm),
Hexanes:2-Propanol = 97:3, 30 °C, flow rate = 0.8 mL/min, detection (UV,
210 nm). Retention times: 28.1 min (minor enantiomer), 31.5 min (major
enantiomer). Product with >99% ee was obtained upon single
recrystallization from hot ethyl acetate. This crystal was used for X-ray

diffraction analysis.
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65| (Table 3-6, entry 3: 2.5 mmol of 64l was used.) *H NMR (399.79 MHz,
CDCls, 27.0 °C): & 1.44 (1H, m, CH,), 1.61 (1H, dt, J = 1.6 and 8.4 Hz,
CH,), 2.71 (1H, ddd, J = 1, 4.2, and 8.6 Hz , CH), 2.86 (1H, br, CHOH),
2.93 (6H, s, 2CHs), 3.23 (1H, br, CH), 3.28 (1H, m, CH), 3.35 (1H, br, CH),
4.84 (1H, d, J =5.6 Hz, CHOH), 6.16 (1H, dd, J = 2.8 and 5.6 Hz, CH), 6.24
(1H, dd, J = 2.8 and 5.6, CH), 6.72 (2H, d, J = 8.4 Hz, aromatic 2CH), 7.14
(2H, d, J = 8.8 Hz, aromatic 2CH). **C{*H} NMR (125.27 MHz, ~0.7 mL of
CDCl3z with ~0.1 mL of MeOH-d4, 27.0 °C): 6 40.5 (CH3), 44.9 (bridgehead
CH), 45.3 (bridgehead CH), 46.3 (CH), 49.2 (CH), 51.1 (CH,), 87.6
(CHOH), 112.8 (aromatic), 126.0 (aromatic), 126.5 (aromatic), 133.3
(C=C), 136.0 (C=C), 149.5 (aromatic), 176.1 (C=0). IR (CHCI;3 cast film):
3332, 3001, 1661, 1565, 1320, 1227, 1067, 801, 758 cm™. HRMS (ESI*)
m/z calcd for Ci7H2:N.O2" (M + HJY): 285.1598. Found: 285.1592.
Elemental analysis calcd for C17H20N202: N 9.85, C 71.81, H 7.09. Found:
N 9.56, C 71.41, H 6.80. [a]F —147.69 (c = 0.50 g/100 mL of MeOH, 97%
ee). M.p.: 237.13 °C. HPLC analysis conditions: Daicel CHIRALPAK IB
column (4.6 mm i.d. x 250 mm), Hexanes:2-Propanol = 92:8, 30 °C, flow
rate = 1.6 mL/min, detection (UV, 210 nm). Retention times: 28.1 min
(minor enantiomer), 31.1 min (major enantiomer).

65m (Table 3-6, entry 4: 2.5 mmol of 64m was used.) *H NMR (399.79
MHz, CDCls, 27.0 °C): 6 1.43 (1H, d, J = 8.4 Hz, CH,), 1.61 (1H, d, J=8.4
Hz, CH,), 2.71 (1H, dd, J = 4.2 and 8.6 Hz, CH ), 3.05 (1H, br, CHOH),

3.23 (1H, br, CH), 3.28 (1H, m, CH), 3.34 (1H, br, CH), 3.78 (3H, s, CHa),
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4.83 (1H, s, CHOH), 6.14 (1H, dd, J = 2.8 and 5.6 Hz, CH), 6.23 (1H, dd, J
= 2.8 and 5.6 Hz, CH), 6.86 (2H, m, aromatic 2CH), 7.20 (2H, m, aromatic
2CH). BC{*H} NMR (125.69 MHz, CDCls, 27.0 °C): & 45.1 (bridgehead
CH), 45.6 (bridgehead CH), 46.3 (CH), 49.2 (CH), 51.3 (CH,), 55.5 (CHs),
87.3 (CHOH), 114.4 (aromatic), 126.6 (aromatic), 129.7 (aromatic), 133.2
(C=C), 136.6 (C=C), 158.3 (aromatic), 175.0 (C=0). IR (CHCI; cast film):
3194, 2976, 1644, 1514, 1249, 1069, 1035, 829, 727 cm™. HRMS (ESI)
m/z calcd for CigHi7NNaOsz™ ([M + Na]’): 294.1101. Found: 294.1099.
Elemental analysis calcd for C16H15sNO3: N 5.20, C 71.36, H 5.61. Found: N
5.03, C 70.88, H 6.22. [a]® —151.93 (c = 0.50 g/100 mL of MeOH, 95% ee).
M.p.: 205.62 °C. HPLC analysis conditions: Daicel CHIRALPAK IB column
(4.6 mm i.d. x 250 mm), Hexanes:2-Propanol = 97:3, 30 °C, flow rate = 0.8
mL/min, detection (UV, 210 nm). Retention times: 82.68 min (minor
enantiomer), 112.85 min (major enantiomer).

65n (Table 3-6, entry 5: 1.0 mmol of 64n was used.) *H NMR (399.79 MHz,
CDCls, 27.0 °C): § 1.36 (2H, m, CH,), 1.55 (2H, m, CHj), 2.22 (1H, dd, J =
0.9 and 7.9 Hz, CH), 2.72 (1H, d, J = 7.9 Hz, CH), 4.48 (1H, d, J = 4.8 Hz,
bridgehead CH), 4.57 (1H, d, J = 4.8 Hz, bridgehead CH), 5.02 (1H, br,
OH), 5.21 (1H, d, J = 1.0 Hz, CHOH), 7.00 (1H, m, aromatic CH), 7.12 (2H,
m, aromatic 2CH), 7.29 (2H, m, aromatic 2CH). **C{*H} NMR (100.5 MHz,
acetone-dg, 27.0 °C): 8 29.0 (CH,), 29.1 (CH,), 50.9 (CH), 53.4 (CH), 79.8
(bridgehead CH), 81.6 (bridgehead CH) 88.9 (CHOH), 124.3 (aromatic),

126.3 (aromatic), 129.3 (aromatic), 138.9 (aromatic), 174.0 (C=0). IR
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(CHCIj; cast film): 3315, 2982, 2957, 1658, 1599, 1502, 1419, 1314, 1284,
1056, 747 cm™. HRMS (ESI") m/z calcd for Ci4HisNNaOs™ (M + Na]*):
268.09441. Found: 268.09411. Elemental analysis calcd for C14H15NO3: N
5.71, C 68.56, H 6.16. Found: N 5.69, C 68.54, H 6.30. [o]5 —133.33 (c =
1.00 ¢g/100 mL of methanol, 87 % ee). M.p.: 178.2 °C. HPLC analysis
conditions: Daicel CHIRALPAK IB column (4.6 mm id. x 250 mm),
Hexanes:2-Propanol = 95:5, 30 °C, flow rate = 1.0 mL/min, detection (UV,
210 nm). Retention times: 38.9 min (minor enantiomer), 46.6 min (major
enantiomer).

650 (Table 3-6, entry 6: 2.5 mmol of 640 was used.) "H NMR (399.79 MHz,
CDCls, 27.0 °C): & 1.3-1.6 (6H, m, 3CH,), 2.45 (1H, ddd, J = 1.1, 4.9 and
10.5 Hz, CH), 2.57 (1H, br t, J = 3.8 Hz, bridgehead CH), 2.71 (1H, br,
bridgehead CH), 3.03 (1H, dd, J = 5.5 and 10.5 Hz, CH), 3.28 (1H, d, J =
8.3 Hz, OH), 5.33 (1H, d, J = 7.3 Hz, CHOH), 7.24 (1H, m, aromatic CH),
7.36 (2H, m, aromatic 2CH), 7.48 (2H, m, aromatic 2CH). *C{*H} NMR
(100.5 MHz, CDCls, 27.0 °C): & 22.9 (CH.), 24.8 (CH,), 39.5 (bridgehead
CH), 39.9 (bridgehead CH), 41.2 (CH,), 48.07 (CH), 48.10 (CH) 86.0
(CHOH), 124.0 (aromatic), 126.4 (aromatic), 129.1 (aromatic), 137.2
(aromatic), 175.9 (C=0). IR (CHCI; cast film): 3347, 2960, 2881, 1673,
1597, 1500, 1409, 1066, 759 cm™. HRMS (ESI") m/z calcd for
CisHi7NNaO," (M + Na]’): 266.11515. Found: 266.11509. Elemental
analysis calcd for C15H17NO2: N 5.76, C 74.05, H 7.04. Found: N 5.61, C

74.04, H 7.49. [o]® —113.73 (c = 1.00 g/100 mL of CHCls, 93 % ee). M.p.:
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153.5 °C. HPLC analysis conditions: Daicel CHIRALPAK IB column (4.6
mm i.d. x 250 mm), Hexanes:2-Propanol = 97:3, 30 °C, flow rate = 0.8
mL/min, detection (UV, 210 nm). Retention times: 27.8 min (minor
enantiomer), 39.1 min (major enantiomer).

66a'%’ (Table 3-4, entry 3: 1.0 mmol of 64a was used.) *H NMR (399.79
MHz, CDClg, 27.0 °C): & 1.81 (2H, tt, J = 6.2 and 6.8 Hz, CH,), 2.30 (2H, t,
J=6.8 Hz, CHy), 2.74 (3H, d, J = 4.8 Hz, CHs), 3.61 (2H, br dt, J = 4.4 and
5.4 Hz, CH,OH), 4.07 (1H, br, OH), 6.62 (1H, br, NH).

66b'%® (Table 3-6, entry 7: 1.0 mmol of 64b was used.) *H NMR (299.97
MHz, CDClg, 27.0 °C): & 1.95 (2H, tt, J = 8.6 and 8.4 Hz, CH,), 2.51 (2H, t,
J = 9.0 Hz, CHy), 2.96 (1H, br, OH), 2.72 (2H, t, J = 7.6 Hz, CH,OH), 7.09
(2H, m, aromatic 2CH), 7.29 (1H, m, aromatic 1CH), 7.49 (2H, m, aromatic
2CH), 7.92 (1H, br, NH).

72" (Equation 3-7: 0.52 mmol of 71 was used. [71] = 0.065 M) *H NMR
(399.80 MHz, DMSO-ds, 27.0 °C): 8 3.79, (1H, d, J = 9.0 Hz, CH) 4.09 (1H,
overlapping with a CH peak, d, J = 16.2 Hz, CH,) 4.13 (1H, overlapping
with a CH, peak, d, J = 9.2 Hz, CH) 4.33 (1H, AB patterned d, J = 15.7,
CHy), 4.44 (1H, overlapping with a CH, peak, AB patterned d, J = 15.7,
CHy), 4.48 (1H, overlapping with a CH, peak, d, J = 15.3, CH,), 4.67 (1H, d,
J =15.2, CH,), 4.76 (1H, overlapping with a CH; peak, d, J = 8.5, CHOH),
4.48 (1H, overlapping with a CHOH peak, d, J = 16.6, CH,), 6.43 (1H, d, J
=8.1, CHOH),7.1-7.4 (15H, m, aromatic 15CH). HPLC analysis conditions:

Daicel CHIRALPAK IB column (46 mm id. x 250 mm),
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Hexanes:2-Propanol = 95:5, 30 °C, flow rate = 0.8 mL/min, detection (UV,
210 nm). Retention times: 35.2 min (major enantiomer), 44.8 min (minor
enantiomer).

Preparation of racemic cis-65j.”** Under argon, imide 64j (478.4 mg,
2.00 mmol), and 20 mL of CH,CI, were placed in a 100 mL Schlenk flask
equipped with a stirring bar. DIBAL-H (1.5 M in toluene, 1.4 mL, 2.1 mmol)
was slowly added at —78 °C. The reaction mixture was then stirred for 2 h
at —78 °C. After 2 h, 5 mL of acetone and 2 mL of water was added to the
reaction mixture at —78 °C. The cooling bath was removed, and the
reaction mixture was stirred for ~10 min while it warmed to ~ RT. Formation
of a white precipitate was observed. The reaction mixture was then dried
by addition of MgSO,, filtered using Celite® 545, and concentration of the
clear colorless solution gave a white solid. The white solid was passed
through 150 mesh, neutral, activated alumina (Brockmann 1) using ethyl
acetate as solvent. Evaporation of the ethyl acetate gave a white solid of
racemic cis-65j. No formation of the trans isomer was observed. Yield: 70%
(isolated yield). Diastereomeric ratio: > 99:1 (based on *H NMR). *H NMR
(399.80 MHz, ~ 0.7 mL acetone-ds + ~0.1 mL CDClI3, 27.0 °C): & 1.45 (2H,
m, CH,), 3.11 (1H, m, bridgehead CH), 3.17 (3H, overlapping multiplet,
2CH and bridgehead CH), 5.05 (1H, d, J = 6.0 Hz, OH), 5.85 (1H, m,
CHOH), 6.03 (1H, dd, J = 2.8 and 5.6 Hz, CH), 6.29 (1H, dd, J = 2.8 and
5.6 Hz, CH), 7.11 (1H, m, aromatic CH), 7.29 (4H, m, aromatic 4CH).

B3C{'H} NMR (125.69 MHz, CDCls, 27.0 °C): & 42.6 (CH), 44.9 (CH), 46.3
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(CH), 50.0 (CH), 51.8 (CH,), 83.0 (CHOH), 124.5 (aromatic), 126.5
(aromatic), 129.1 (aromatic), 135.0 (C=C), 135.2 (C=C), 136.4 (aromatic),
173.2 (C=0). IR (solid): 3297, 2984, 1651, 1469, 1406, 1302, 1097 cm™.
HRMS (ESI") m/z calcd for CisH1gNO,™ (M + H]Y): 242.1176. Found:
242.1177. Elemental analysis calcd for C15H15NO2: N 5.81, C 74.67, H 6.27.
Found: N 5.86, C 74.8, H 6.29. M.p.: 177.9 °C.

Isomerization of racemic cis-65j into racemic trans-65j in the
presence of KOt-Bu. Under argon, racemic cis-65j (51.5 mg, 0.21 mmol)
and 3 mL of THF were placed in a 50 mL Schlenk flask equipped with a
stirring bar forming a white suspension. KOt-Bu (1.2 mg, 0.010 mmol) in
THF 1 mL was then added to the flask at 0 °C. The white suspension
became a clear colorless solution upon addition of KOt-Bu. The reaction
mixture was stirred for 4 h at 0 °C. After 4h, an aliquot of the reaction
mixture was concentrated under vacuum, and analyzed by 'H NMR.
Complete isomerization from cis-65j to trans-65j was observed.

Reaction of trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) with the imide
64 in the presence of 0.5 equiv. of KN(Si(CHz)3).. A solution of 6 (0.015
mmol) was prepared in THF-dg (0.60 mL) using KN(Si(CHz)3)2 (4.6 mg,

3% and frozen in a

0.023 mmol) at —78 °C under H; as described previously,
liquid N, bath. A solution of imide 64j (3.6 mg, 0.015 mmol) in THF-dg (0.20
mL) was then added at —78 °C by cannula under argon pressure. The
frozen solution was partially melted and mixed by shaking once outside the

bath. The partially melted sample was then introduced into the NMR probe
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pre-cooled to =80 °C. The first *H NMR spectrum (~2 min at —80 °C)
showed that ~46% of the dihydride 6 had reacted to form the alkoxide
trans-67 as the sole detectable product. All dihydride 6 was converted into
alkoxide trans-67 after an hour. The alkoxide trans-67 was characterized at
—80 °C using 'H, *'P{*H}, 'H-'H gCOSY and 'H-'°C gHSQC NMR
experiments. *H NMR (399.95 MHz, THF-dg, =80 °C): & —19.0 (1H, t, 2Jp-H
= 27.0 Hz, Ru-H), 0.59 (1H, broad doublet, J = 8.0 Hz, CyHH), 0.89 (1H,
overlapping with a hexane peak, CyHH), 1.90 (1H, br, CZHNHH), 2.09 (1H,
br, overlapping with a CgH peak, CgH), 2.15 (1H, br, overlapping with a
CoH peak, CgH), 2.27 (1H, s, CcH), 2.73 (1H, s, CgH), 3.27 (1H, br,
overlapping with a peak from 64j, CobHNHH ), 3.38 (1H, overlapping with a
peak from 64j, C;HNHH), 3.52 (1H, overlapping with a residual THF-dg
peak, CaHNHH), 4.74 (1H, br t, CoLHNHH), 3.94 (1H, br, C,HNHH), 5.80
(1H, br, CeH), 5.94 (1H, br, overlapping with a aromatic peak, CpH), 6.13
(1H, s, CaH), 6-10 (overlapping peaks, aromatic). *C{*H} NMR (100.6
MHz, THF-ds, —80 °C, determined using *H-*C HSQC): § 46.3 (CcH), 47.1
(CeH), 49.8 (CgH), 50.6 (CuH.), 53.3 (CgH), 65.4 (C.HNH,), 67.7
(CoHNH,), 96.2 (CaH), 135.1 (CpH), 135.3 (CgH), 120-140 (aromatic).
31p*H} NMR (161.91 MHz, THF-dg, —80 °C): 568.03 (2P, AB quartet, 2Jp_p
=45.4 Hz). See Figures 3-11 to 3-13.

Preparation of the alkoxide trans-76 by the reaction between
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH,)] (7) and hydroxy lactam

trans-65j. A solution of 7 (0.011 mmol) was prepared in THF-dg (0.60 mL)
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as we described previously using KN(Si(CH3)3)2 (4.1 mg, 0.021 mmol), and
frozen in a liquid nitrogen bath. A solution of trans-65j (2.5 mg, 0.010 mmol,
>99% ee) in THF-dg (0.20 mL) was then added to the frozen solution of 7 at
—78 °C by cannula under dinitrogen. The frozen solution was partially
melted and mixed by shaking once outside the bath. The partially melted
sample was then introduced into the NMR probe pre-cooled to —80 °C. H,
and *'P{*H} NMR spectra showed formation of the alkoxide trans-76 (51%)
and trans-[((R)-BINAP)(H)(OH)((R,R)-dpen)] (43) (49%) (based on *'P{*H}
NMR) due to water in the solution.®*®

Reaction of the Ru-dihydride 6 with imide 64j in the absence of
excess KN(Si(CHs)s)2. A mixture of the Ru-dihydride 6 (55%) with the
Ru-hydroxide 43 (45%) in THF-dg (0.7 mL) in a NMR tube was prepared
using [Ru((R)-BINAP)((1-5-n)-CgH11)]BF4 (13.8 mg, 0.0150 mmol) and

KN(Si(CHs)s3)» (2.7 mg, 0.014 mmol) as reported previously,>*®

and kept in
a liquid N3 bath. A solution of the imide 64j (1.9 mg, 0.0079 mmol, 1 equiv
with respect to 6) in THF-dg (0.1 mL) was then added to the tube in the
liquid N; bath under H, (~1 atm). The frozen solution was partially thawed
in a—78 °C dry ice/acetone bath. The NMR tube was then introduced into a
NMR probe pre-cooled at —80 °C, and completely thawed inside the probe.
'H and *'P NMR spectra recorded after ~3 min showed broadening of
hydride peak of 6 (70%), and 68 (30%). All 6 was converted into 68 (93%)

and trans-67 (7%) after 4 h at —80 °C. Broadening of 64j signals was

observed in *H NMR. 68 was stable up to —60 °C. The identity of 68 was
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investigated using *H, *P{*H}, *"H-'H gCOSY and 'H-"*C gHSQC NMR
experiments. *H NMR (399.95 MHz, THF-ds, —80 °C): & —17.5 (1H, br,
Ru-H), 1.46 (2H, overlapping with a cyclooctane peak, CHy), 2.20 (1H, br,
C.HNHH), 3.1-3.4 (4H, br, bridgehead 2CH and 2CH), 3.31 (1H,
overlapping with peaks from 64j, CoHNHH ), 3.94 (2H, overlapping with a
excess (R,R)-dpen peak, CZHNHH and CoHNHH), 4.40 (1H, br, Co,HNHH),
4.64 (1H, br, CaHNHH), 6.12 (2H, m, 2CH), 6-10 (overlapping peaks,
aromatic), 16.5 (1H, br). *C{*H} NMR (100.6 MHz, THF-ds, —80 °C,
determined using *H-"*C HSQC): & 46.6 (bridgehead 2CH), 51.1 (CH.)
51.2 (2CH), 62.8 (CaHNH,), 69.0 (CoHNH,), 134.5 (CH), 135.5 (CH),
120-140 (aromatic). *'P{*H} NMR (161.91 MHz, THF-dg, —80 °C): & 67.67
(d, overlapping with trans-67 peaks, 2Jp_p = 39.5 Hz), 73.16 (d, 2Jp_p = 39.5
Hz). See Figures 3-14 to 3-16.

Reaction of the Ru-amide 7 and racemic cis-65j in the absence of
excess KN(Si(CHs)s)2. A mixture of the Ru-amide 7 (66%) with the
Ru-hydroxide 43 (26%) and trans-[Ru((R)-BINAP)-
(H)(THF-dg)((R,R)-dpen)]BF4 (8%) in THF-dg (0.7 mL) in a NMR tube was
prepared using [Ru((R)-BINAP)((1-5-)-CgH11)]BF4(13.3 mg, 0.0145 mmol)
and KN(Si(CHg)3)2 (1.8 mg, 0.090 mmol) as reported previously, and kept
in a liquid N, bath. A solution of racemic cis-65j (3.0 mg, 0.012 mmol, 2
equiv relative to 7) in THF-dg (0.1 mL) was then added to the tube in the
liquid N; bath under H, (~1 atm). The frozen solution was partially thawed

in a—78 °C dry ice/acetone bath. The NMR tube was then introduced into a
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NMR probe pre-cooled at —80 °C, and completely thawed inside the probe.
'H and *P NMR spectra recorded after 2 min showed formation of 6 (28%
yield), and 68 (72% vyield).

Quenching of the Ru-amidate 68 with excess 2-PrOH-dg. A mixture of
the Ru-dihydride 6 (80%) with the Ru-hydroxide 43 (20%) in THF-dg (0.7
mL) in a NMR tube was prepared using [Ru((R)-BINAP)((1-5-1)-CgH11)|BF4
(14.3 mg, 0.0156 mmol) and KN(Si(CHs)3), (2.8 mg, 0.014 mmol) as

reported previously,®*®

and kept in a liquid N bath. A solution of the imide
64j (2.5 mg, 0.010 mmol, 1 equiv with respect to 6) in THF-dg (0.1 mL) was
then added to the tube in the liquid N2 bath under H, (~1 atm). The frozen
solution was partially thawed in a —78 °C dry ice/acetone bath. The NMR
tube was then introduced into a NMR probe pre-cooled at —80 °C, and
completely thawed inside the probe. *H and *'P NMR spectra recorded
after ~1 h showed formation of the amidate 68 (55%) and trans-67 (45%).
2-PrOH-dg (~0.2 mL) was then added to the solution at =78 °C. *H and 3'P
NMR spectra recorded after ~10 min showed formation of Ru-2-propoxide
12 and trans-65j. No significant deuteration of CH signal next to the CHOH
group in trans-65j was observed based on integration of the *H NMR
signals.

Reaction of Racemic cis-65j with mixture of KOH and HN(Si(CHz3)3)..
Under Ny, reacemic cis-65] (4.8 mg, 0.020 mmol) and THF-dg (0.2 mL)

were placed in a NMR tube, and frozen in a liquid N, bath. Distilled water

(0.35 pL, 0.019 mmol) was added to KN(Si(CHs)2)2 (3.9 mg, 0.020 mmol) in
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THF-dg (0.5 mL). This mixture was then added to the solution of cis-65j in
the liquid N2 bath under N,. The frozen solution was partially thawed in a
—78 °C dry ice/acetone bath. The sample was then introduced into a NMR
probe pre-cooled at —80 °C, and completely thawed inside the probe. 'H
NMR spectrum recorded after ~3 min showed complete isomerization from
Ccis-65j to trans-65;j.

Reaction of Racemic cis-65] with HN(Si(CHs)3)2. Under N, racemic
cis-65] (2.4 mg, 0.010 mmol) and CD,ClI, (0.6 mL) were placed in a NMR
tube, and frozen in a liquid N2 bath. HN(Si(CHs)2)2 (3 pL, 0.014 mmol) in
THF-dg (0.1 mL) was then added to the solution of cis-65j in the liquid N>
bath under N,. The frozen solution was partially thawed in a —78 °C dry
ice/acetone bath. The sample was then introduced into a NMR probe
pre-cooled at —80 °C, and completely thawed inside the probe.*H NMR
spectrum recorded after at —80 and 0 °C showed no isomerization of
Cis-65j.

Trapping experiment of cis-65] using HBF,4-OEt; as a trapping reagent.
A mixture of the Ru-dihydride 6 (68%) with the Ru-hydroxide 43 (32%) in
THF-dg (0.7 mL) in a NMR tube was prepared using
[Ru((R)-BINAP)((1-5-)-CgH11)IBF, (18.6 mg, 0.0203 mmol) and
KN(Si(CHz3)3)2 (3.8 mg, 0.019 mmol) as reported previously, and kept in a
liquid N2 bath. A solution of the imide 64 (2.8 mg, 0.012 mmol, 1 equiv with
respect to 6) in THF-dg (0.1 mL) was then added to the tube in the liquid N2

bath under H, (~1 atm). The frozen solution was partially thawed in a —78
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°C dry ice/acetone bath. The NMR tube was then introduced into a NMR
probe pre-cooled at —-60 °C, and completely thawed inside the probe. *H
and *'P NMR spectra recorded after ~20 min showed unreacted 6 (10%),
and formation of new Ru-hydride species (70%) and trans-67 (20%).

This mixture was then frozen in the liquid N, bath. HBF4-OEt; (54 w% in
Et,0O, 5.0 uL, 0.036 mmol) was then added to the frozen solution under H,
(~1 atm). The frozen solution was partially thawed in a —78 °C dry
ice/acetone bath. The NMR tube was then introduced into a NMR probe
pre-cooled at —80 °C, and completely thawed inside the probe. *H and 3P
NMR spectra recorded after ~3 min showed formation of the
Ru-dihydrogen 5 and trans-65j (96% ee) exclusively.

Trapping experiment of cis-65] using BSA as a trapping reagent. A
mixture of the Ru-dihydride 6 (87%) with the Ru-hydroxide 43 (13%) in
THF-dg (0.7 mL) in a NMR tube was prepared using
[RU((R)-BINAP)((1-5-)-CgH11)IBF, (14.6 mg, 0.0159 mmol) and
KN(Si(CH3)3), (3.1 mg, 0.016 mmol) as reported previously.
N,O-bis(trimethylsilyl)acetamide (BSA, 20 pL, 0.082 mmol) was then added
to the NMR tube using a micro-liter syringe at —78 °C under H, (~1 atm).
The solution was mixed by shaking the NMR tube once outside of the —78
°C bath. The *H and *P{*H} NMR taken at —80 °C showed mixture of the
dihydride 6 (78%) and Ru-amidate 69 (22%). All Ru-hydroxide 43 was
converted into 69. This mixture was then kept in a liquid N, bath. A solution

of the imide 64j (2.6 mg, 0.011 mmol, ~1 equiv with respect to 6) in THF-dg
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(0.1 mL) was then added to the tube in the liquid N, bath under H, (~1 atm).
The frozen solution was partially thawed in a =78 °C dry ice/acetone bath.
The NMR tube was then introduced into a NMR probe pre-cooled at —-80 °C,
and completely thawed inside the probe. The first *H and *'P NMR spectra
recorded after ~3 min showed unreacted 6 (56%), and formation of the
Ru-amidate 69 (44%) and trans-TMS-65j. 95% of the dihydride 6 was
converted into 69 after 1 h, and more trans-68 formed. Trans-TMS-65j and
69 were characterized using ‘H, *P{'H}, H-'H gCOSY and *H-*C
gHSQC NMR experiments. 69: *H NMR (399.95 MHz, THF-dg, —80 °C): &
~18.6 (1H, t, J = 25.4 Hz, Ru-H), —0.51 (9H, s, SiMEs), 1.28 (1H,
overlapping with hexanes peaks, CZHNHH), 2.24 (3H, s, CH3), 2.37 (1H, br,
CpHNHH ), 3.39 (1H, overlapping with a peak from 64j, C;HNHH), 3.93 (1H,
overlapping with an excess (R,R)-dpen peak, CpHNHH), 4.60 (1H,
overlapping with an excess H, peak, CobHNHH), 10.08 (1H, br, CZHNHH),
6-9 (overlapping peaks, aromatic). *C{*H} NMR (100.6 MHz, THF-dg, —80
°C, determined using *H-*C HSQC and 'H-*C HMBC): & 1.83 (SiMes),
29.3 (CHs), 63.7 (CaHNH,), 68.5 (CoHNH,), 120-140 (aromatic), 177.6
(C=N). °Si{*H} NMR (79.46 MHz, THF-dg, =80 °C): & —13.15 (s). *'P{*H}
NMR (161.91 MHz, THF-ds, —80 °C): & 67.67 (2P, AB quartet, 2Jp_p = 41.3
Hz). See Figures 3-17 to 3-19.

Independent synthesis of Trans-TMS-65] by the reaction between
trans-65] (>99% ee) and BSA. Trans-65j (>99% ee, 3.6 mg, 0.015 mmol)

and BSA (20 pL, 0.082 mmol) were mixed in THF-dg (0.7 mL) for 1 min. *H
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NMR taken at —80 °C showed quantitative formation of trans-TMS-65j. *H
NMR (399.95 MHz, THF-dg, =80 °C): & 0.046 (9H, s, SiMe3), 1.48 (2H, AB
quartet, J = 8.8 Hz, CHy), 2.68 (1H, dd, J = 4.0 and 8.8 Hz, CH), 3.21 (2H,
s, bridgehead 2CH), 3.31 (1H, dd, J = 4.8 and 8.5 Hz, CH), 5.27 (1H, s,
CHOSiMes), 6.10 (1H, m, CH), 6.24 (1H, m, CH), 7.14 (1H, t, J = 7.5 Hz,
aromatic CH), 7.30 (2H, t, J = 7.5 Hz, aromatic 2CH), 7.42 (2H, d, J =8.1
Hz, aromatic 2CH). *C{*H} NMR (100.5 MHz, THF-dg, —80 °C, determined
using *H-'3C HSQC and *H-'3C HMBC): 5 3.97 (SiMes), 45.9 (bridgehead
2CH), 47.6 (CH), 50.0 (CH), 51.2 (CH,), 86.1 (CHOH), 120-140 (aromatic),
134.1 (C=C), 135.8 (C=C), 174.1 (C=0). ®Si{*H} NMR (79.46 MHz,
THF-dg, —80 °C): & 16.38 (s).

Reaction of Racemic cis-65] with BSA. Racemic cis-65j (4.4 mg, 0.018
mmol) and BSA (8.9 pL, 0.032 mmol) were mixed in CDCI3 (0.7 mL) for 5
min at 40 °C. *H NMR spectra recorded at 27.0 °C showed formation of
trans-TMS-65j in <5% yield. Further heating at 60 °C for 2 h resulted in
formation trans-TMS-65j quantitatively.

Preparation of the bromocarbamate (70) Under argon, trans-65j (>99%
ee, 10.8 mg, 0.045 mmol) and 4-bromophenyl isocyanate (9.3 mg, 0.047
mmol) were placed in a NMR tube. 0.7 mL of acetone-ds was then added to
the tube. The tube was heated at 60 °C for 7 h. 78 % (*H NMR) of trans-65j
was converted into 70. Formation of 4-bromophenyl carbamic acid was
observed as insoluble crystals due to trace water in the solvent. The

mixture was concentrated using rotary evaporator, extracted from CH,Cly,
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and dried over MgSO4. Concentration of the extract gave a colorless oil.
Crystals suitable for the X-ray diffraction analysis were grown upon cooling
the hexanes/ethyl acetate solution at —20 °C. 'H NMR (499.82 MHz,
acetone-dg, 27.0 °C): 6 1.52 (1H, m, CHy), 1.57 (1H, m, CHy), 2.96 (1H,
ddd, J=1.0, 4.5, and 8.5 Hz, CH), 3.27 (1H, m, bridgehead CH), 3.34 (1H,
m, bridgehead CH), 3.36 (1H, ddd, J = 0.5, 5.0, and 8.5 Hz, CH), 6.03 (1H,
s, CHO), 6.17 (1H, dd, J = 3.0 and 6.0 Hz, CH), 6.36 (1H, dd, J = 3.0 and
6.0 Hz, CH), 7.19 (1H, m, aromatic CH), 7.33 (2H, m, aromatic 2CH), 7.40
(2H, m, aromatic 2CH), 7.44 (2H, m, aromatic 2CH), 7.48 (2H, br m,
aromatic 2CH). *3C{*H} NMR (125.69 MHz, acetone-ds, 27.0 °C): 5 45.3
(CH), 46.0 (bridgehead CH), 46.8 (bridgehead CH), 49.4 (CH), 51.6 (CH),
89.0 (CHO), 115.7 (aromatic C), 121.0 (appear as doublet due to the slow
rotation of carbamate C-N bond, aromatic CH), 124.5 (aromatic CH), 126.9
(aromatic CH), 129.6 (aromatic CH), 132.6 (aromatic CH), 134.4 (C=C),
136.8 (C=C), 138.3 (aromatic C), 139.1 (appear as doublet due to the slow
rotation of carbamate C-N bond, aromatic C), 153.0 (appear as doublet
due to the slow rotation of carbamate C-N bond, C=0), 175.5 (C=0). IR
(CHClI; cast film): 3283, 1712, 1599, 1539, 1492, 1213, 1033 cm™X. HRMS
(ESI") m/z calcd for CxHi19BrNo.NaOs" (M + Na]*): 461.0471. Found:
461.0464. Elemental analysis calcd for C,,H19BrN,O3: N 6.38, C 60.15, H
4.36. Found: N 6.38, C 60.38, H 4.39. [o]Z —108.40 (c = 1.00 g/100 mL of

acetone, > 99% ee,). M.p.: 167.3 °C.
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Cyclization of the hydroxy lactam trans-65] with indene to form
polycyclic lactam 73. Under argon, trans-65j (>99% ee) (95.8 mg, 0.40
mmol), indene (0.05 mL, 0.43 mmol), and 10 mL of toluene were placed in
a 50 mL Schlenk flask equipped with a stirring bar. Trans-65j was scarcely
soluble in toluene. BF3-OEt, (0.1 mL, 0.79 mmol) was then added to the
flask at 22 °C. Dissolution of trans-65] was observed as soon as BF3-OEt;
was added. The clear faint yellow solution was stirred for 30 min at 22 °C.
The reaction was then quenched by addition of sat. NaHCO3 (5 mL) at 22
°C, followed by stirring at 22 °C for 5 min. The faint yellow solution became
colorless upon quenching. The reaction mixture was extracted using
CHxClI, (100 mL), dried over MgSQO,4, and concentrated under vacuum. The
resulting colorless oil was analyzed by *H NMR and HPLC to determine the
yield, diastereomeric ratio, and enantiomeric excess. The HPLC
chromatogram was compared to that of racemic 73 prepared from racemic
trans-65j. Crystals of the major diastereomer formed upon slow
evaporation of ethyl acetate solution. This crystal was used for X-ray
diffraction analysis. Yield: 90% (based on *H NMR). Diastereomeric ratio:
91:9 (based on *H NMR). Enantiomeric excess: >99%. 73 *H NMR (399.79
MHz, CDClg, 27.0 °C): & 1.47 (1H, d, J = 8.4 Hz, CH,), 1.66 (1H, dt, J= 1.6
and 8.4 Hz, CHy), 2.75 (1H, m, CH), 2.87 (1H, dd, J = 10.6 and 15.4 Hz,
CHy), 3.02 (1H, dd, J = 8.2 and 15.4 Hz, CH,), 3.19 (1H, br m, bridgehead
CH), 3.21-3.30 (2H, m, 2CH), 3.41 (1H, br m, bridgehead CH), 3.60 (1H, t,

J=3.0Hz, CH), 4.46 (1H, d, J = 8.8 Hz, CH), 6.17 (1H, dd, J = 3.2 and 5.6
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Hz, CH), 6.35 (1H, dd, J = 3.2 and 5.6 Hz, CH), 7.04 (1H, m, aromatic CH),
7.14 (4H, m, aromatic 4CH), 7.47 (2H, m, aromatic 2CH), 8.01 (1H, dd, J =
1.4 and 8.2 Hz, aromatic CH). **C{*H} NMR (100.5 MHz, CDCls, 27.0 °C): &
32.1 (benzylic CH), 40.0 (CH), 45.5 (CH), 45.7(bridgehead CH), 46.1
(bridgehead CH), 46.8 (CH), 51.0 (CH,), 51.1 (CH), 60.8 (CHN), 121.3
(aromatic), 124.8 (aromatic), 124.9 (aromatic), 125.0 (aromatic), 126.4
(aromatic), 126.8 (aromatic), 127.3 (aromatic), 128.6 (aromatic), 130.1
(aromatic), 134.3 (C=C), 135.2 (aromatic), 136.8 (C=C), 141.8 (aromatic),
145.4 (aromatic), 173.3 (C=0). IR (CHCI; cast film): 2981, 1683, 1492,
1397, 755 cm™. HRMS (ESI*) m/z calcd for Co4H2NO ([M + H]*): 340.1696.
Found: 340.1701. Elemental analysis calcd for Co4H2:NO: N 4.13, C 84.92,
H 6.24. Found: N 3.92, C 84.12, H 6.30. [o]% 124.76 (c = 1.00 g/100 mL of
CHCI3, >99% ee). M.p.: 211.2 °C. HPLC analysis conditions: Daicel
CHIRALPAK IB column (4.6 mm i.d. x 250 mm), Hexanes:2-Propanol =
97:3, 30 °C, flow rate = 0.8 mL/min, detection (UV, 210 nm). Retention

times: 19.7 min (minor enantiomer), 24.7 min (major enantiomer).

Table 3-7. Crystallographic Experimental Details for 65j.
A. Crystal Data

formula C15H15NO2
formula weight 241.28
crystal dimensions (mm) 0.48 x 0.33x 0.23
crystal system orthorhombic
space group P212121 (No. 19)
unit cell parameters2

a (A) 6.1618 (7)

b (A) 12.7291 (14)

c (A 15.3398 (17)
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V (A3)
Z

Pealcd (9 cm-3)
H (mm-1)

1203.2 (2)
4

1.332
0.089

B. Data Collection and Refinement Conditions

diffractometer
radiation (4 [A])

temperature (°C)

scan type

data collection 28 limit (deg)
total data collected

independent reflections

number of observed reflections (NO)
structure solution method
refinement method

absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameterd
goodness-of-fit (S)¢
final R indicesf
R1 [Fo? > 20(Fo2)]
WR2 [Fo? > -30( Fo?)]
largest difference peak and hole

Bruker PLATFORM/SMART 1000
CCDb

graphite-monochromated Mo Ko
(0.71073)

-80

o scans (0.4°) (10 s exposures)
54.96

9693 (-7 <h<8,-16 <k<16,-19
<1<19)

2738 (Rjnt = 0.0247)

2478 [Fo? > 20(Fo2)]

direct methods (SHELXS-97¢)
full-matrix least-squares on F2
(SHELXL-97¢)

multi-scan (SADABS)
0.9799-0.9587

2738 [Fo2 > -30(Fp2)] / 0/ 164
1.4 (11)

1.062 [Fo2 > —30( Fo?)]

0.0358
0.0866
0.248 and -0.132 e A-3

a0btained from least-squares refinement of 5008 reflections with 5.32° <

20<54.84°.

bPrograms for diffractometer operation, data collection, data reduction and
absorption correction were those supplied by Bruker.

CSheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

dFlack, H. D. Acta Crystallogr. 1983, A39, 876-881;
Bernardinelli, G. Acta Crystallogr. 1999, A55, 908-915;
J. Appl. Cryst. 2000, 33, 1143-1148. The Flack

Bernardinelli, G.

Flack, H. D.;
Flack, H. D.;

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.

However, the low anomalous scattering power of the

atoms in this structure (none heavier than oxygen) implies that the data
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cannot be used for absolute structure assignment, thus the Flack
parameter is provided for informational purposes only. The present
structural study should only be used for assignment of relative
stereochemistry.

eS = [2w(Fo2 — Fc2)2/(n — p)]¥2 (n = number of data; p = number of
parameters varied; w = [62(Fg2) + (0.0427P)2 + 0.2201P]-1 where P =
[Max(Fo2, 0) + 2F¢2]/3).

Ry = 3I|Fo| = [Fell ZIFol; WRa = [ZW(Fo? — Fe2)2/sw(Foh]L2.
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Table 3-8. Selected Interatomic Distances (A) for 65j.

Atom1
0O1
0O1
0O1
02
N
N
N
C1
C2
C3
C3
C4

aAt 1-x, 1/2+y, 1/2-z.

Atom?2

02a
C1
H202
C2
C1l
C2
C10
C4
C3
C4
C8
C5

Distance

2.6608(14)P

1.2321(16)
1.83b
1.4034(17)
1.3582(16)
1.4700(17)
1.4330(18)
1.5018(19)
1.533(2)
1.5442(19)
1.561(2)
1.568(2)

Atom1

C5
C5
C6
Cc7
C8
C10
C10
Cl1
C12
C13
Cl4

bNonbonded distance.

Atom?2
C6
C9
Cc7
C8
C9
Cl1
Ci15
C12
C13
Cl4
C15

Table 3-9. Selected Interatomic Angles (deg) for 65j.

Atoml Atom2 Atom3 Angle

C1l
C1
C2
o1
o1
N

02
02
N

C2
C2
C4
C1l
C1
C3
C4
C4

apt 1-x, —1/2+y, 1/2—z.

N

N

N

C1
C1
C1
C2
Cc2
C2
C3
C3
C3
C4
C4
C4
C5
C5

C2
C10
C10
N
C4
C4
N
C3
C3
C4
C8
C8
C3
C5
C5
C6
C9

114.73(11)
122.91(11)
122.28(10)
124.33(13)
126.42(12)
109.24(12)
109.68(12)
111.91(12)
103.62(10)
106.93(11)
116.57(13)
102.64(11)
105.07(11)
114.45(11)
103.43(11)
106.83(12)
99.05(12)

Distance
1.508(2)
1.538(2)
1.329(2)
1.509(2)
1.543(2)
1.386(2)
1.388(2)
1.387(2)
1.380(3)
1.378(3)
1.392(2)

Atoml Atom2 Atom3 Angle

C6
C5
C6
C3
C3
C7
C5
N

N
Cl1
C10
Cl1
C12
C13
C10
02

C5 C9
C6 C7
C7 C8
C8 C7
C8 C9
C8 C9
C9 C8
Cl0 cC11
Ci10 Ci15
Cl10 Ci15
Cl1 C12
Cl2 Ci13
Ci3 Ci4
Cl14 Ci15
Cl5 Ci4
H20 Ola

99.98(13)
107.96(14)
107.60(14)
107.05(12)
99.64(13)
100.15(13)
93.83(12)
120.02(14)
119.61(14)
120.36(14)
119.67(16)
120.21(16)
120.09(15)
120.41(17)
119.25(16)
169.0P

bAngle includes nonbonded O-H---O interaction.
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Table 3-10. Crystallographic Experimental Details for 65k.

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parametersa

a (A)

b (A)

c (A

V (A3)

Z

Pealcd (9 cm-3)
i (mm-1)

C15H14FNO2
259.27

0.46 x 0.27 x 0.21
orthorhombic
P212121 (No. 19)

6.1944 (4)
12.7213 (8)
15.5031 (9)
1221.66 (13)
4

1.410

0.104

B. Data Collection and Refinement Conditions

diffractometer
radiation (A [A)])

temperature (°C)

scan type

data collection 26 limit (deg)
total data collected

independent reflections

number of observed reflections (NO)
structure solution method
refinement method

absorption correction method

range of transmission factors
data/restraints/parameters
Flack absolute structure parameterd
goodness-of-fit (S)¢€ [all data]
final R indicesf

R1 [Fo? > 20(Fo2)]

WR> [all data]
largest difference peak and hole

Bruker D8/APEX Il CCDb
graphite-monochromated Mo K«
(0.71073)

-100

o scans (0.3°) (20 s exposures)
55.02

10802 (-8 <h <8, -16 <k <16,
-20 <1<20)

1633 (Rint = 0.0136)

1587 [Fo2 = 20(Fo2)]

direct methods (SHELXS-97¢)
full-matrix least-squares on F2
(SHELXL-97¢)

Gaussian integration
(face-indexed)

0.9781-0.9539

1633/0/173

1.7(10)

1.071

0.0295
0.0810
0.231 and -0.148 e A-3

a0btained from least-squares refinement of 9934 reflections with 5.26° <
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20<54.96°.

bPrograms for diffractometer operation, data collection, data reduction and
absorption correction were those supplied by Bruker.

CSheldrick, G. M. Acta Crystallogr. 2008, A64, 112—-122.

dFlack, H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.;
Bernardinelli, G. Acta Crystallogr. 1999, A55, 908-915; Flack, H. D.;
Bernardinelli, G. J. Appl. Cryst. 2000, 33, 1143-1148. 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. The low anomalous scattering power of the atoms in
this structure (none heavier than oxygen) implies that the data cannot
be used for absolute structure assignment, thus the Flack parameter is
provided for informational purposes only.

eS = [Ew(Fo2 — Fc2)2/(n — p)]¥2 (n = number of data; p = number of
parameters varied; w = [62(Fg2) + (0.0490P)2 + 0.2124P]-1 where P =
[Max(Fo2, 0) + 2F¢2]/3).

Ry = Z||Fol — IFcll/ZIFol; WR2 = [Ew(Fo? — Fc?)2/Zw(Fo*)] V2.
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Table 3-11.
Atoml  Atom2
F C13
0O1 02a
0O1 H20a
0O1 C1
02 C2

N C1

N C2

N C10
Ci C8
C2 C3
C3 C4
C3 C8

aAt 1-x, 1/2+y, 1/2-z.

Distance
1.3572(17)

2.7003(15)b

1.86b
1.2302(17)
1.3995(18)
1.3578(16)
1.4703(17)
1.4276(18)
1.5041(19)
1.537(2)
1.559(2)
1.5484(18)

Selected Interatomic Distances (A) for 65k.

Atoml Atom?2

C4
C4
C5
C6
C7
Cc7
C10
C10
Cl1
C12
C13
Cl4

bNonbonded distance.

C5
C9
C6
C7
C8
C9
Cl1
C15
C12
C13
Cl4
C15

Table 3-12. Selected Interatomic Angles (deg) for 65k.

Atoml Atom2 Atom3 Angle

C1l
C1
C2
o1
o1
N

02
02
N

C2
C2
C4
C3
C3
C5
C4
C5
C6

aAt 1-x, —1/2+y, 1/2—z.

N

N

N

C1
C1
C1
C2
Cc2
C2
C3
C3
C3
C4
C4
C4
C5
C6
C7

C2
C10
C10
N
C8
C8
N
C3
C3
C4
C8
C8
C5
C9
C9
C6
C7
C8

115.16(12)
122.84(12)
121.98(10)
124.53(13)
126.35(12)
109.11(12)
108.85(12)
112.33(12)
103.41(10)
116.11(12)
107.00(11)
102.73(12)
107.30(12)
99.63(13)

100.18(14)
107.73(16)
107.59(16)
107.26(12)

Distance
1.507(3)
1.545(2)
1.334(3)
1.513(2)
1.567(2)
1.539(2)
1.388(2)
1.387(2)
1.390(2)
1.373(3)
1.369(3)
1.390(2)

Atoml Atom2 Atom3 Angle

C6
C8
C1
C1
C3
C4
N

N
Cl1
C10
Cl1
F

=
C12
C13
C10
02

C7
C7
C8
C8
C8
C9
C10
C10
C10
Cl1
C12
C13
C13
C13
Ci4
C15
H20

C9
C9
C3
C7
C7
C7
Cl1
C15
C15
C12
C13
C12
Cl4
Cl4
C15
Cl4
O1a

100.33(13)
98.80(12)
105.03(11)
114.52(12)
103.18(11)
93.69(12)
120.30(13)
119.73(14)
119.97(14)
120.25(16)
118.17(16)
118.64(17)
118.29(17)
123.07(14)
118.42(16)
120.10(16)
174.3b

bAngle includes nonbonded O-H---O interaction.
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Table 3-13. Crystallographic Experimental Details for 70.

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parametersa

a (A)

b (A)

c (A

V (A3)

Z

Pealcd (9 cm-3)
i (mm-1)

C22H19BrN203
439.30

0.63 x0.37 x0.21
orthorhombic
P21212 (No. 18)

12.7403 (5)
25.8323 (10)
12.1352 (5)
3993.8 (3)

8

1.461

2.084

B. Data Collection and Refinement Conditions

diffractometer
radiation (A [A)])

temperature (°C)

scan type

data collection 26 limit (deg)
total data collected

independent reflections

number of observed reflections (NO)
structure solution method
refinement method

absorption correction method

range of transmission factors
data/restraints/parameters
Flack absolute structure parametere
goodness-of-fit (S)f [all data]
final R indices9

R1 [Fo? > 20(Fo2)]

WR> [all data]
largest difference peak and hole
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Bruker D8/APEX Il CCDb
graphite-monochromated Mo K«
(0.71073)

-100

o scans (0.3°) (20 s exposures)
55.00

35335 (-16 <h <16, -33 <k < 33,
-15 <1< 15)

9140 (Rjnt = 0.0204)

8033 [Fg2 > 20(Fo2)]

direct methods (SHELXDC)
full-matrix least-squares on F2
(SHELXL-979)

Gaussian integration
(face-indexed)

0.6688-0.3545

9140/0/505

0.013(6)

1.028

0.0354
0.0921
0.621 and —-0.444 e A-3



a0btained from least-squares refinement of 9772 reflections with 4.50° <

20<51.00°.

bPrograms for diffractometer operation, data collection, data reduction and

absorption correction were those supplied by Bruker.

CSchneider, T. R.; Sheldrick, G. M. Acta Crystallogr. 2002, D58,

1772-1779.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112—122.
€Flack, H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.;

fS

Bernardinelli, G. Acta Crystallogr. 1999, A55, 908-915; Flack, H. D.;
Bernardinelli, G. J. Appl. Cryst. 2000, 33, 1143-1148. 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.

= EW(Fo2 — Fc2)2/(n — p)]¥2 (n = number of data; p = number of
parameters varied; w = [62(Fg2) + (0.0479P)2 + 1.0597P]-1 where P =
[Max(Fo2, 0) + 2F¢2]/3).

9R1 = Z||Fo| — |Fe|l/Z|Fol; WR2 = [EW(Fo?2 — Fc2)2/zw(FoH)]L/2.
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Table 3-14. Selected Interatomic Distances (A) for 70.

(a) within molecule A

Atom1
Br
0O1
02
02
03
N1
N1
N2
N2
N2
Ci
Ci1
C2
C3
C4
C5
C8
C9
C10
C10
Cil1
Cl1
Ci12
C13
C14
Cl4
C17
C17
C18
C19
C20
Cc21

Atom?2
Ci
C7
C7
C8
C9
C4
C7
C8
C9
C17
C2
C6
C3
C4
C5
C6
C15
C10
Ci11
C15
Ci12
C16
C13
Cl4
C15
C16
C18
C22
C19
C20
Cc21
C22

Distance
1.898(2)
1.202(3)
1.370(3)
1.439(3)
1.219(3)
1.415(3)
1.350(3)
1.452(3)
1.373(3)
1.420(3)
1.366(4)
1.378(4)
1.386(3)
1.387(3)
1.396(3)
1.387(3)
1.525(4)
1.506(4)
1.571(4)
1.528(4)
1.506(5)
1.510(6)
1.323(5)
1.510(4)
1.566(4)
1.549(6)
1.382(4)
1.373(4)
1.404(6)
1.350(6)
1.343(5)
1.378(5)
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(b) within molecule B

Atom1
Br
O1
02
02
03
N1
N1
N2
N2
N2
Ci1
Ci1
Cc2
C3
C4
C5
C8
C9
C10
C10
Cil1
Cl1
Ci12
C13
Ci4
Cl4
C17
C17
C18
C19
C20
c21

Atom?2
Ci1
C7
Cc7
C8
C9
C4
Cc7
C8
C9
C17
Cc2
C6
C3
C4
C5
C6
C15
C10
Cil1
C15
Ci12
C16
C13
Cl4
Ci15
C16
C18
c22
C19
C20
C21
c22

Distance
1.906(3)
1.208(3)
1.372(3)
1.448(3)
1.228(3)
1.415(3)
1.342(3)
1.455(3)
1.355(3)
1.418(4)
1.379(4)
1.370(4)
1.382(4)
1.382(3)
1.387(4)
1.389(4)
1.531(4)
1.489(4)
1.578(4)
1.530(4)
1.513(5)
1.521(5)
1.299(5)
1.516(5)
1.573(4)
1.538(6)
1.366(5)
1.398(5)
1.439(8)
1.380(10)
1.326(9)
1.365(6)



Table 3-15. Selected Interatomic Angles (deg) for 70.

(a) within molecule A (b) within molecule B

Atom1l Atom2 Atom3 Angle Atom1l Atom2 Atom3 Angle
C7 02 C8 117.20(18) C7 02 C8 117.58(19)
C4 N1 C7 125.2(2) C4 N1 C7 127.3(2)
C8 N2 C9 113.7(2) C8 N2 C9 114.1(2)
C8 N2 Cl7 121.08(18) Cs8 N2 Cl7 121.8(2)
C9 N2 Cl7 125.1(2) C9 N2 Cl7 124.1(2)
Br C1 Cc2 119.25(19) Br C1 Cc2 119.0(2)
Br C1 C6 119.4(2) Br C1 C6 119.7(2)
C2 C1 C6 121.3(2) C2 C1 C6 121.3(2)
C1 Cc2 C3 119.3(2) C1 Cc2 C3 118.7(2)
C2 C3 C4 120.3(2) C2 C3 C4 121.0(2)
N1 C4 C3 116.8(2) N1 C4 C3 116.9(2)
N1 C4 C5 123.1(2) N1 C4 C5 123.7(2)
C3 C4 C5 120.1(2) C3 C4 C5 119.4(2)
C4 C5 C6 118.8(2) Cc4 C5 C6 119.8(2)
C1 C6 C5 120.2(2) C1 C6 C5 119.7(2)
01 C7 02 124.2(2) 01 C7 02 123.7(2)
01 C7 N1 128.0(2) 01 Cc7 N1 127.9(2)

02 C7 N1  107.77(19) 02 C7 N1  108.4(2)
02 C8 N2 106.77(18) 02 C8 N2 108.0(2)
02 C8 C15 110.02(19) 02 C8 Ci15 110.3(2)

N2 C8 Ci15 105.1(2) N2 C8 Ci15 104.3(2)
03 C9 N2 125.2(2) 03 C9 N2  124.3(3)
03 C9 C10 126.0(2) 03 C9 C10 126.2(2)
N2 C9 C10 108.8(2) N2 C9 C10 109.5(2)
C9 Cl0 cCi11 113.3(2) C9 Cl0 Ci11 112.8(2)
C9 Cl0 Ci15 1055(2) C9 Cl0 Ci15 105.6(2)
Ci1l1 Cl10 Ci15 103.4(3) Ci1l1 Cl10 Ci15 102.9(2)
C10 Ci11 C12 106.4(2) C10 Ci11 C12 106.3(2)
C10 Cl1 C16 99.5(3) C10 Cl1 C16 99.0(2)

C12 Ci1l1 C16 100.1(3) C12 Cl1 Ci16 100.7(3)
Cil Cl2 C13 108.2(3) Cil1 Cl2 C13 107.9(3)
Cl2 C13 Cl4 107.4(3) Cl2 C13 Cl14 108.2(3)
C13 Cl4 Ci15 107.1(2) C13 Cl4 Ci15 105.8(3)
C13 Cl4 C16 99.8(3) C13 Cl4 C16 100.0(3)
C15 Cl4 C16 98.5(3) C15 Cl4 C16 99.1(3)

C8 Cl15 C10 106.4(2) C8 C15 C10 106.2(2)
C8 Cl15 C14 116.3(2) C8 Cl15 C14 116.0(3)
C10 Cl15 Ci14 103.0(2) C10 C15 C14 103.1(2)
Cil Cl16 C14 94.5(3) Cil Cl6 Cl4 94.1(3)
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Table 3-15. Selected Interatomic Angles for 70 (continued)

(a) within molecule A
Atom2 Atom3 Angle

Atom1
N2

N2
C18
C1l7
C18
C19
C20
C1l7

C1lv
C17
C1lv
C18
C19
C20
C21
C22

C18
C22
C22
C19
C20
C21
C22
C21

121.3(2)
120.1(2)
118.5(3)
119.3(3)
121.2(4)
118.7(3)
122.1(3)
120.0(3)
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N2

N2

C18
C17
C18
C19
C20
C17

C1v
C17
C1v
C18
C19
C20
C21
C22

(b) within molecule B
Atoml Atom2 Atom3 Angle

C18
C22
C22
C19
C20
Cc21
C22
Cc21

120.6(3)
118.9(3)
120.5(4)
117.0(5)
119.6(5)
122.2(5)
119.3(6)
121.3(4)



Table 3-16. Crystallographic Experimental Details for 73.

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parametersa

a (A)

b (A)

c (A

B (deg)

V (A3)

Z

Pealed (9 cm-3)
p (mm-1)

C24H21NO
339.42

0.49 x 0.36 x 0.10
monoclinic

P21 (No. 4)

8.7288 (3)
11.5872 (4)
17.5810 (6)
103.4409 (4)
1729.48 (10)
4

1.304

0.079

B. Data Collection and Refinement Conditions

diffractometer
radiation (4 [A])

temperature (°C)

scan type

data collection 26 limit (deg)
total data collected

independent reflections

number of observed reflections (NO)
structure solution method
refinement method

absorption correction method

range of transmission factors
data/restraints/parameters
Flack absolute structure parametere
goodness-of-fit (S)f [all data]
final R indices9

R1 [Fo? > 206(Fo?)]

WR> [all data]
largest difference peak and hole

163

Bruker D8/APEX Il CCDP
graphite-monochromated Mo Ko
(0.71073)

-100

 scans (0.3°) (20 s exposures)
55.00

15335 (-11 <h <11, -15 <k <15,
-22<1<22)

4162 (Rjnt = 0.0182)

3948 [Fo?2 > 20(Fo2)]

direct methods (SHELXDC®)
full-matrix least-squares on F2
(SHELXL-979)

Gaussian integration
(face-indexed)

0.9923-0.9624

4162 /0/ 469

2.6(12)

1.052

0.0302
0.0841
0.185 and —0.159 e A-3



a0Obtained from least-squares refinement of 5507 reflections with 4.76° <

20<43.02°.

bPrograms for diffractometer operation, data collection, data reduction and

absorption correction were those supplied by Bruker.

CSchneider, T. R.; Sheldrick, G. M. Acta Crystallogr. 2002, D58,

1772-1779.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112—122.
€Flack, H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.;

fS

Bernardinelli, G. Acta Crystallogr. 1999, A55, 908-915; Flack, H. D.;
Bernardinelli, G. J. Appl. Cryst. 2000, 33, 1143-1148. 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. The low anomalous scattering power of the atoms in
this structure (none heavier than oxygen) implies that the data cannot
be used for absolute structure assignment, thus the Flack parameter is
provided for informational purposes only.

= [EW(Fo2 — Fc2)2/(n — p)]¥2 (n = number of data; p = number of
parameters varied; w = [c2(Fo2) + (0.0523P)2 + 0.2269P]1 where P =
[Max(Fo2, 0) + 2F¢2]/3).

IRy = 3||Fol ~ [FellZIFol; R = [ZW(Fo? — Fe2/sw(FoH]L2.
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Table 3-17. Selected Interatomic Distances (A) for 73.

(a) Molecule A

Atom1
0O1
N1
N1
N1
C1
Ci
C1
C2
C3
C4
C4
C5
C5
C7
C7
C8
C9
C10
Cl1
Ci12
C13
C13
Cl4
Ci14
C15
C16
C17
C18
C19
C20
Cc21
C22

Atom?2
C6
Cé6
C7
C22
C2
C23
C24
C3
C4
C5
C24
C6
C23
C8
Cl12
C9
C10
Ci11
Cl12
C13
Cl4
Cc21
C15
C19
C16
C17
C18
C19
C20
Cc21
C22
C23

Distance
1.221(2)
1.364(2)
1.420(2)
1.474(2)
1.510(3)
1.561(3)
1.550(3)
1.331(3)
1.515(3)
1.564(3)
1.542(3)
1.509(3)
1.549(3)
1.396(2)
1.404(2)
1.382(3)
1.388(3)
1.385(3)
1.394(2)
1.531(2)
1.523(2)
1.544(2)
1.386(3)
1.394(3)
1.398(3)
1.382(3)
1.391(3)
1.389(3)
1.512(2)
1.551(2)
1.520(2)
1.544(2)
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(b) Molecule B

Atom1l
O1
N1
N1
N1
Ci1
Ci1
Ci1
C2
C3
C4
C4
C5
C5
C7
Cc7
C8
C9
C10
Cl1
Ci12
C13
C13
Cl4
Ci4
C15
C16
C17
C18
C19
C20
c21
C22

Atom?2
C6
C6
C7
C22
Cc2
C23
Cc24
C3
C4
C5
C24
C6
C23
C8
C12
C9
C10
Cil1
C12
C13
Cl4
C21
C15
C19
C16
C17
C18
C19
C20
C21
c22
C23

Distance
1.226(2)
1.362(2)
1.413(2)
1.465(2)
1.522(3)
1.563(3)
1.537(3)
1.326(3)
1.514(3)
1.573(3)
1.538(3)
1.512(3)
1.551(3)
1.393(2)
1.396(2)
1.388(3)
1.382(3)
1.387(3)
1.393(3)
1.531(2)
1.521(2)
1.565(3)
1.386(3)
1.389(3)
1.395(3)
1.380(3)
1.387(3)
1.397(3)
1.505(3)
1.550(3)
1.527(2)
1.537(3)



Table 3-18. Selected Interatomic Angles (deg) for 73.

C6
C6
C7
C2
C2
C23
C1l
C2
C3
C3
C5
C4
C4
C6
o1
0O1
N1
N1
N1
C8
C7
C8
C9
C10
C7
C7
Cl1
C12
C12
Cl4
C13
C13
C15
Cl4
C15
C16
C17
Cl4
Cl4

(a) Molecule A
Atom1l Atom2 Atom3 Angle

N1
N1
N1
C1
C1
C1
C2
C3
C4
C4
C4
C5
C5
C5
C6
C6
C6
C7
C7
C7
C8
C9
C10
Cl1
C12
C12
C12
C13
C13
C13
C14
Cl4
C14
C15
C16
C17
C18
C19
C19

C7

C22
C22
C23
C24
C24
C3

C4

C5

C24
C24
C6

C23
C23
N1

C5

C5

C8

C12
C12
C9

C10
Cl1
C12
Cl1
C13
C13
Cl4
C21
Cc21
C15
C19
C19
Cl6
C17
C18
C19
C18
C20

126.12(15)
114.90(14)
118.44(14)
107.54(15)
100.46(16)
99.67(15)

107.57(19)
107.66(19)
107.01(15)
100.56(17)
99.01(17)

113.91(17)
103.41(15)
106.52(14)
126.31(17)
125.32(16)
108.36(15)
120.58(15)
118.73(15)
120.67(16)
119.97(17)
120.38(18)
119.33(18)
121.94(17)
117.70(16)
122.41(15)
119.89(15)
110.90(14)
113.10(13)
102.05(14)
128.84(17)
110.35(15)
120.77(17)
118.63(19)
120.66(18)
120.60(18)
119.03(19)
120.27(17)
110.56(15)

(b) Molecule B

Atoml Atom2 Atom3 Angle
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C6
C6
C7
C2
C2
C23
C1
C2
C3
C3
C5
C4
C4
C6
o1
o1
N1
N1
N1
C8
C7
C8
C9
C10
C7
C7
Cl1
C12
C12
Cl4
C13
C13
C15
Cl4
C15
Cl6
C17
Cl4
Ci4

N1
N1
N1
C1
C1
C1
C2
C3
C4
C4
C4
C5
C5
C5
C6
C6
C6
C7
C7
C7
C8
C9
C10
Cl1
C12
C12
C12
C13
C13
C13
Ci4
Cl4
Ci4
C15
C16
C17
C18
C19
C19

C7

C22
C22
C23
C24
C24
C3

C4

C5

C24
C24
C6

C23
C23
N1

C5

C5

C8

C12
C12
C9

C10
Cl1
C12
Cl1
C13
C13
Cl4
C21
C21
C15
C19
C19
C16
C17
C18
C19
C18
C20

128.25(15)
115.50(15)
116.19(14)
106.86(14)
100.21(19)
99.75(17)
107.6(2)
107.7(2)
105.70(16)
100.30(19)
99.76(17)
111.95(16)
103.19(16)
105.62(15)
125.79(17)
125.95(18)
108.25(16)
121.35(16)
117.04(15)
121.34(16)
119.17(18)
120.54(17)
119.62(17)
121.35(18)
117.91(16)
122.29(16)
119.79(16)
110.86(14)
114.20(14)
103.26(14)
128.16(17)
111.17(17)
120.66(18)
119.38(19)
119.9(2)
121.10(19)
119.1(2)
119.8(2)
111.70(17)



Table 3-18. Selected Interatomic Angles for 73 (continued)

C18
C19
C13
C13
C20
N1
N1
C21
C1l
C1
C5
C1

(a) Molecule A
Atom1l Atom2 Atom3 Angle

C19
C20
C21
Cc21
C21
C22
C22
C22
C23
C23
C23
C24

C20
Cc21
C20
C22
C22
Cc21
C23
C23
C5

C22
C22
C4

129.15(17)
102.74(14)
105.03(13)
111.41(14)
115.90(14)
108.96(13)
104.47(13)
115.69(14)
102.40(14)
117.20(15)
105.55(14)
93.20(15)

(b) Molecule B

Atoml Atom2 Atom3 Angle

C18
C19
C13
C13
C20
N1
N1
C21
C1l
C1
C5
C1
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C19
C20
C21
C21
C21
C22
C22
C22
C23
C23
C23
C24

C20
Cc21
C20
C22
C22
Cc21
C23
C23
C5

C22
C22
C4

128.45(19)
104.27(16)
106.45(15)
110.16(14)
114.41(16)
108.29(14)
103.90(14)
117.84(15)
102.50(16)
115.01(16)
106.22(14)
93.99(16)
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Figure 3-11. 3P NMR spectrum (5 100 to 40) of trans-67 prepared from 6

and 64j in the presence of 0.5 equiv KN(Si(CHj3)3), at —80 °C.

Figure 3-12. *H NMR spectrum (3 —1 to —20) of trans-67 prepared from 6

and 64j in the presence of 0.5 equiv KN(Si(CHj3)3), at —80 °C.

Figure 3-13. *H NMR spectrum (3 11 to —1) of trans-67 prepared from 6
and 64j in the presence of 0.5 equiv KN (Si(CHs3)3), at =80 °C. The
non-aromatic peaks assigned to trans-67 are marked with an asterisk. The

remaining peaks are due to excess 64j, residual protons in THF-ds,
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HN(SIC(CHa)3)2, KN(SIC(CHj3)3)2, cyclooctane and cyclooctene (formed
during the hydrogenation of [Ru((R)-BINAP)((1-5-n)-CgH11)]BF4) and

hexanes, if present.
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Figure 3-14. *'P NMR spectrum (5 100 to 40) of 68 prepared from 6 and
64j in the absence of KN(Si(CH3)3), at —80 °C. * is Ru species formed

during preparation of 6.

43

43

trans-67

.’J Y

Figure 3-15. *H NMR spectrum (5 -0.5 to —20) of 68 prepared from 6 and

64j in the absence of KN(Si(CHs)3), at —80 °C.
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Figure 3-16. *H NMR spectrum (5 18 to 15 and 12 to —0.5) of 68 prepared
from 6 and 64 in the absence of KN(Si(CHs3)3), at —80 °C. The
non-aromatic peaks assigned to 68 are marked with an asterisk except the
amidate OCH peak. The remaining peaks are due to excess (R,R)-dpen,
the Ru-hydroxide 43, residual protons in THF-dg, HN(SIC(CHz3)3)2,
cyclooctane and cyclooctene (formed during the hydrogenation of

[RU((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Figure 3-17. 3P NMR spectrum (3 100 to 40) of 69 formed from the
reaction between 6 and 64j in the presence of 5 equiv BSA at —80 °C. * is

Ru species formed during preparation of 6.
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Figure 3-18. *H NMR spectrum (5 —1 to —20) of 69 formed from the

reaction between 6 and 64j in the presence of 5 equiv BSA at —80 °C.

Ph, y H
P | \\\\NZ * *
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* 69 * H

* | —

10 9 8 7 6 5 4 3 2 1 0 -1

Figure 3-19. *H NMR spectrum (5 14 to —0.5) of 69 formed from the
reaction between 6 and 64j in the presence of 5 equiv BSA at —80 °C. The
non-aromatic peaks assigned to 69 are marked with an asterisk. The
remaining peaks are due to excess BSA, excess (R,R)-dpen, excess 64,
trans-TMS-65j, residual protons in  THF-dg, HN(SIC(CHj3)3)2, Ho,
cyclooctane and cyclooctene (formed during the hydrogenation of

[Ru((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Chapter 4
Intramolecular Trapping Experiments to Investigate the Bifunctional
Addition Step in Noyori-type Enantioselective Ketone
Hydrogenations.

Introduction

The Noyori catalyst system trans-[Ru(diphosphine)(X).(diamine)] +
base and its variants are extremely active towards the hydrogenation of
carbonyl compounds.?’ Many enantioselective ketone hydrogenations with
this catalyst system have been developed in both academic and industrial

25,87

laboratories. In recent developments, less reactive carbonyl

compounds including esters and imides have also been hydrogenated.®"®
The majority of examples use trans-[Ru(diphosphine)(Cl).(diamine)] and
a base such as KOt-Bu to generate the active -catalyst
trans-[Ru(diphosphine)(H).(diamine)] in situ. The mechanism of this
hydrogenation is being studied by several research groups using methods
that include kinetics of product formation, computational studies, and
stoichiometric reactions of putative intermediates and model compounds.**
Scheme 4-1 shows the generally accepted steps in the catalytic cycle for
ketone hydrogenations. The distinguishing feature of this mechanism is the
proposed metal-ligand assisted bifunctional addition between the carbonyl
and the active catalyst. Specifically, the hydridic hydrogen on Ru, and the
protic hydrogen on nitrogen add to the carbon and oxygen of the carbonyl

via a six-membered, pericyclic transition state without pre-coordination of

the ketone to the Ru centre (Scheme 4-1, TS1). An alcohol-assisted variant
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of this mechanism is proposed to occur in the presence of alcohol solvent
or product (Scheme 4-1, TS2).%%** The direct products of the proposed
addition are a Ru-amide and the alcohol. The Ru-amide is then proposed
to add dihydrogen through a four membered transition state (TS3) to
regenerate the dihydride active catalyst. A variant of this addition involves
an alcohol-assisted pathway via a six-membered transition state
(TS4).*!2 The details of these steps are proposed based upon gas-phase
DFT calculations using model compounds such as trans-[Ru-

(PH3)2(H)2(en)] in order to simplify the calculations.*3’

Scheme 4-1. The generally accepted catalytic cycle for Noyori-type ketone

hydrogenations.
Ph H
<P,,i T N2
“Ru Ru—N 7%
P/ I \ b
Ru=N |* Ph, H  H, Ry A
§ O Iy N —mmmm
H---H Js re ©
TS3 R® R TS1
Via: and/or H Via: and/or
2
Ru—N % Ru—N ¥
H = Ph, H  H, H H
— Ll gy
\ S
R P- \” O-—H
TS4 2 TS2
+
OH
R)\R

Direct experimental studies of this catalytic cyclic with the actual,
proposed catalytic intermediates are rare because the intermediates are
usually unstable at room temperature in the absence of substrate or
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hydrogen, and because the key hydrogen atoms on N and Ru rapidly
exchange with deuterated alcohol solvents.*®® In fact, there are only two
direct studies of the bifunctional addition between trans-[Ru(diphosphine)-
(H)2(diamine)] and ketones.***"% The first was carried out by Morris et al.
using the model dihydride trans-[Ru((R)-BINAP)(H).(NH.CMe,CMe,NH>)]
(9) and acetophenone.®®*" These authors reported that the addition
between the dihydride 9 and 1 equiv of acetophenone formed the
corresponding Ru-amide compound 10 and free 1-phenyl ethanol in C¢Dg
at room temperature (Equation 4-1).%? This result is consistent with the
proposed bifunctional, concerted transfer of Ru—-H and N-H via a
six-membered pericyclic transition state.

Ph, H, Ph, 4 H
OO ,,,,, T N 0 P2| 2 OH

\ "
\\\\\\\\\
W\ "

N
Ru + )k EE—— Ru‘"§ > + Ph)\ (4'1)

Ph
| CeDg, RT p N
Ph, H H, Ph, H

In another study, the Bergens group reported a low temperature
preparation of the actual active -catalyst trans-[Ru((R)-BINAP)-
(H)2((R,R)-dpen)] (6), and found that the dihydride 6 was remarkably active
towards carbonyl reductions in THF.>**' For example, the stoichiometric
reaction between 6 and acetophenone (under ~2 atm H, in THF-dg) was
complete on mixing at —80 °C. Unlike the result from the model compound
9 reported by Morris et al., the addition of acetophenone to 6 was
extremely rapid, and it formed the Ru-alkoxide 14, the net product of a

ketone-hydride insertion (Equation 4-2).
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The three major differences between the experiments reported by
the groups of Morris and Bergens are the steric and electronic properties of
the diamine ligands (NH,CMe,CMe;NH, vs. (R,R)-dpen), the reaction
temperatures (RT vs. —80 °C), and solvents (benzene vs. THF). The most
likely explanation of their apparently contradictory results is that the bulkier,
more electron rich diamine NH,CMe,CMe,;NH, favours the formation of
Ru-amide 10 instead of the corresponding Ru-alkoxide.**® In other words,
increased electron density and steric crowding on Ru would destabilize the
Ru-OR bond, and favour the five-coordinate Ru-amide 10. Comparison
between Equations 4-1 and 4-2 suggests higher intrinsic activity of 6 than 9.
However, it is difficult to compare the activity because the activity of 9 at
low temperature is not reported.

The electronic effect on the stability of late transition metal alkoxide
compounds has been studied intensely by Bergman and co-workers.3%
Generally, electron-withdrawing substituents on the alkoxide ligand
stabilize the bond to late transition metal centres. There are two theories
that have been put forward to explain this general trend. Bergman
proposes that the metal-alkoxide bond has covalent and ionic character,
with some negative charge on oxygen.''® The presence of

electron-withdrawing groups on the alkoxide ligand stabilizes this build up
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of negative charge. The other theory is the ptr/d repulsion theory, in which
electron repulsions between the lone pairs of the alkoxide ligand and the
filled d orbitals on the metal centre are reduced by the electron-withdrawing
groups on the alkoxide.™ Such pm/dr repulsions would also explain why
the greater electron-donating ability of the NH,CMe,CMe;NH, ligand,
relative to NH,C(H)PhC(H)PhNH,, would destabilize the Ru-alkoxide
bond.'*®

The higher temperature used by Morris et al. might lead to the
formation of Ru-amide 10 and 1-phenylethanol via an intramolecular
elimination of the alkoxide and an amine proton from the corresponding
Ru-alkoxide 75 (Equation 4-3). In fact, Morris et al. proposed that two
diastereomers of the Ru-alkoxide 75 formed upon mixing the dihydride 9
and (S)-1-phenylethanol (90% ee).®*” It is worth noting that the
spectroscopic evidence for 75 was incomplete, with only the hydride peak
listed in the *H NMR data, and two sets of doublets listed in the *'P NMR
data. They proposed that the reaction between 9 and (S)-1-phenylethanol
proceeds via a pathway that involves hydrogen bonding between the

alcohol hydrogen and the hydride ligand.

2 2
P, T wN )OK <F’ fffff T wN
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Morris also proposed that the reaction between the amide,
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[Ru(PPh3z)2(H)(NHCMe,CMe,;NH,)] (76), and 20 equiv of
(S)-1-phenylethanol forms an equilibrium mixture of 76, alcohol adduct 77,
and the corresponding alkoxide 78 via a rapid pre-equilibrium between 76
and 77, followed by a slow establishment of equilibrium between 77 and 78
to form a 1:1 mixture of 76+77 and 78 (Equation 4-4).>*" Spectroscopic
evidence for 78 was incomplete with no signals from the alkoxide ligand

reported in the *H NMR data.

H H H H H
PhsP..,,, | o N OH Rapid PhsP.,, | NS Slow PhsP.,, | \\“Nz
“Ru: + — “Ru S a— “Ru (4-4)
S Ph
Php”” Phsp”” | SN Phsp”” | SN
O O H,
76 H H H7<
Ph Ph
77 78
76 +77 : 78 = 1:1

The nature and identity of the solvent will also have an influence on
the reaction mechanism. For example, Morris et al. studied the influence of
2-PrOH solvent molecules on the bifunctional addition using gas-phase
DFT calculations.” Specifically, they studied the model Ru-dihydride
complex trans-[Ru(PH3)2(H)2(pica)] (79) (pica is 2-aminomethylpyridine) as
a catalyst for the hydrogenation of acetone. Scheme 4-2 shows the
predicted reaction pathways for the addition between 79 and acetone in the
presence (paths B and C) and absence (path A) of 2-PrOH. In path A, the
addition proceeds via a six-membered, pericyclic transition state. The
concerted addition of Ru—H and N—H to acetone forms pseudo-Ru-alkoxide

species 80 as the most stable species in the absence of 2-PrOH solvent.
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Scheme 4-2. Proposed pathways for the addition between 79 and acetone.
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The pseudo-alkoxide 80 contains a hydrogen bond between the
product 2-PrOH and the Ru-amide nitrogen. The Ru—NH bond in 80 (2.094
A) is longer than the corresponding Ru-NH bond of the
hydrogen-bond-free Ru-amide (1.972 A), and shorter than the Ru—NH,
bond in the dihydride 79 (2.166 A). This is likely due to the donation of
electron density from the Ru-amide nitrogen to the OH group to form the
hydrogen bond. The Ru-O distance in 80 was short (2.38 A) because of
the electron deficiency of the Ru centre originating from a hydrogen bond
between the Ru-amide nitrogen and product OH group. This Ru-O
interaction was not observed in the transition state in these gas phase

model calculations.
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In path B, the addition proceeds via a six-membered transition
state containing a hydrogen bond between the oxygen of acetone and
2-PrOH. The concerted transfer of Ru—H and N-H forms Ru species 81.
The amide derivative 81, product 2-PrOH, and solvent 2-PrOH are linked
via hydrogen bonds as shown in Scheme 4-2. Similar to the Ru species 80,
the Ru—NH bond in 81 (2.054 A) is longer than the corresponding Ru-NH
bond of the hydrogen-bond-free Ru-amide (1.972 A), and shorter than the
Ru—NH; bond in the dihydride 79 (2.166 A). This is likely because formation
of the hydrogen bond between the Ru-amide nitrogen and the product OH
group removes electron density from the amide nitrogen, decreasing the
Ru-N double bond character. Unlike path A, there is no interaction
between the Ru centre and the product 2-PrOH because both the lone
pairs on oxygen are involved in hydrogen bonding.

In path C, the addition proceeds via an eight-membered transition
state linked by hydrogen bonds to the solvent. In this path, only the hydride
on Ru was transferred to the acetone carbonyl carbon to form the
hydrogen-bonded Ru-alkoxide 82 as the most stable species in the
presence of 2-PrOH solvent. The Ru—O bond in 82 (2.206 A) was shorter
than that in species 80 (2.38 A). A possible inner coordination sphere
interaction between the Ru centre and the oxygen of acetone was not
observed in the transition state of path C. These effects of 2-PrOH solvent
predicted by calculations illustrate the large influence that solvent can have
on the bifunctional addition. THF solvent, used by Bergens et al., is a better

hydrogen bond acceptor than benzene solvent, used by Morris et al..
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Combination of the differences in the steric and electronic
properties of the diamine ligands, the reaction temperature, and the
solvents likely caused the difference between Morris and Bergens’
experiments. An additional important finding from Morris and Bergens’
direct experimental studies is observation of rapid H, activation by the
amides 7 and 9 at low temperatures (—80 °C for 7, —60 °C for 9) to form the
dihydrides 6 and 9.%°2¢ This result is unexpected because it is believed that
the slowest step in the catalytic cycle is the H, activation step based upon
the activation energies calculated by DFT methods. 3%’

The formation of a Ru-alkoxide compound was also reported by
Baratta et al. using the Ru—-CNN pincer complex

[Ru(PPh2(CH2)4PPh2)(H)(CNN)] (15) (see Scheme 4-3 for the structure of

the CNN ligand).*®
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Scheme 4-3. Proposed reaction mechanism for the formation of

Ru-alkoxide 16.
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Compound 15 reacted with 1 equiv of benzophenone at 20 °C in
CesDs to form the Ru-alkoxide 16. It was proposed that 16 contains a
hydrogen bond between the alkoxide oxygen atom and one NH group
because one NH signal in the *H NMR spectrum is shifted downfield
relative to the other NH signal. The authors proposed that the alkoxide 16
formed via a mechanism that begins with formation of a hydrogen bond
between the NH, group on the catalyst and the oxygen of benzophenone,
which activates the carbonyl group towards the nucleophilic attack.
Nucleophilic attack by Ru—H on the benzophenone carbonyl carbon to form
an alkoxide anion that remains hydrogen-bonded to the NH, group, and

then followed by migration of the alkoxide anion to the Ru centre (Scheme
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4-3, path A). The authors did not explain why the second and third steps
were not part of a concerted step, although in principle, electron deficiency
is formed on Ru simultaneously with transfer of the hydride.

Another possible pathway for the formation of 16 involves
dissociation of an NH, group to form a vacant coordination site on Ru. The
n*- or n?-coordination of benzophenone to the vacant coordination site
followed by hydride addition via an inner coordination sphere mechanism
forms the Ru-alkoxide 16 (Scheme 4-3, path B). The analogue of the path

B is proposed by Milstein et al. for the mechanism of ester hydrogenation

catalyzed by Ru-PNN pincer complex (Chapter 1, Scheme 1-12).>°

Scheme 4-4. Possible mechanisms for the formation of Ru-alkoxide 14.
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The four most likely reaction pathways for the formation of 14 are

shown in Scheme 4-4. Paths A—C are classified as the outer coordination
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sphere mechanisms because the ketone does not coordinate to Ru during
the addition, and proceed via the conventional six-membered pericyclic
transition state for the bifunctional addition. Path D is classified as an inner
coordination sphere mechanism because partial coordination of the ketone
to Ru occurs during the addition. Path A is the most widely accepted
pathway for hydrogenation/transfer hydrogenations using catalysts such as
trans-[Ru(diphosphine)(X)z(diamine)], 3¢
RuH(arene)(XCH,CH,NH,),***° Shvo’s,*! and the RuCp*(P-N)"?
systems discussed in Chapter 1. Path A forms the Ru-amide 7 and free
product alcohol. Paths B and C are variations of path A that were proposed
by Casey et al. for the imine hydrogenation catalyzed by Shvo’s
catalyst.*'®9 These paths form the Ru-amide 7 and the product alcohol
either in a solvent cage with a weak hydrogen bond between the alcohol
and the amide nitrogen, (path B), or as a hydrogen-bonded species (path
C). The Ru-amide and the product alcohol in paths A through C then react
to form the Ru-alkoxide. Path D, in contrast, forms the Ru-alkoxide in a
concerted manner without formation of the Ru-amide. The Ru—amide bond
in the hydrogen-bonded species (path C) would have reduced Ru=N
double bond character because of partial electron donation from amide
nitrogen to the product alcohol OH as observed in Scheme 4-2. This
hydrogen bonded species would not be an 18 electron compound because
of the reduced double bond character of the Ru-amide bond. Thus, path C
would proceed in a concerted manner similar to path D forming the

Ru-alkoxide 14.
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Analogues of path D have been studied previously for electrophilic
insertion reactions of unsaturated bonds into metal-alkyl and
metal-hydride bonds."*"* Addition of the dihydride 6 and acetophenone
to form the alkoxide 14 is formally electrophilic insertion of a carbonyl C=0
bond into a Ru—H bond of 18 electron species 6. It is not migratory insertion
because coordination of ketone substrate by substitution of diamine or
diphosphine ligands at —80 °C is unlikely. In general, there are two types of
reaction mechanisms for the electrophilic insertion reaction between an
electrophile (E) and a metal-ligand (M-L) bond of a coordinatively
saturated 18 electron species.®® One type is an Sg2 mechanism (Scheme
4-5, (a)) via 1) electrophilic attack of a non-coordinated electrophile to the
ligand to form an electrophile-ligand (E-L) bond, 2) subsequent
dissociation of E-L complex from metal centre 3) re-coordination of E-L
complex to form 18 electron M—E-L complex. In the Sg2 mechanism, an
electrophile inserts into a metal-alkyl bond with inversion of
stereoconfiguration at the carbon centre of the alkyl ligand. The other
mechanism is a concerted mechanism (Scheme 4-5, (b)) where insertion of
an electrophile and dissociation of ligand proceed in a concerted manner to
form the M—E-L complex. In this case, an insertion into the metal-alkyl
bond proceeds via retention of stereoconfiguration at the carbon centre of

the alkyl ligand.

184



Scheme 4-5. General mechanisms for electrophilic insertion reaction.
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Two of the most extensively studied electrophilic insertion reactions
of 18 electron species involve insertion of SO, and CO,™* into
metal-alkyl, and metal-hydride bonds. The reaction mechanism of
electrophilic insertion of SO, into a metal-alkyl bond was studied
extensively by several research groups.’® For example, Whitesides et al.
investigated stereochemistry of this reaction using an iron complex, 83,
that has a threo-alkyl ligand.**? They reported that the erythro-sulfinate, 84,
was obtained upon insertion of SO, (Equation 4-5). The same
stereochemical outcome was also observed for SO, insertion of
cis-[Mn(PEt3)(CO)4(threo-PhCHDCHD)], and
W(r°-CsHs)(CO)3(threo-PhCHDCHD). ™3¢ Additionally, the rate of SO
insertion was independent of CO pressure. Thus, a migratory insertion
pathway via dissociation of CO is not likely. Based on these stereochemical
investigations and kinetic experiments, an Sg2 mechanism was proposed

for the SO, insertion reaction.
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Darensbourg et al. investigated the reaction mechanism of
electrophilic insertion of CO; into the tungsten—alkyl bond of an anionic
tungsten complex 85.1%%" In this case, stereochemical analysis showed
retention of stereoconfiguration at the carbon centre upon the insertion.
Additionally, the rate of CO; insertion was independent of CO pressure.
Based on these results and kinetic experiments, the authors proposed a
concerted mechanism (Equation 4-6). An analogous concerted mechanism
is also proposed for the Ru(phosphine)s(X)(Y) (X, Y = H, CI, OAc)
catalyzed CO, hydrogenation,**" and CO, insertion reaction of
fac-[Re(bipy)(CO)s- (H)] (bipy is 2,2"-bipyridine)."**® However it is difficult to
distinguish between Sg2 and concerted mechanisms in these cases since

stereochemical analysis is unavailable.
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Further, Darensbourg et al. reported that the W-hydride
cis-PNP[W(CO)4(P(OMe)s3)(H)] (86) (see Equation 4-7 for the structure of
PNP) reacts with aldehydes stoichiometrically to form the corresponding
W-alkoxides.™*“ For example, the W-hydride 86 reacts with benzaldehyde
instantaneously at RT to form the corresponding W-alkoxide,
PNP[W(CO)4(P(OMe)3)(OCH.Ph)] (87). Addition of 1 equiv of acetic acid to
a solution of alkoxide 87 formed benzyl alcohol (Equation 4-7). The
insertion did not proceed with ketones unless 1 equiv of acid was added. A
proposed effect of acid is activation of ketones towards electrophilic
insertion by protonation of the carbonyl oxygen. The mechanism of
aldehyde and ketone insertion is similar to that of CO, insertion in Equation
4-6 because the reaction under CO pressure did not retard the rate. Thus it
is possible that the coordinatively saturated Ru-dihydride 6 and
acetophenone form the Ru-alkoxide 14 in a similar concerted manner with
a Ru-oxygen interaction during the insertion. Path D in Scheme 4-4

represents such concerted mechanisms.
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Casey and Backvall have investigated bifunctional additions similar
to paths A through D as part of the mechanism of imine hydrogenations

catalyzed by Shvo’s catalysts.***> The focus of their investigation is the
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formation of Ru(0)-amine complexes such as 88 as the product of the
bifunctional addition between imines and Shvo’s catalysts. The formation of
88 could be explained using paths A through D as shown in Scheme 4-6.
Paths A through C are outer coordination sphere mechanisms that proceed
via the concerted transfer of the hydridic Ru—H and the protic O-H to the
imine carbon and nitrogen atoms respectively. Pathway D is an inner
coordination sphere mechanism wherein the imine substrate coordinates to
the 16 electron, Ru-n°-Cp complex before subsequent insertion into the
Ru-hydride bond. Path A forms a 16 electron Ru(0) species 20 and the
product amine. Paths B and C are variations of path A where the 16
electron species 20 and the product amine exist either in a solvent cage

(path B), or as a hydrogen bonded species (path C).
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Scheme 4-6. Possible mechanisms for the formation of Ru-amine complex
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The mixture of 20 and the product amine formed by paths A
through C then reacts to form the 18 electron Ru-amine complex 88. In
contrast, Path D does not proceed via the 16 electron species 20. Note,
path D in Schemes 4-4 and 4-6 are not exactly parallel mechanisms
because path D in Scheme 4-6 is the classical inner coordination sphere
mechanism whereas path D in Scheme 4-4 is not. The concerted reaction
mechanism that corresponds to path D in Scheme 4-4 is not proposed for
Shvo’s system. Casey and Béckval reported inter- and intramolecular
trapping experiments to distinguish between pathways A through D.

The intermolecular experiment carried out by Backvall et al. is

shown in Equation 4-8.%*® The reaction between the Ru-hydride 22a and
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the imine 24 in the presence of the intermolecular trapping amine 25
formed the Ru-amine complex of the product amine 26 quantitatively. This
result supports paths B through D because if the addition between the
Ru-hydride 22a and the imine 24 proceeds via path A, the 16 electron
species 20a should be trapped by both the product amine and the trapping
amine 25. Similar results were also reported by Casey et al. using the
reduction of MeN=CHPh in the presence of isopropylamine, or the
reduction of PhN=CHPh in the presence of aniline.**® Both experiments
showed formation of the Ru-product amine complexes in >95% yield in the

temperature range between —60 and 0 °C.

Ph

hﬁ/o\
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Intramolecular trapping experiments were carried out to distinguish
between paths B and C or D. If path B is operative, the 16 electron species
20a will be trapped by both the intramolecular trap and by the product
amine group due to molecular tumbling within the solvent cage. Conversely,
if path C operates, 20a will be trapped only by the product amine because
molecular tumbling within the cage would be restricted by the strong
hydrogen bond. Similarly, pathway D forms only the product Ru-amine
complex because the coordination between Ru and the imine nitrogen

does not break during the addition. Casey and Béackvall used imines with
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the trapping amine functionality within the same molecule as an
intramolecular trap. Such an intramolecular trapping experiment was first
reported by Casey et al. with the reaction between the imine 89a and
Shvo’s catalyst 22b.**9The authors reported formation of the product and

the trapped Ru-amine complexes 90a and 91ain a 1:1 ratio (Equation 4-9).
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In a control experiment, Casey observed that a dimer of the 16
electron intermediates 20b reacted with 2 equiv of the product diamine 92a
to form the Ru-amine complexes 90a and 91a in a 1:3 ratio (Equation

4-10).
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Thus, if the addition between 22b and the imine 89a forms the
product diamine 9l1a and the 16 electron species 20b without any

interaction between each other, the Ru-amine complexes 90a and 91a
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should form in about a 1:3 ratio. Casey et al. explained the observed
formation of 90a and 91a in a 1:1 ratio (Equation 4-9) using the outer
coordination sphere mechanism. They explained that the larger amount of
the product Ru-amine complex 90a indicates the solvent cage mechanism
with a weak hydrogen bond between 92a and the 16 electron species 20b,
that is, path B. Conversely Backvall et al. explained Casey’s observation as
an intramolecular exchange reaction between Ru-amine complex 90a and
91a via slippage of the 1-system, and concluded that these results do not
differentiate between the outer and inner coordination mechanisms. To
eliminate the possible intramolecular exchange via t-slippage, Backvall
carried out an intramolecular trapping experiment using the imine 89b.*
The addition between the Ru-hydride 22a and the imine 89b formed only

the Ru-amine complex 90b as a cis/trans mixture between —80 and -8 °C

(Equation 4-11).
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In a control experiment, Backvall et al. observed that the reaction
between the dimer of 20a and the product diamine 92b formed a mixture of
cis/trans isomers of the Ru-amine complex 91b as the sole detectable

products (Equation 4-12). The selective formation of 91b is likely because
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the benzylamine side of the intramolecular trapping agent is more basic
than the aniline side. Thus, if the 16 electron species 20a and 92b forms as
free products, or in a solvent cage with a weak hydrogen bond, the trapped
Ru-amine species 91b should form as the major product. The exclusive
formation of 90b in Equation 4-11 thus indicates reaction paths C or D

operate as shown in Scheme 4-6.
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Backvall interpreted these results as evidence for the inner coordination
sphere mechanism, path D. In contrast, Casey explained these results
using the outer coordination sphere mechanism with a strong hydrogen
bond between the 20a and the aryl amine side of diamine 92a, path C.
Specifically, the aryl amine group would hydrogen bond more strongly to
the oxygen than the alkyl amine side, preventing exchange. Casey et al.
then carried out a similar intramolecular trapping experiment using imine
89c.*!" In the case of 89c, both amines in the reduced product are now
expected to hydrogen bond equally to the oxygen in 20b. The reaction

between 22b and 89c, at temperatures ranging between —45 and 0 °C,

formed a mixture of the cis/trans isomers of the Ru-amine complexes 90c
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and 91c in an 85:15 ratio (Equation 4-13). A significant change in this ratio
was not observed until the solution was heated at 50 °C for 4 h, showing
that intramolecular exchange between 90c and 91c in the temperature
range between —45 and 0 °C does not occur, and cannot explain the
product ratio. Based upon these observations, Casey insisted that the
outer coordination sphere mechanism with a hydrogen bond between the
16 electron species 20b and the product diamine 92c, path C in Scheme
4-6, was in operation for the addition. This mechanism explains all three
results from the intramolecular trapping experiments. Thus, if the hydrogen
bond between 20b and the diamine product is weak, more 20b is trapped
by the trapping side of the product diamine (Equations 4-9 and 4-13). If the
hydrogen bond is strong, only the product side of the diamine is trapped by

20b (Equation 4-11).
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The result shown in Equation 4-13 is thus best explained by the
outer coordination sphere mechanism with a strong hydrogen bond (path C,

Scheme 4-6). However, it is also possible that the observed formation of
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85% of 90c is partially due to the inner coordination sphere mechanism. In
other words, Casey’s results do not rule out a parallel, direct pathway. A
simple comparison of reaction mechanisms of Shvo’s system discussed
above and Noyori’s system based upon these trapping experiments is not
appropriate because catalysts structure and activity is very different, and
more importantly reduction/oxidation of the Ru centre does not occur in

Noyori’s system.

In the case of formation of the Ru-alkoxide 14 from the addition of
the Ru-dihydride 6 and acetophenone, Hamilton and Bergens reported
intermolecular trapping experiments using 2-PrOH as the trapping agent
(Equation 4-14).%" 2-PrOH was chosen because the reaction of Ru-amide
7 and 2-PrOH rapidly forms the Ru-2-propoxide compound 12 at —80 °C.**®
Thus, if the addition proceeds via path A, the free Ru-amide 7 formed will
be trapped by 2-PrOH. The addition between Ru-dihydride 6 and
acetophenone at —80 °C in the presence of ~5 equiv of 2-PrOH formed 14
as the sole product. In a control experiment, addition between the
Ru-amide 7 and a mixture of 5 equiv of 2-PrOH and 1 equiv of
1-phenylethanol resulted in the formation of 14 and Ru-2-propoxide 12 as a
~1:1 mixture. Thus, the exclusive formation of 14 from 6 and acetophenone

proved that path A is not operative at —80 °C.
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This chapter discusses intramolecular trapping experiments that
were carried out in order to distinguish between paths B through D for the
formation of Ru-alkoxide 14. A carbonyl compound modeled by 93 with a
trapping hydroxy functionality as an intramolecular trap was utilized for this
purpose (Scheme 4-7). If the addition proceeds via path B, a mixture of the
product Ru-alkoxide 94 and the trapped Ru-alkoxide 95 will form due to
molecular tumbling within the solvent cage. Conversely, if the addition
proceeds via path C or D, only 94 will form as long as hydrogen bonding
between Ru-amide 7 and a product alcohol is strong enough to prevent
tumbling of the product alcohol.

This chapter discusses the first such intramolecular trapping
experiments for the Noyori hydrogenation using hydroxy carbonyl
compounds to elucidate the reaction mechanism of the Ru-alkoxide
formation. The intramolecular trapping agents utilized for this study are

shown in Figure 4-1.
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Scheme 4-7. Intermolecular trapping experiments to distinguish between

paths B and C or D.
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Figure 4-1. Structures of the Intramolecular trapping carbonyl compounds

utilized in Chapter 4.
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Results and discussion

We prepared solutions of Ru-dihydride 6 for this study by reacting
mixtures of the cationic dihydrogen compound 5 with 0.7 — 1 equiv of
KN(Si(CHs)3), and H, (~2 atm) at =78 °C in THF-dg in an NMR tube.>*®
Less than 1 equiv of KN(Si(CHs)3), was used to avoid the presence of
excess base after the preparation. An excess of base was avoided to
prevent the base-assisted elimination of alkoxide from the Ru-alkoxide
products of the bifunctional addition between 6 and the intramolecular
alcohol—-carbonyl trapping reagents. Such base-assisted eliminations are
rapid, even at —78 °C, and they would erase the kinetic regiochemistry of
the bifunctional addition.®*® Hamilton et al. reported a base-assisted
elimination from the Ru-2-propoxide compound 12 using 1 equiv of KOt-Bu
as base in THF at —78 °C. The yield of 6 was ~85% when prepared under
these conditions using <1 equiv of KN(Si(CHs)3).. The remaining Ru
species consists of small amounts of decomposition side-products that
form during the steps required to prepare 6, and the Ru-hydroxide
compound 43 formed from trace amounts of water.**® The trace water likely
accumulated during the numerous weighing, hydrogenation, and transfer
steps involved in the preparation of 6.

For the intramolecular trapping experiments in this chapter, layers
of frozen THF-dg solutions of the intramolecular trapping agent (top) and
the dihydride 6 (bottom) were thawed and mixed at —80 °C in a pre-cooled
NMR probe. More specifically, a solution of 6 in THF-dg was prepared first,

and characterized by NMR. This solution was frozen by immersing the
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NMR tube in liquid nitrogen. A THF-dg layer containing 1 equiv (relative to
the amount of 6 in the bottom layer determined by NMR) of the
carbonyl-alcohol intramolecular trapping agent was placed on top of the
bottom layer, and also quickly frozen by liquid nitrogen. The tube was
transferred (without thawing) to a NMR probe pre-cooled to —80°C, and
NMR spectra were recorded as soon as possible after the layers thawed,
as indicated by increase in the lock signal.

A series of intramolecular trapping agents were prepared and
screened to find a suitable candidate. The deuterium and fluorine labelled
carbonyl-alcohols 93a—d were studied first. The trapping agent 93a is the
ketone analogue of the imine-amine 90c utilized by Casey to study Shvo’s
system (Equation 4-13). The trapping agent 93b is an aldehyde-primary
alcohol trapping system whereas 93c (racemic) and 93d are chiral,
ketone-secondary alcohol traps. The ee of the trifluoro-substituted trap
93d, was 96 %. This species was prepared by hydrogenation of a
trifluoromethyl ketone precursor using Noyori’'s catalyst system. The
absolute configuration was thereby the same as would be formed by the
bifunctional addition. Consistent with the high activity of 6 towards the
reduction of ketones and aldehydes, all of the trapping agents 93a-d
underwent the bifunctional addition instantaneously with the Ru-dihydride 6
upon thawing at —80 °C to form the corresponding Ru-alkoxide species
with hydride signals at ~ —17 ppm. It proved, however, impossible to

determine the ratios of the corresponding product alkoxide 94 and the
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trapped alkoxide 95 because of overlapping of broad signals in the *H, H,
and *°F NMR (93d) spectra of the products.

Interestingly, reaction between the hydroxy-lactone trapping agent
93e (99 % ee) and 6 resulted in exclusive formation of the Ru-alkoxide 96e
and H, as soon as the solution was thawed (Equation 4-15). 96e was
characterized by 'H, %P, H-*C gHSQC, and 'H-'H gCOSY NMR

experiments.

o
O
Ph, H H Ph H j Ph
Po, | N n P, T N2 | HO Phy Hy
< ,,,,, A e _ < g > 93e < |
u — u — Ru” 415
P/L\N 80 °C pr” SN 10 min P | N @19
Ph, 6 Hy Ph, 2 Ph, OZ_/\ZZ
o =0
96e
97 % yield

It is likely that 96e formed via a reversible formation of the
Ru-amide 7 from elimination of hydrogen from 6, followed by reaction of the
amide 7 with the hydroxy group in 93e. The reversible addition of H, to
form 6 from the amide 7 at —80 °C was previously demonstrated by the
Bergens group using Ha/D, exchange experiments.®*® Although the
addition is reversible, it strongly favours the dihydride. More specifically,
Hamilton et al. reported H-D exchange at the Ru—H and at the axial N-H
groups on dpen in 6 upon bubbling D, (1 atm) through a THF-dg solution of
6 at —80 °C. The reactivity of the lactone carbonyl in 93e towards the

bifunctional addition with 6 is lower than that of ketones. This decreased
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reactivity at the lactone carbonyl explains why this trapping agent reacted
with the amide 7 instead of undergoing the expected bifunctional addition.
In a manner similar to hydroxy-lactone 93e the phenolic ketone 93f
also reacted with 6 to form the Ru-phenoxide 96f via reaction with the
amide 7 (Equation 4-16). The relatively high acidity of the phenolic OH
group in 93f is the likely cause of the formation of 96f. The phenoxide 96f
was characterized by *H, ¥P, *H-'*C gHSQC, and 'H-'H gCOSY NMR
experiments, and it was independently synthesized by addition of the

ketone 96f to the Ru-amide 7.

o)
Ho/Ej)k b2 ¥
6 — >, R’ DI — 4-16
u .
-80 °C, —H, p | \N —80 °C, ~5 min ( )
~5 min Ph, ©Q H,
96f 0

These screening experiments showed that a balance had to be
found that favoured the irreversible addition reaction between the dihydride
6 and the carbonyl group in the trapping agent over the reaction between
the small amounts of the amide 7, in equilibrium with 6, and the hydroxy
group. Further, the products had to be unambiguously distinguishable by
NMR spectroscopy. It was found that the ketone-primary alcohol trapping
agent 4-hydroxymethylacetophenone (93g) fulfilled these requirements.
The ketone carbonyl in 93g is more reactive than the lactone carbonyl in

93e, and the hydroxide in 93g is less acidic than the the phenolic ketone
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93f. The bifunctional addition reaction between the Ru-dihydride 6 and the
ketone 939 proceeded instantaneously upon thawing at —80 °C to form the
Ru-alkoxides 96g and 94g in 57% and 43% yield respectively (Scheme

4-8). This reaction was carried out a total of four times with the same result.

Scheme 4-8. Reaction of 6 and hydroxy ketone 93g.

th th H Ph
(A e Cod - L &
/I\ THF-dg, —80 °C /Ru\ /|\ / \>

th '; H2 th th Ph2
ij@\/OH 9:©\'(
43% 57% o) 959 OH

Not observed

Most importantly, no formation of trapped alkoxide 95g was
observed. The alkoxide 96g formed most likely via the same mechanism
discussed for the formation of 96e and 96f (Equations 4-15 and 4-16).
Thus, 96g formed via elimination of H, from 6 to form the Ru-amide 7
followed by reaction with the alcohol group in unreduced ketone-alcohol
93g. Despite the rapid nature of the addition of ketone groups to 6, more
than 50% of 6 reacted through addition of the primary alcohol trap in 93g
with the amide 7. This bias towards alcohol addition is explained by two
factors. The first is the relatively high strength of the Ru-primary alkoxide
bond in 969g. This relatively high bond strength, compared to Ru-secondary

alkoxide bonds that would form during ketone hydrogenations, contributed
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to the product inhibition observed during ester hydrogenations (Chapter 2).
The second factor is that primary alcohols are more acidic than secondary
alcohols.®® Note, however, that the formation of 96g as the major product
(53 %) does not impact the mechanism of formation of 94g (43 %), the
product of the addition of the ketone group to 6. The identities of the
Ru-alkoxides 94g, 95¢g, and 96g were determined unambiguously with *H,
p. H-1C gHSQC, and 'H-'H gCOSY NMR experiments. The
ketone-primary alkoxide 95g was prepared independently by the reactions

between the Ru-amide 7 and 93g (Equation 4-17).

Pha b M Ho\/©)k Fhz w Mo
< """ RIU\H> 93g < e (4-17)
7 N THF-dg, —80 °C P | TSN

The absence of any primary alkoxide 95g, the product of
intramolecular trapping of the amide 7 by the diol product of ketone
reduction 97, is a startling result. As a control competition experiment, the
Ru-amide 7 and 1 equiv of the product diol 97 (97% ee) were combined in
THF-dg at =80 °C. Enantiomerically enriched 97 was utilized for this
experiment in order to prevent complication of analysis due to the formation
of two possible diastereomers for both 94g and 95g. The absolute

configuration of 97 was chosen to match the expected major absolute
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configuration that will form upon addition of 6 and 93g at —80 °C in THF-ds.
This was accomplished by the catalytic hydrogenation of 93g. Previously,
the Bergens group reported that the stoichiometric addition between 6 and
acetophenone at —80 °C in THF-dg forms (S)-(-)-1-phenylethanol in the
same enantioselectivity as the catalytic hydrogenation.®" Surprisingly, the
reaction of the amide 7 and the enantioenriched diol 97 at —80 °C in THF-dg
exclusively formed 95g, the product of addition of the primary alcohol group,
and the species not formed by the bifunctional addition of 93g to 6

(Equation 4-18).

OH
Shz H H HO\/©/k Ph, H H
,,,,, ] 97 (97 %ee) Pr, |
P NY THF-dg, —80 °C Ru (4-18)
=) N 8 P/ | \N
Ph, Ph, O H,

100 % OH

As discussed above, the high selectivity towards the formation of
the primary alkoxide is explained by the higher acidity and lower steric
crowding of the primary alcohol. Thus there exists a strong bias towards
the formation of 959 over 94g for this reaction. Therefore, if the free amide
Ru-amide 7 and the diol 97 were formed within a solvent cage during the
bifunctional addition between 6 and 93g , 95g should form as a major
product. The exclusive formation of 94g upon addition between 6 and 93¢,
is strong evidence that the reaction path via the formation of Ru-amide 7

and 93g within a solvent cage (Scheme 4-7, path B) is not operative during
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the hydrogenation of 93g by 6. The independent synthesis of 94g from 7
and the product diol 97 was not possible due to the exclusive formation of
95g. The methyl ether analogue of 94g, Me-94g, was prepared using
reaction of 7 and the methyl ether, 98 ((S)-enantiomer, 87% ee), and was

used to confirm NMR assignments of 94g (Equation 4-19).

OH
Ph, H Hy Meov©/k Ph H
Po, | WN 5 (60 1 P N
87 %ee) [, o
RU : Ru (4-19)
Ph; Ph, Ha
OMe
Me-94g
78 % yield

Based on the intramolecular trapping experiments discussed
above and the intermolecular trapping experiment reported previously by
the Bergens group, the most probable reaction mechanisms for the
formation of Ru-alkoxides by the bifunctional addition between the
Ru-dihydride 6 and ketones are either a reaction path via the formation of a
strong hydrogen bond between amido nitrogen in 7 and the product alcohol
(Scheme 4-7, path C), or a reaction path via a concerted formation of the
alkoxide without cleaving a catalyst N—H bond (path D).

Conclusions

In conclusion, this chapter presents the first intramolecular trapping

experiments to elucidate a reaction mechanism for the formation of

Ru-alkoxides in Noyori-type ketone hydrogenations. The addition between
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the dihydride 6 and the trapping ketone 93g at —80 °C formed the product
alcohol alkoxide 94g exclusively. In the competition experiment, the
addition between Ru-amide 7 and the product diol 97, showed exclusive
formation of 94g. These results prove that the solvent cage mechanism
containing free amide 7 and product alcohol is not operative during the
addition of 6 and 93g. Thus, the current, most probable mechanisms are
either via the formation of a strong hydrogen bond between the amide 7
and a product alcohol (Scheme 4-7, path C), or via the concerted formation
of a Ru-alkoxide without N-H bond cleavage (path D). Note that the
existence of a strong hydrogen bond between the amido nitrogen and the
alcohol product will diminish the N to Ru 1 donation, generating net
coordination unsaturation on Ru. Also, Darensbourg has established
precedent for partial Ru—O formation during the electrophilic attack of
carbonyl carbon centres on 18 electron metal-hydrides.*** |t is thereby
reasonable to propose that partial Ru—-oxygen bond formation occurs
during the bifunctional addition of ketones to 6 (path D). It is also likely that
other catalyst systems and substrates can react by either pathway C or D,
and the preference depends upon the particulars of each system.
Experimental

Materials and Methods. Deuterated solvents were obtained from
Cambridge Isotope Laboratories, and Aldrich. Common solvents were
distilled over appropriate drying reagents. THF-dg was distilled over sodium
before each experiment. 2-PrOH was distilled over CaH,. Common

chemicals were obtained from Aldrich, TClI America, and Strem, and were
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used as received unless stated otherwise. Potassium tert-butoxide
(KOt-Bu) was sublimed before use. (S)-3-Hydroxy-y-butyrolactone (>99%
ee) (93e) was purchased from TCl America and used as received.
4-Hydroxyacetophenone (93f) was purchased from Aldrich, and used as
received. Hydrogen gas was ultra high purity grade purchased from
Praxair. *H, 2H, *C, *F, and *'P NMR spectra were taken using Varian
Inova (300 and 400 MHz), and Varian DirectDrive (500 MHz)
spectrometers. *H, and **C NMR chemical shifts are reported in parts per
million (3) relative to TMS with the solvent as the internal reference. *'P
chemical shifts are reported in parts per million (d) relative to 85% H3PO4
as the external reference. NMR peak assignments were made using *H-"H
gCoOSY, and *H-*C gHSQC NMR experiments. Abbreviations for NMR
spectra are s (singlet), d (doublet), t (triplet), g (quartet), dd (doublet of
doublet), ddd (doublet of doublet of doublet), dt (doublet of triplet), dq
(doublet of quartet), tt (triplet of triplet), m (multiplet), and br (broad). IR
spectra were taken using Nic-Plan FTIR microscope, and are reported in
wavenumbers (cm™). High resolution mass spectra were taken using
Applied BioSystems Mariner BioSpectrometry Workstation oaTOF mass
spectrometer for ESI-MS, and Kratos MS50 with Agilent 6890GC (MS50B)
for EI-MS. Elemental analysis data were obtained using Carlo Erba
CHNS-O EA1108 elemental analyzer. Optical rotations ([a]%) were
measured using Perkin Elmer 241 polarimeter. Melting points (M.p.) were
measured using Perkin Elmer Pyris 1 differential scanning calorimeter. GC

analysis was performed using a Hewlett-Packard 5890A gas
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chromatograph equipped with a flame ionization detector, a
Hewlett-Packard 3392A integrator, and a Supelco B-DEX™ 120 fused
silica capillary column (30 m x 0.25 mm i.d. x 0.25 um film thickness). 20
psi He was used as carrier gas. All ee’s were confirmed by comparing the
HPLC/GC chromatogram of the hydrogenation product to that of the
racemic product prepared by NaBH4 reduction.
4-hydroxymetylacetophenone (93g) and (S)-(-)-1-(4-hydroxymethylphenyl)
ethanol (97) are well known in literature, only *H NMR data, optical
rotations, and GC analysis conditions, are reported here.

Preparation of 4-hydroxymetylacetophenone (93g).** Under argon,
4-(2-Metyl-1,3-dioxolane-2-yl)-benzaldehyde (392.1 mg, 2.04 mmol)**®,
and NaBH, (498.5, 13.2 mmol) were placed in a 100 mL round bottom flask
equipped with a stirring bar. 10 mL of ethanol was then added to the flask
at RT. The mixture was stirred for 1h at 60 °C. The reaction was quenched
by the addition of 10 mL of 2M HCI at RT. The solution was then extracted
with 100 mL of CH,Cl,. The collected organic layer was dried over MgSQOy,,
and concentrated using a rotary evaporator. A yellow solid was obtained
upon concentration. The solid was purified by column chromatography
(hexanes:ethyl acetate = 2:1, silica gel). A white solid formed upon
purification. Yield: 303 mg, 99%. *H NMR (299.97 MHz, CDCls, 27.0 °C): &
2.19 (1H, br, OH), 2.59 (3H, s, CHs), 4.76 (2H, s, CH.), 7.44 (2H, m,
aromatic 2CH), 7.93 (2H, m, aromatic 2CH).

Preparation of (S)-(-)-1-(4-hydroxymethylphenyl) ethanol (97).**

Under argon, 93g (1469 mg, 0.978 mmol) and trans-[Ru-
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((R)-3,5-xylyl-BINAP)(CI)»((R)-daipen)]® (9.5 umol) were placed in a 20 mL
Schlenk tube equipped with a stirring bar. Argon in the tube was flushed
out by H,. KOt-Bu (7.2 mg, 64 umol) was then added to the tube using 3
mL of 2-PrOH under H,. The mixture was stirred for 16 h at 30 °C under 1
atm of H,. The crude mixture was concentrated using a rotary evaporator.
Residual catalyst was removed by column chromatography (hexanes:ethyl
acetate = 2:1, silica gel). A white solid was obtained upon purification.
Yield: 146 mg, 98%. E.e.: 97%. *H NMR (299.79 MHz, CDCls, 27.0 °C): &
1.49 (3H, d, J = 6.4 Hz, CH3), 1.74 (2H, br, 20H), 4.67 (2H, s, CH,), 4.91
(1H, g, J = 6.4 Hz, CH), 7.36 (4H, m, aromatic 4CH). [a]5 —37.93 (c =1.00
g/100 mL of CH3OH, 97% ee). GC analysis conditions: initial oven
temperature = 140 °C, held at 140 °C for 20 min, and increased at 0.5
°C/min to 200 °C. Retention times: 59.7 min (minor enantiomer), 60.6 min
(major enantiomer).

Preparation of 4-methoxymetylacetophenone.'*® Under argon, KH
(30w% in mineral oil, 414 mg, 3.10 mmol) was placed in a 50 mL Schlenk
flask equipped with a stirring bar. KH was washed three times with 10 mL
of hexanes. 3 mL of THF was then added to the flask.
4-(2-Metyl-1,3-dioxolane-2-yl)-benzyl alcohol (353 mg, 1.82 mmol) was
added to the flask at O °C using 7 mL of THF. Formation of H, and white
precipitate of the potassium alkoxide were observed as soon as the alcohol
was added. The suspension of the salt was stirred for 30 min at 0 °C. CHjsl
(0.23 mL, 3.69 mmol) was then added dropwise at O °C. The resulting

suspension was stirred for 30 min at 0 °C. The reaction was quenched by
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the addition of 3 mL of 2M HCI at 0 °C. The quenched solution was stirred
for 30 min at 0 °C to RT. The resulting yellow organic layer was extracted
with ether (100 mL), dried over MgSQO,4, and concentrated using a rotary
evaporator. An orange oil formed. The crude mixture was purified by
column chromatography (hexanes:ethyl acetate = 5:1, silica gel). A
colorless oil was obtained upon purification. Yield: 117.9 mg, 40%. *H NMR
(499.82 MHz, CDCls, 27.0 °C): & 2.60 (3H, s, CHs), 3.42 (3H, s, OCHy),
4.52 (2H, s, CHy), 7.42 (2H, m, aromatic 2CH), 7.94 (2H, m, aromatic 2CH).
13C{*H} NMR (125.69 MHz, CDCls, 27.0 °C): d 26.7 (CHs), 58.5 (OCHs),
74.1 (CHy), 127.4 (aromatic CH), 128.5 (aromatic CH), 136.5 (aromatic C),
143.8 (aromatic C), 197.9 (C=C). HRMS (EI") m/z calcd for C19H1,0,"(M"):
164.08372. Found: 164.08387.

Preparation of (S)-(-)-1-(4-Methoxymethylphenyl) ethanol (98).**°
Under argon, 4-methoxymetylacetophenone (104.9 mg, 0.639 mmol) was
placed in a glass autoclave equipped with a stirring bar using 6 mL of
2-PrOH. Argon in the tube was flushed out by H,. trans-[Ru-
((R)-3,5-xylyl-BINAP)(CI)2((R)-daipen)]?® (1.8 umol) in 1 mL of 2-PrOH was
added to the autoclave under H,. KOt-Bu in 1 mL of 2-PrOH was
subsequently added to the autoclave under H,. The mixture was stirred for
13 h at RT under 4 atm of H,. The crude mixture was concentrated using a
rotary evaporator. Residual catalyst was removed by column
chromatography (hexanes:ethyl acetate = 5:1, silica gel). A colorless oil
was obtained upon purification. Yield: 102.7 mg, 97%. E.e.: 87%. *H NMR

(499.82 MHz, CDCls, 27.0 °C): & 1.49 (3H, d, J = 6.5 Hz, CH3), 1.86 (1H, d,
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J = 3.5 Hz, OH), 3.38 (3H, s, OCHa), 4.45 (2H, s, CH,), 4.90 (1H, dq, J =
3.8 and 6.5 Hz, CH), 7.34 (4H, m, aromatic 4CH). *C{*H} NMR (125.69
MHz, CDCls, 27.0 °C): d 25.2 (CHj3), 58.1 (OCHg3), 70.3 (CH), 74.5 (CHy),
125.5 (aromatic CH), 128.0 (aromatic CH), 137.5 (aromatic C), 145.3
(aromatic C). HRMS (EI") m/z calcd for C1oH140," (M¥): 166.09938. Found:
164.09943. [a]5 —37.63 (c = 0.98 g/100 mL of CHCl;, 87% ee). GC
analysis conditions: initial oven temperature = 70 °C, increased at 1 °C/min
to 140 °C, and held at 140 °C for 60 min. Retention times: 81.0 min (minor
enantiomer), 82.2 min (major enantiomer).

Typical preparation of trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) in
THF-dg in the absence of excess KN(Si(CHs)3)..%* Under argon,
[Ru((R)-BINAP)((1-5-n)-CgH11)]BF4 (0.015 mmol) and THF-dg (0.50 mL)
were placed in a NMR tube. The solution was cooled at 0 °C. Argon in the
tube was removed by H, (~2 atm). The tube was then shaken ten times
outside the 0 °C bath, and returned to the bath. This process was repeated
nine times. H, (~2 atm) was replenished three times at 0 °C after each
10x10 shaking. The resulting solution containing [Ru((R)-BINAP)-
(H)(THF)3]BF, was then cooled in a —78 °C dry ice/acetone bath.
(R,R)-Dpen (0.015 mmol) in THF-dg (0.20 mL) was then added to the tube
at —78 °C under H; (=2 atm). The tube was shaken for ~5 sec outside the
—78 °C bath, and then returned to the bath. This process was repeated
nine times. The solution was then added to a NMR tube that contained
KN(Si(CH3)3)2 (0.011-0.016 mmol) at —78 °C under H; (~2 atm). The tube is

shaken for ~5 sec outside the =78 °C bath and then returned to the bath.
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This process was repeated nine times. The solution color changed from
yellow to red during the addition of KN(Si(CH3)3).. NMR spectra recorded
at —80 °C showed formation of the dihydride 6 (52-72%) and Ru-hydroxide
compound 43 (28-48%). 43 formed due to trace water in the solution.
Presence of 43 indicates the absence of excess KN(Si(CHs)s)2.>
Reaction of [trans-[Ru((R)-BINAP)(H).((R,R)-dpen)] (6) with
(S)-3-Hydroxy-y-butyrolactone (>99% ee) (93e) at -80 °C in the
absence of excess KN(Si(CHgz)3)2. A solution of 6 (79%) with the
hydroxide compound 43 (21%) in THF-dg (0.7 mL) in a NMR tube was
prepared using [Ru((R)-BINAP)((1-5-1)-CgH11)]BF4(13.7 mg, 0.0149 mmol)
and KN(Si(CHs)3)2 (3.0 mg, 0.015 mmol), bubbled with N, for ~3 min to
remove excess H, and kept in a liquid N, bath. 93e (1 pL, ~0.010 mmol)
was then added to the tube in the liquid N, bath under N,. The frozen
solutions were partially thawed in a —78 °C dry ice/acetone bath to prevent
sudden accumulation of pressure inside the tube. The sample was then
introduced into a NMR probe pre-cooled at —80 °C, and completely thawed
inside the probe. The first 'H NMR spectra recorded after ~10 min showed
formation of 96e and H,. Yield: 97%. The alkoxide 96e was characterized
at —80 °C using *H, *P{*H}, COSY and **C-'H HSQC NMR experiments.
'H NMR (399.95 MHz, THF-dg, —80 °C): & =17.7 (1H, br t, J = 23.0 Hz,
Ru-H), 2.13 (1H, br, C.HNHH), 2.39 (1H, d, J = 16.4 Hz, a a-CH, peak of
the lactone ligand), 2.74 (1H, d, J = 13.6 Hz, a a-CH; peak of the lactone
ligand), 3.56 (1H, overlapping with a residual THF-dg peak, CobHNHH), 4.05

(2H, overlapping C;HNHH and C,HNHH peak), 4.18 (1H, br, a y-CH, peak
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of the lactone ligand), 4.23 (1H, br, a y-CH, peak of the lactone ligand),
4.56 (1H, br, CoHNHH), 4.60 (2H, br, overlapping C;HNHH peak and CH
peak of the lactone ligand), 6-9 (overlapping peaks, aromatic). *C{‘H}
NMR (100.6 MHz, THF-dg, —80 °C, determined using **C-*H HSQC): 5 38.8
(0-CH,), 62.6 (CaHNH,), 67.4 (CH), 69.5 (CoHNH,), 77.7 (y-CHy), 120-140
(aromatic). *'P{*H} NMR (161.91 MHz, THF-ds, —80 °C): & 66.07 (br d,
2Jp_p = 30.5 Hz), 72.68 (d, 2Jp_p = 41.4 Hz). See Figures 4-2 to 4-4.

Reaction of [trans-[Ru((R)-BINAP)(H).((R,R)-dpen)] (6) with
4-Hydroxyacetophenone (93f) at —80 °C in the absence of excess
KN(Si(CH3)3)2. A solution of 6 (72%) with the hydroxide compound 43
(28%) in THF-dg (0.7 mL) in a NMR tube was prepared using
[Ru((R)-BINAP)((1-5-n)-CgH11)IBFs (13.8 mg, 0.0150 mmol) and
KN(Si(CHs3)3)2 (3.0 mg, 0.015 mmol), bubbled with N, for ~3 min to remove
excess H,, and kept in a liquid N, bath. 93f (1.5 mg, 0.011 mmol) in THF-ds
(0.1 mL) was then added to the tube in the liquid N2 bath under N,. The
frozen solutions were partially thawed in a —78 °C dry ice/acetone bath to
prevent sudden accumulation of pressure inside the tube. The sample was
then introduced into a NMR probe pre-cooled at —80 °C, and completely
thawed inside the probe. The first 'H NMR spectra recorded after ~3min
showed formation of 96f and H,. Yield: 83%. Identity of 96f was confirmed
by comparing spectra of 96f prepared independently from
[Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH>)] (7) and 93f (See next section).
The alkoxide 96f was characterized at —80 °C using *H, 3'P{*H}, COSY and

1B3c-H HSQC NMR experiments. 'H NMR (399.95 MHz, THF-dg, —80 °C):
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0-18.7 (1H, t, J = 25.8 Hz, Ru-H), 2.19 (3H, s, CH3), 2.34 (1H, overlapping
with a CH3 peak of unreacted 93f, C;HNHH), 2.48 (1H, br, Co,HNHH), 2.97
(1H, br, C.HNHH), 3.14 (1H, br, C.HNHH), 3.80 (1H, br, C,LHNHH), 4.69
(1H, br, C,HNHH), 6-9 (overlapping peaks, aromatic). **C{*H} NMR (100.6
MHz, THF-dg, —80 °C, determined using **C-*H HSQC): & 33.0 (CHa), 62.6
(CaHNH,), 65.7 (CoHNH,), 120-140 (aromatic). **P{*H} NMR (161.91 MHz,
THF-dg, —80 °C): 8 67.66 (d, 2Jp_p = 44.4 Hz), 69.21 (d, 2Jp_p = 41.9 Hz).
Reaction of [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH,)] (7) with
4-hydroxyacetophenone (93f) at =78 °C. A solution of 7 (0.0175 mmol)
was prepared in THF-dg (0.70 mL) in a NMR tube using KN(Si(CHs)3)2 (7.1
mg, 0.036 mmol) as described previously.®**® A solution of 93f (2.7 mg,
0.020 mmol) in THF-dg (0.10 mL) was then added to the tube at —78 °C
under argon. The solution was mixed by shaking once outside the bath.
The sample was then introduced into the NMR probe pre-cooled at —80 °C.
'H, and *P{*H} NMR spectra showed formation of the alkoxide 96f (74%)
and trans-[((R)-BINAP)(H)(OH)((R,R)-dpen)] (36%) due to water in the
solution. See Figures 4-5 to 4-7.

Reaction of trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6)  with
4-hydroxymetylacetophenone (93g) at —80 °C in the absence of
excess KN(Si(CHs;)s).. A solution of 6 (71%) with the hydroxide compound
43 (29%) in THF-dg (0.7 mL) in a NMR tube was prepared using
[Ru((R)-BINAP)((1-5-n)-CgH11)]BFs (144 mg, 0.0157 mmol) and
KN(Si(CHz3)3)2 (3.2 mg, 0.016 mmol), and kept in a liquid N, bath. A solution

of 93g (1.7 mg, 0.011 mmol, 1 equiv with respect to Ru dihydride) in
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THF-dg (0.1 mL) was then added to the tube in the liquid N, bath under H,
(~1 atm). The solution of 93g froze on the upper part of the tube. The
frozen solutions were partially thawed in a —78 °C dry ice/acetone bath to
prevent sudden accumulation of pressure inside the tube. The sample was
then introduced into a NMR probe pre-cooled at —80 °C, and completely
thawed inside the probe. *H and *'P NMR spectra recorded after ~3 min
showed formation of 96g (61%), and 94g (39%). No formation of 95g was
observed. Ru-hydroxide (43) formed during the preparation of 6 was
remained intact. The alkoxide 94g was characterized at —50 °C using *H,
3pf*H}, COSY and **C-'H HSQC NMR experiments. *H NMR (399.95
MHz, THF-dg, =50 °C): & —17.0 (1H, br t, J = 23.8 Hz, Ru-H), 1.32 (3H,
overlapping with a cyclooctane peak, CHs), 2.13 (1H, br, CZHNHH), 4.04
(2H, overlapping CobHNHH and C,HNHH), 4.18 (2H, overlapping C;HNHH
and C,HNHH), 4.64 (3H, overlapping CH, and C;HNHH), 4.80 (1H, br,
CHORu), 6-9 (overlapping peaks, aromatic). **C{*H} NMR (100.6 MHz,
THF-dg, =50 °C, determined using **C-'H HSQC): & 30.47 (CHs), 62.9
(CsHNH), 64.1 (CHy), 69.0 (CHORuU), 69.6 (Cp,HNH,), 120-140 (aromatic).
31p’H} NMR (161.91 MHz, THF-dg, —80 °C): & 66.27 (d, 2Jp_p = 40.6 Hz),
72.36 (d, 2Jp_p = 40.2 Hz). See Figures 4-8 to 4-10.

Reaction of [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH>)] (7) with
4-hydroxymetylacetophenone (93g) at —78 °C. A solution of 7 (0.0151
mmol) was prepared in THF-dg (0.70 mL) in a NMR tube using
KN(Si(CHz3)3)2 (6.0 mg, 0.030 mmol) as we described previously. A solution

of 93g (6.9 mg, 0.046 mmol) in THF-dg (0.20 mL) was then added to the
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tube at —78 °C under argon. The solution was mixed by shaking once
outside the bath. The sample was then introduced into the NMR probe
pre-cooled at —80 °C. *H, and *'P{*H} NMR spectra showed formation of
the alkoxide 96g (100%). The alkoxide 96g was characterized at —80 °C
using *H, *P{*H}, COSY and **C-'H HSQC NMR experiments. *H NMR
(399.95 MHz, THF-dg, —-80 °C): & —17.7 (1H, br, Ru-H), 2.55 (3H, s,
overlapping with a CH3 peak of unreacted 93g, CH3), 2.64 (1H, overlapping
with a CHj3; peak, C,HNHH), 4.23 (3H, overlapping peaks, C;HNHH,
CpoHNHH, and C,HNHH ), 4.46 (1H, br, C;HNHH), 4.77 (1H, overlapping
with a CH; peak of unreacted 93g, CH,), 5.27 (1H, d, J = 19.5 Hz, CH),),
5.52 (1H, br, CoHNHH), 6-10 (overlapping peaks, aromatic). *C{*H} NMR
(100.6 MHz, THF-dg, —80 °C, determined using *C-'H HSQC): & 26.7
(CH3), 64.0 and 69.9 (C,HNH, and CyHNH,), 64.7 (CH,), 120-140
(aromatic). *'P{*H} NMR (161.91 MHz, THF-ds, —80 °C): & 67.44 (br d,
2Jp_p = 36.9 Hz), 74.72 (br). See Figures 4-11 to 4-13.

Reaction of [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH,)] (7) with
(-)-1-(4-hydroxymethylphenyl) ethanol (97) at —78 °C. A solution of 7
(0.0203 mmol) was prepared in THF-dg (0.70 mL) in a NMR tube using
KN(Si(CHz3)3)2 (7.0 mg, 0.035 mmol) as we described previously. A solution
of 97 (3.4 mg, 0.023 mmol, 97% ee) in THF-dg (0.20 mL) was then added
to the tube at —78 °C under argon. The solution was mixed by shaking once
outside the bath. The sample was then introduced into the NMR probe
pre-cooled at —80 °C. *H, and *'P{*H} NMR spectra showed formation of

the alkoxide 95g (100%). The alkoxide 95g was characterized at —80 °C
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using *H, *P{*H}, COSY and **C-'H HSQC NMR experiments. *H NMR
(399.95 MHz, THF-dg, —80 °C): 6 =17.5 (1H, br t, J = 25.2 Hz, Ru-H), 1.54
(3H, overlapping with a cyclooctane peak, CH3z), 2.68 (1H, br, CZHNHH),
3.57 (1H, overlapping with a residual THF-dg peak, CLbHNHH), 4.28 (1H, br,
CH,) 4.43 (1H, br, CoHNHH), 4.63 (1H, overlapping with a CH;, peak of
unreacted 97, C,HNHH), 4.78 (1H, br, C;HNHH), 5.00 (2H, CH;, and
Cp,HNHH), 5.28 (1H, s, CH), 6-9 (overlapping peaks, aromatic), 12.2 (1H,
br, OH). *C{*H} NMR (100.6 MHz, THF-ds, —80 °C, determined using
13C.lH HSQC): & 27.7(CHj), 63.2 (CsHNH,),69.29 (a-CH), 70.38
(CoHNH,), 74.24 (CH,), 120-140 (aromatic). >'P{*H} NMR (161.91 MHz,
THF-dg, =80 °C): d 65.85 (d, 2Jp_p = 40.8 Hz), 73.09 (d, 2Jp_p = 41.9 Hz).
See Figures 4-14 to 4-16.

Reaction of [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph)).NH,)] (7) with
(-)-1-(4-methoxymethylphenyl) ethanol (98) at —78 °C. A solution of 7
(0.0151 mmol) was prepared in THF-dg (0.70 mL) in a NMR tube using
KN(Si(CHz3)3)2 (3.7 mg, 0.019 mmol) as we described previously. A solution
of 98 (6.2 mg, 0.037 mmol, 87% ee) in THF-dg (0.20 mL) was then added
to the tube at —78 °C under argon. The solution was mixed by shaking once
outside the bath. The sample was then introduced into the NMR probe
pre-cooled at —80 °C. 'H, and *'P{*H} NMR spectra showed formation of
the alkoxide Me-94g (78%) and trans-[((R)-BINAP)(H)(OH)((R,R)-dpen)]
(22%) due to water in the solution. The alkoxide Me-94g was characterized
at —80 °C using *H, *P{*H}, COSY and **C-'H HSQC NMR experiments.

IH NMR (399.95 MHz, THF-ds, =80 °C): & —17.1 (1H, br, Ru-H), 1.32 (3H,
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overlapping with a CHz peak of unreacted 98, CHj3), 2.09 (1H, overlapping
with a cyclooctene peak, C;HNHH), 3.28 (3H, overlapping with a OCHj;
peak of unreacted 98, OCHj3), 3.61 (1H, overlapping with a THF-d; peak,
CoHNHH), 3.98 (1H, br t, CoHNHH), 4.15 (1H, br, C;HNHH), 4.38 (2H,
overlapping with a CH, peak of unreacted 98, CHy), 4.43 (1H, overlapping
with a CH; peak of unreacted 98, C,HNHH), 4.84 (2H, overlapping with a
CH peak of unreacted 98, CH and C,HNHH), 6-9 (overlapping peaks,
aromatic). “C{*H} NMR (100.6 MHz, THF-dg, —80 °C, determined using
13C-'H HSQC): & 27.3 (CHj), 57.08 (OCHs), 62.8 (CsHNH,), 69.14
(CoHNH,), 69.16 (CH), 74.46 (CH,), 120-140 (aromatic). 3*P{*H} NMR
(161.91 MHz, THF-dg, =80 °C): & 65.2 (br), 71.91 (d, 2Jp_p = 40.6 Hz). See

Figures 4-17 to 4-19.
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Figure 4-2. 3P NMR spectrum (5 100 to 40) of 96e prepared from 6 and

93e at -80 °C.
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Figure 4-3. *H NMR spectrum (5 —2 to —20) of 96e prepared from 6 and

93e at -80 °C.

Figure 4-4. *H NMR spectrum (5 11 to —2) of 96e prepared from 6 and 93e
at —80 °C. The non-aromatic peaks assigned to 96e are marked with an
asterisk. The remaining peaks are due to excess 93e, residual protons in
THF-dg, HN(SIC(CHz3)3)2, KN(SIC(CHj3)3),, excess (R,R)-dpen, cyclooctane
and cyclooctene (formed during the hydrogenation of

[RU((R)-BINAP)((1-5-n)-CgH11)]BF4) and hexanes, if present.
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Figure 4-5. 3'P NMR spectrum (5 100 to 40) of 96f prepared from 7 and

93f at —80 °C.

Figure 4-6. *H NMR spectrum (5 —0.5 to —20) of 96f prepared from 7 and

93f at —80 °C.

Figure 4-7. *H NMR spectrum (5 11 to —0.5) of 96f prepared from 7 and 93f
at =80 °C. The non-aromatic peaks assigned to 96f are marked with an

asterisk. The remaining peaks are due to 43, excess 93f, residual protons
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in  THF-dg, HN(SIC(CHs)3)2, KN(SIC(CH3)3),, excess (R,R)-dpen,
cyclooctane and cyclooctene (formed during the hydrogenation of

[RU((R)-BINAP)((1-5-n)-CgH11)|BF4) and hexanes, if present.

(@)

Figure 4-8. P NMR spectra (5 100 to 40) of the reaction between 6 and
93g in the absence of KN(Si(CHz)3), at —80 °C. (a) Before the addition of
93g. (b) First spectrum taken ~5 min after the addition of 93g at —80 °C. (c)

Spectrum taken at =50 °C.
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Figure 4-9. 'H NMR spectra (5 -2 to —20) of the reaction between 6 and
93g in the absence of KN(Si(CHs)3), at —80 °C. (a) Before the addition of
93g. (b) First spectrum taken ~5 min after the addition of 93g at —80 °C. (c)

Spectrum taken at -50 °C.

Figure 4-10. *H NMR spectrum (5 14 to —2) of the reaction between 6 and
93g in the absence of KN(Si(CHs)3), at =50 °C. The non-aromatic peaks

assigned to 94g are marked with an asterisk. The remaining peaks are due
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to 43, 969, excess (R,R)-dpen, the Ru-hydroxide 43, residual protons in
THF-dg, HN(SIC(CHs3)3)2, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CgH11)|BFs) and hexanes, if

present.
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Figure 4-11. 3*P NMR spectrum (3 100 to 40) of 96g formed from the
reaction between 7 and 93g at —80 °C. * is Ru species formed during

preparation of 7.

Figure 4-12. 'H NMR spectrum (3 —2 to —20) of 96g formed from the

reaction between 7 and 93g at —80 °C.
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Figure 4-13. *H NMR spectrum (3 14 to —1) of 96g formed from the
reaction between 7 and 93g at —80 °C. The non-aromatic peaks assigned
to 96g are marked with an asterisk. The remaining peaks are due to excess
93g, residual protons in THF-dg, KN(Si(CHs)s)2, HN(Si(CHzs)3)2, excess
(R,R)-dpen, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CsH11)]BF), ether, and hexanes,

if present.
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Figure 4-14. **P NMR spectrum (3 100 to 40) of 95g formed from the
reaction between 7 and 97 at —80 °C. * is Ru species formed during

preparation of 7.
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Figure 4-15. *H NMR spectrum (3 —2 to —20) of 95g formed from the

reaction between 7 and 97 at —80 °C.
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Figure 4-16. *H NMR spectrum (3 14 to —1) of 95g formed from the
reaction between 7 and 93g at —80 °C. The non-aromatic peaks assigned
to 95g are marked with an asterisk. The remaining peaks are due to excess
97, residual protons in THF-dg, KN(Si(CH3)3)2, HN(Si(CHs)3)., excess
(R,R)-dpen, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CgH11)|BF), ether, and hexanes,

if present.
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Figure 4-17. 3P NMR spectrum (5 100 to 40) of Me-94g formed from the
reaction between 7 and 98 at —80 °C. * is Ru species formed during

preparation of 7.
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Figure 4-18. *H NMR spectrum (5 —2 to —20) of Me-94g formed from the
reaction between 7 and 98 at —80 °C. * is Ru species formed during

preparation of 7.
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Figure 4-19. *H NMR spectrum (3 11 to —2) of Me-94g formed from the
reaction between 7 and 98 at —80 °C. The non-aromatic peaks assigned to
Me-94g are marked with an asterisk. The remaining peaks are due to 43,
excess 98, residual protons in THF-dg, KN(Si(CHj3)3)2, HN(Si(CH3)3)2,
excess (R,R)-dpen, cyclooctane and cyclooctene (formed during the
hydrogenation of [Ru((R)-BINAP)((1-5-n)-CsH11)]BF), ether, and hexanes,

if present.
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Chapter 5
Conclusions and Future Directions

Conclusions

The increasing health and environmental regulations on the
production of pharmaceuticals is motivating the development of highly
selective and environmentally benign industrial syntheses. The Noyori-type
ketone hydrogenation system trans-[Ru(diphosphine)(X).(diamine)] + base
and its base-free analogues are among the most important discoveries that
can address health and environmental regulations without losing economic

27287 This catalyst system is already utilized in the

competency.
pharmaceutical and fine chemical industries, and has proven to be among
the most reliable methods to hydrogenate ketones with practical TOF and
enantioselectivities.?*° The major focus in the development of this catalyst
system in academia has been hydrogenation of variety of ketones in high
TOF and enantioselectivity since its discovery in the 90’s. There was no
application of this catalyst system in the hydrogenation of less reactive
carbonyl compounds such as esters and amides when this research
began.

Although M-H reductions of esters, amides, and related carbonyl

120 there

compounds, are used more frequently than reduction of ketones,
was no corresponding hydrogenation method that is compatible with
multi-functionalized pharmaceutical precursors on production scales. As a

result industrial scale synthetic pathways that involve these reductions

were either carried out using wasteful M-H reagents or they were
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avoided.’®® Most of the homogeneous catalytic systems for these
hydrogenations reported prior to this research require high temperatures
and pressures that are less economical and are often detrimental to
multi-functionalized substrates. Further, mechanistic understanding of
these high pressure hydrogenations was limited due to the harsh reaction
conditions.

Previously, the mechanism of Noyori ketone hydrogenations was
studied in our group utilizing the first stoichiometric reactions of putative
intermediates.**%" One of the most surprising discoveries made during this
study is the facile net insertion reaction between the dihydride,
trans-[Ru((R)-BINAP)(H)2((R,R)-dpen)] (6) and acetophenone to form the
Ru-alkoxide, trans-[Ru((R)-BINAP)(H)(OCH(CH?3)(Ph))((R,R)-dpen)] (14).
This addition occurred essentially on mixing at —80 °C. The primary goal of
the research described in this dissertation was to utilize the high reducing
power of 6 in the hydrogenation of esters, amides, and related less reactive
carbonyl compounds. Further, the high reactivity of 6 enabled us to carry
out the most detailed mechanistic investigations to date for these
hydrogenations. The research presented in this thesis provides the most
detailed mechanistic information to date on the hydrogenation of esters
and imides. Further, the origin of the formation of the alkoxide 14 was
investigated using intramolecular trapping experiments.

Hydrogenation of esters
Before this research, all the homogeneous ester hydrogenation

catalyst systems in the literature operated via the inner coordination sphere
229



mechanism. High temperatures (>100 °C) and/or H, pressures (>50 atm)
were typically required®>*"*® for such systems because of the low
electrophilicity of esters,*” and because n?-coordination of esters to a metal
centre is less favoured than ketones.*® The idea behind this research was
thus to overcome such requirements by using the highly active dihydride
intermediate 6 that hydrogenates ketones via the outer coordination sphere
mechanism.

In this work, the high reducing power of the dihydride 6 and its en
analogue trans-[Ru((R)-BINAP)(H).(en)] (41) was successfully utilized to
hydrogenate several esters under mild conditions (30 °C, 4 atm). Further,
the hydrogenation of the unactivated ester ethyl hexanoate proceeded
catalytically even at —20 °C under 4 atm H, to form 1-hexanol and ethanol.
However, we discovered that accumulation of the product alcohols or use
of 2-PrOH solvent deactivated the catalyst system. For example, TOF(h™)
for the hydrogenation of methyl benzoate decreased from 49 (for the first
hour) to 3 (calculated for after 3—4 h). The stoichiometric addition of the
dihydride 6 to the ester substrates was carried out to investigate origins of
the high initial TOF and product inhibition. The addition of the dihydride to
the lactones proceeded unexpectedly fast at —80 °C to form mixtures of
Ru-hemiacetaloxides and Ru-alkoxides of product diols. This is the first
observation of a transition metal-hemiacetaloxide and -alkoxide compound
formed from addition of a lactone or ester substrate. These low
temperature experiments demonstrated the exceptionally high intrinsic

activity of Noyori-type catalysts towards hydrogenation of esters. Further,
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these low temperature NMR experiments showed that these Ru-alkoxides
of primary alcohols are stable, and regeneration of the dihydride from these
alkoxides is likely the slow step in the catalytic cycle. Thus, the proposed
origin of the product inhibition is the formation of stable primary alcohol
alkoxides that inhibit regeneration of the active dihydride species. The
mechanistic knowledge obtained through this research will help to develop
an ester hydrogenation system that is operative under mild conditions with
economic competency.
Enantioselective desymmetrization of meso-Cyclic Imides

In this research, initially, hydrogenation of N-substituted
succinimides and phthalimides were investigated to determine the
catalysts’ activity and mono/dihydrogenation selectivity. These test
hydrogenations revealed that the dihydride 6 dihydrogenates succinimides
under mild reaction conditions (30 °C, 4 atm Hy). In contrast, phthalimides
were mostly monohydrogenated as long as the reaction temperature was
low (30 °C). Based upon these results a monohydrogenation of
succinimides was developed with the appropriate imide backbone structure
and reaction conditions. Indeed, we found that the dihydride 6
monohydrogenates meso-bicyclic imides at 0 °C under 50 atm of H,. The
monohydrogenation formed trans-hydroxy lactams in high
enantioselectivity. This result was unexpected because the trans-hydroxy
lactam is the product of net hydride insertion to the more hindered face of
the carbonyl groups, and because the catalytic hydrogenation of ketones

by the dihydride 6 typically forms product alcohols with low ee’s in THF
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solvent.

These results were further investigated with low temperature NMR
studies. The origin of the trans-hydroxy lactam product was found to be the
rapid, pseudo-irreversible base catalyzed cis-trans isomerization that
favours the formation of thermodynamically more stable trans-isomers.
This isomerization occurred rapidly even at —80 °C on mixing the solution
of cis-isomer and mixture of KOH and HN(Si(CH3)3).. The origins of the
high enantioselectivity were proposed based on low temperature NMR and
X-ray diffraction study, as well as stereochemical analysis of
diastereomeric transition states for the net hydride insertion step. The two
major contributors for the high enantioselectivity were high intrinsic
enantioselectivity of the dihydride addition step induced by highly ordered
transition states, and by the irreversibility of the addition step because of
the rapid, pseudo-irreversible formation of trans-hydroxy lactams under
basic conditions. Finally, the utility of this reaction was demonstrated by the
N-acyliminium ion chemistry that increases the number of stereogenic
centres from 5 to 7 in a single step.

Origin of the formation of Ru-alkoxides

In this study, the mechanism for the formation of previously
reported alkoxide 14 was investigated.®" Specifically, a transition state that
leads to the formation of 14 from 6 and acetophenone was investigated
using intramolecular trapping experiments. This study is important for two
reasons; first, the alkoxide 14 was rarely considered in a catalytic cycle of

Noyori-type ketone hydrogenation,®* %%’
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transition state of the formation will have influence in the current
understanding of this catalyst system; second, the previous study by
Hamilton et al. as well as in Chapters 2 and 3 of this dissertation revealed
that regeneration of the Ru-dihydride from Ru-alkoxides and H; is the
turnover limiting step in ketone, ester, and imide hydrogenation. Thus,
understanding of the alkoxide formation mechanism may help improving
the catalyst activity.

One of the most difficult aspects of this study was to find a suitable
hydroxy-carbonyl compound as an intramolecular trapping agent. After
several disappointing results, it was found that 4-hydroxymethyl-
acetophenone (93g) possess the right balance of trapping ability by the
hydroxide group and reactivity at carbonyl group. The rapid reaction
between the hydride 6 and 93g at —80 °C formed an alkoxide of net hydride
insertion 94g and an alkoxide of unreacted 96g in 43 and 57% yield
respectively. Most importantly, no formation of trapped product 95g was
observed. Further, a control reaction between the Ru-amide 7 and the
product diol 97 formed 95g exclusively. Thus there exists a strong bias
towards the formation of 95g over 94g. These results clearly showed that if
the Ru-amide 7 and the product alcohol are the product of dihydride
addition, these products must have a strong hydrogen bond between the
amide nitrogen and product alcohol OH hydrogen which does not break
before the formation of the alkoxide 14. This strong hydrogen bond is
translated into weakening of the electron donation from amide nitrogen to

Ru centre, and hence electron deficiency on the Ru centre. Therefore, it is
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proposed and likely that the hydrogen bonded species has an interaction
between Ru and the alcohol oxygen (Scheme 5-1, left). Alternatively, the
sequence of 1) transfer of RuH and NH to carbonyl C=0 bond, 2) formation
of the hydrogen bonded Ru-amide with Ru-:-O interaction and 3) formation
of 14 could occur in concerted manner (Scheme 5-1, right). Indeed, this
type of concerted transfer of hydride and formation of a metal oxygen bond

was reported for the CO; insertion of 18 electron W-alkyl compounds. 4"

Scheme 5-1. Proposed transition pathways for the formation of alkoxide

14.
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Future research

Chapter 2 showed the high activity of the Ru-dihydrides, and
significant product inhibition by primary alcohols. Based on the mechanistic
findings in Chapter 2, developments in ester hydrogenations should be
directed toward catalyst systems that prevent product inhibition without

diminishing the high intrinsic activity of the Ru-dihydride. One approach
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would be to use of a flow reactor that allows high [product] by removing
product from an immobilized catalyst after the reaction.**> Another
approach is to use bulkier ligands that disfavour the formation of
Ru-alkoxides.”® The use of bulky ligands would also stabilize the
Ru-amide intermediate.®*? '%2° One possible disadvantage of this strategy is
that the bulkier ligand could lower activity of the dihydrides due to the
increased  catalyst—substrate  steric repulsion.'?®  Electron-donating
phosphine ligands could also destabilize Ru-alkoxides by stronger prr/dTT
repulsion. 124

Another solution to product inhibition would be trapping of the
alcohol products. Use of silylating agents such as BSA would be one of
such strategies.'® This method, in principle, may form silylated
hemiacetals in high enantioselectivity if the trapping of hemiacetal is faster
than its racemization via tautomerization (Equation 5-1). Hydrogenation of
norbornyl lactone 99 will also trap the product alcohol by the formation of
trans-hemiacetal 100 in a similar manner to that discussed in Chapter 3.
Further, if a racemic mixture of 99 is used, it may be possible to form 100 in
high enantioselectivity via kinetic resolution. In this case, use of excess

base would be beneficial because it speeds up the cis-trans isomerization

of the product hemiacetal (Equation 5-2).
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o} 6 OSiMes

NSiMe; without excess base O (5-1)
O o * -
< / )J\OSiMe3 \ / )J\NHSiMe3

BSA

o}

H H 6 H OH H
with excess base
o + O+Hy, —— O + o (5-2)
H H H H o

(0]
racemic 99 100

In Chapter 3, | found a catalyst system that hydrogenates imides at
low temperature (0 °C). Thus, the next challenge for hydrogenation of
carbonyl compounds is the homogeneous hydrogenation of less
electrophilic amides. In fact preliminary studies of such homogeneous
hydrogenation are already reported using Ru-triphos,'*® Milstein’s
Ru-PNN,*?" and Ikariya’s Ru-Cp* '*® catalyst systems (Scheme 5-2). A
common feature of these catalysts is the presence of strongly chelating
ligands. The strongly chelating ligands likely prevent catalyst
decomposition under the high reaction temperatures (100-164 °C) and

long reaction time (14-90 h). All of these systems likely proceed via

formation of hemiaminal intermediates.'?°
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Scheme 5-2. Previously reported homogeneous amide hydrogenation

systems.

1 mol% Ru(acac);

1) 2 mol% Triphos
\/\N 40atm H; |
NHPh ———————————— "> ">"NHPh + H,O Ph,P PPh,

THF, 164 °C, 14 h PPh,
99 %

Triphos

o 1 mol% Ru-PNN

\/\/\/\)J\ 10 atm H,
- = \/\/\/\/\
NHPh THE, 110 °C, 48 h OH + PhNH,
92%

10 mol% Ru-Cp*
o 3 mol% NaOMe

50 atm H, OH
NOOMe S HN OMe
t-BuOH, 100 °C, 90 h

>99%

The products of these hydrogenations were either amine and water
or primary alcohol and amine.****?’ This product selectivity likely depends
on the basicity of the solution. Thus, relatively less basic reaction
conditions of the Ru-triphos system lead to the formation of imine and
water from the corresponding hemiaminal intermediate via protonation of
the hemiaminal OH group. Hydrogenation of the imine forms the
corresponding amine (Scheme 5-2, top). In contrast, relatively basic
reaction conditions used for the Ru-PNN and Ru-Cp* systems favour the
base catalysed tautomerization of the hemiaminal intermediate to form the
corresponding aldehyde and amine that is subsequently hydrogenated to
form primary alcohol and amine products (Scheme 5-3, bottom).
Hydrogenation of amides by Noyori-type catalysts, such as the dihydride 6,

will thus likely form primary alcohol and amine.
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Scheme 5-3. Two pathways for the hydrogenation of amides.

H
H* R/J%NR' +H,0 —> R7ONR' + H0
o} H, oH 7
RJ\NHR' R7ISNHR! Q
H ' P 1
Ba;‘ R)LH+RNH2 — R” "OH + R'NH,

Based on these previous studies, Noyori-type catalysts for amide
hydrogenation will require high thermal stability. Such thermal stability will
be achieved by replacing relatively weakly coordinating diamine ligands
with two equiv of P-N ligands or tetradentate N-P-P-N ligands, or by adding
an excess amount of diamine ligands to prevent catalyst decomposition
initiated by dissociation of the diamine ligands. The preparation and use of
P-N%°72130 5nd N-P-P-N>"2*3! ligands for Noyori-type and lkaria’s Ru-Cp*
hydrogenation are well-studied by the groups of Morris and Ikariya. Further,
removal of B-hydrogens on the diamine ligand will prevent the
decomposition of the catalyst via B-hydrogen elimination.™*? Alternatively,
one could also develop a catalyst system that does not require high
temperatures by increasing nucleophilicity of the dihydride catalyst. The

utilization of ligands such as 101, or the N-heterocyclic carbene (NHC)

ligand such as 102 are promising approaches (Figure 5-1).%°

P(CeH11)2 @(\NHz
P(CeH11)2 N
‘ LN

101 102

Figure 5-1. Potential electron donating ligands.
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