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ABSTRACT: Remarkable differences in selectivity and activity
for ruthenium-catalyzed transfer hydrogenation are described
that are imparted by pendent OH groups. Kinetic experiments,
as well as the study of control complexes devoid of OH groups,
reveal that the pendent OH groups serve to orient the ketone
substrate through ion pairing with an alkali metal under basic
conditions. The deprotonation of the OH groups was found to
modulate the electronics at the metal center, providing a more
electron rich ruthenium center. The effects of the ion pairing
between alkali metals and the pendent alkoxide groups were
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highlighted by demonstrating chemoselective transfer hydrogenation of ketones in the presence of olefins. The results illustrate
that a simple ligand modification (installation of OH groups) imparts dramatic changes to catalysis. Pendent OH groups turn on
catalysis through electronic perturbations at the metal site under basic conditions and can also change the mechanism of catalysis,
the latter of which can be used to promote chemoselective reductions.
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B INTRODUCTION

Metal-ligand bifunctionality has become a powerful design
concept upon which efficient catalysts used in a wide variety of
chemical transformations have been constructed." Key to the
function is the ability of the ligand framework to adopt two (or
more) distinct states which can modulate the electronic
configuration of the metal center, accept/donate protons,
engage in ion pairing, and induce conformational changes to
the primary coordination sphere (Figure 1).' These concepts
are perhaps best illustrated with Noyori's hydrogenation
catalysts, which feature ruthenium amine units to facilitate
cooperative H, activation and transfer.” Following blueprints
outlined by Noyori and related outer-sphere catalysts, systems
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Figure 1. Comparison of metal—ligand bifunctionality with primary
amine (A) and hydroxypyridine ligand motifs (B).
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that operate through metal/ligand bifunctional pathways have
recently seen a surge in activity.” However, the successful
incorporation of appended functionality to impart efficient
catalysis has been less straightforward, and multifunctional
complexes that also feature high catalytic activity have been
challenging to predict a priori. In many cases, an active catalyst
undergoes a series of steric and electronic changes imparted by
the reaction media, which in turn afford an active catalyst
structure that may or may not bear a high resemblance to the
starting state.” Proximity, high directionality, and electronic
effects are all required to work synergistically in order to effect
efficient catalysis.®

Although the benefits of ligand NH, groups on catalytic
activity were realized in the case of Noyori’s catalyst, the
intimate details of the “NH effect” in this complex have not
been well understood until recently. During hydrogenation
catalysis, the deprotonated NH group of the diamine ligand in
Noyori’s catalyst was originally proposed to be directly
responsible for H, heterolysis: proceeding through a four-
membered transition state in which a hydride (H™)
transferred to the metal center and H' is transferred to the
amine ligand (Figure 2A).”

More recently, however, this supposition has been debated in
the literature and contemporary experimental evidence suggests
that a four-membered transition state for H, heterolysis is
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Figure 2. Original (A) and revised (B) proposals for H, cleavage by
Noyori’s catalyst during catalysis.

unlikely to be operative under basic conditions. In fact, later
studies revealed that an alkali-metal “cocatalyst” is required to
achieve high activity for ketone hydrogenation, and the activity
of Noyori’s catalyst is dependent on the identity of alkali metals
added to the reaction mixture.” Subsequent studies implicated a
mechanism in which the alkali metal is bound to the
deprotonated amme ligand during catalysis, generating an ion
pair (Figure 2B).” Importantly, recent computational analyses
demonstrated that a four-membered transition state for H,
heterolysis is not the lowest energy pathway under simulated
catalytic conditions.' Instead, H, cleavage was proposed to
occur through an ijon-pair alkoxide formed after hydride
transfer to the ketone substrate. These studies demonstrate
the complexity associated with predicting an active catalyst
state, even from a deceptively simple ligand arrangement in the
precatalyst."

We, among others, have been working to design metal—
ligand constructs with pendent functionality that can be widely
deployed to facilitate an array of chemical transformations,
including catalysis involving proton transfer.”*“'" To clearly
delineate many of the key contributors to a productive
cooperative catalyst, our group has undertaken efforts to
understand how the precise structural, electronic, and
cooperative modes of a metal’s secondary coordination sphere
can be used to regulate reactivity.''® Our approach is to adapt
key structural design criteria from metalloenzymes,'” where the
concept of metal—ligand b1funct10nahty has long been
established to be vital for function.”” The 2-hydroxypyridine
motif provides an ideal ligand platform for studying metal—
ligand bifunctional reactivity, since the 4-hydroxypyridine
isomer can be used as a control to decouple electronic and
positional effects (Figure 1B). This strategy has previously been
used to understand how pendent OH groups on bipyridine
fragments effect oxidative and reductive catalysis.”>>*'"'* For
catalysis applications, we developed a rigid terpyridine pincer
framework incorporating the 2-hydroxypyridine motif (6,6'-
dihydroxyterpyridine, dhtp),''® which we envisioned could
exploit appended O(H) groups to facilitate cooperative
substrate reduction.

In this article, we build on our initial report and present
transfer hydrogenation catalysis that is substantially amplified
using well-positioned pendent OH groups on a terpyridine
scaffold. The OH groups serve to turn on catalytic activity and
chemoselective reduction reactions by modifying the electronic
environment of the metal center upon deprotonation and
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providing a precise spatial orientation of the substrate, directed
by ion-pair interactions with alkali metals. Moreover, we
demonstrate that both the presence and location of the pendent
OH groups serve to dictate the activity and selectivity of ketone
reduction and provide experimental evidence for a general
alkoxide effect during catalysis in the presence of alkali metals.

B RESULTS AND DISCUSSION

Pendent OH Groups Amplify Catalysis. We previously
reported the synthesis and catalytic activity of a ruthenium
complex supported by dhtp and two mutually trans PPh,
ligands (trans-RuCl(dhtp)(PPh;),PF,, 1)."'* This complex
catalyzes transfer hydrogenation of a variety of ketones in the
presence of several functional groups. Moreover, we demon-
strated that the active species durmg catalysis is homogeneous
and retains both PPh; ligands.''* In order to interrogate the
precise role of appended OH groups on catalysis, we
investigated the “parent” terpyridine complex (trans-RuCl-
(terpy) (PPh;),PF4) " for acetophenone transfer hydrogena-
tion.

Under identical conditions (0.5 mol % of catalyst, 10 mol %
of KO'Bu, ‘PrOH, 80 °C), the parent terpyridine complex
exhibits diminished catalysis in comparrison to the dhtp
complex 1 (Figure 3A). While complex 1 provided
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Figure 3. Comparison of dhtp and terpy for transfer hydrogenation
(A), change of ligand classification upon deprotonation of dhtp (B),
and observed changes in carbonyl stretching frequency upon addition
of base to 6 in methanol solvent (C; L is most likely coordinated
CH,OH).

approximately 70% conversion of acetophenone to 1-phenyl-
ethanol (corresponding to 141 turnovers) in 1 h, the parent
terpyridine complex only provided ~10% conversion (21
turnovers) over the same time period (Figure 3A). This
amplification of catalysis highlights the regulatory role of
pendent OH groups, and we hypothesized that the enhanced
catalysis may be due to electronic differences between the two
ligands under the reaction conditions. In the starting complex,
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dhtp presents a neutral, L;-type ligand; however, upon
deprotonation and tautomerization, the dhtp ligand presents
the metal center with a dianionic LX,-type donor (Figure 3B).
To evaluate this electronic effect, we examined the IR spectral
changes for a variant of complex 1, RuCl(CO)dhtp(PPh;)PFq
(complex 6, vide infra), in which a PPh; ligand is substituted for
CO. The v band of complex 6 was found to be sensitive to
the presence of added base. For instance, the IR spectrum of 6
reveals a carbonyl stretching frequency of 2046 cm™'. Upon
treatment with 4 equiv of a strong, neutral base (Verkade’s
base; 2,8,9-triisopropyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3Jundecane) in methanol solution, a shift
of the carbonyl stretching frequency to 1969 cm™' was
observed (Figure 3C). The bathochromic shift is consistent
with increased electron density at the metal center and greater
donation into the CO 7* orbitals upon ligand deprotonation.
The bathochromic shift (Av = —77 cm™) is greater in
magnitude than that observed for a copper(I)—carbonyl
complex featuring a single 2-hydroxypyridine group (Av
—26 cm™")'® but similar to that for a deprotonation of two
alcohol ligands on iron (Av = —69 em™)" and is therefore
consistent with two deprotonation events for the dhtp ligand.
PPh; Ligand Substitution Modulates Catalyst Stability
and Activity. During the course of our subsequent studies on
ketone transfer hydrogenation catalyzed by 1, it became
apparent that the efficiency of 1 was impeded by catalyst
deactivation. This was evident by the formation of a deeply
colored precipitate emerging as the reaction neared completion.
Fortuitously, we were able to isolate this material and identify
the structure of the deactivation product through solution
(NMR) and solid-state (X-ray) techniques (Figure 4).
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Figure 4. Synthesis and solid-state structure of 1-d (30% probability
ellipsoids; PPh; C atoms, H atoms not involved in hydrogen bonding,
and solvent omitted for clarity).

The deactivation product (1-d) is a ruthenium aquo-bridged
dimer in which the Ru—(OH,)—Ru unit is stabilized by
intramolecular hydrogen-bonding interactions with the depro-
tonated dhtp ligand scaffold. Complex 1-d could alternatively
be prepared by allowing cis-RuCl,(dhtp)PPh; (2) to react with
NaOH (Figure 4). Although the solvent used during catalysis
(‘PrOH) was distilled from CaH, and dried over activated
molecular sieves prior to use, any adventitious water in solution
presents a significant hurdle for achieving efficient catalysis,
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since this deactivation product is highly stable and inert to
ligand substitution."®

We hypothesized that catalyst activity could be optimized by
modifying the auxiliary ligands on ruthenium and therefore
prepared a series of complexes with varied donor sets. Two
classes of complexes were synthesized (Scheme 1): one class

Scheme 1. Synthesis of Ruthenium-dhtp Adducts

PPh;
S 2 Z_
RuCl,(PPh;); N N
_— P Ru We
toluene, reflux
OH cl
93%
cl
2
PPh; —| PFg’ PR; —| PFg"
N= N=
— N PR3 — N
SN Ru\/ Ho —_— > QN Ri”” o
OH ‘ I CeHg: 85 °C OH Nl
PPh, PR,
1 3: R=Me, 86%
4:R=OPh, 73%
PPhs PPh; —| PFg’
e e
N= N=
_— N L, TIPFg — .
<N Ru\/ HO — 5 N R~ Ho
OH ‘ cl CH,Cl OH | i
cl L
2 5: L = 4-MeOpy, 73%
6:L=CO, 83%

featuring identical auxiliary ligands (3 and 4) and the other with
dissimilar auxiliary ligands (5 and 6). Complexes 3 and 4 were
prepared by heating benzene solutions of 1 with the
appropriate PR; ligand in a sealed vessel. Complexes § and 6
were prepared by allowing complex 2 (prepared from the direct
reaction of dhtp with RuCl,(PPh;); in a nonpolar solvent at
high temperature) to react with TIPF, and an excess amount of
the desired ligand in dichloromethane solution. Both routes
provided the target complexes in good yield and purity,
allowing for their characterization by NMR ('H and *'P) and
IR spectroscopy.

Additionally, crystals of complexes 4—6 suitable for X-ray
diffraction were obtained and their solid-state structures are
presented in Figure S, along with the structure of complex 2."
With a series of complexes featuring varying auxiliary ligands in
hand, we examined the performance of the ruthenium
complexes as catalysts for the transfer hydrogenation of
acetophenone. The conditions previously employed for
complex 1 were used, and catalysis was allowed to proceed
for 2 h. The amount of product formed at 1 and 2 h was
quantified using '"H NMR spectroscopy, and the turnover
numbers (TON) at each time point are presented in Table 1.
The data in Table 1 show that complexes 1, 2, and 5 display the
highest activity for acetophenone transfer hydrogenation under
basic conditions; the activities for complexes 4 and 6 were
marginally lower. Interestingly, complex 3 is almost completely
inactive under these conditions for transfer hydrogenation.

Similar to catalysis promoted by 1, where precipitation of 1-d
emerges in the later stages of the reaction, catalytic experiments
with 2 and 5 became purple and cloudy, consistent with
formation of dimer 1-d. In contrast to the instability noted
above, experiments performed with complexes 4 and 6
maintained homogeneity during catalysis and remained as
bright orange-red solutions throughout the duration of the
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Figure S. Solid-state structures of 2 (A), 3 (B), § (C), and 6 (D). (30% probability ellipsoids; PR; C atoms, H atoms not involved in hydrogen

bonding, solvent, and counteranions omitted for clarity).

Table 1. Acetophenone Transfer Hydrogenation Catalyzed
by Complexes 1—-6“

o 0.5 mol% Ru OH
KOBu
©)‘\ iProH
80°C
TON
catalyst 1h 2h
1 141 159
2 108 124
3 9 16
4 91 106
S 120 138
6 62 107
“Conditions: Ru:KOBu:ketone = 1:20:200, [PrOH], = 12.8 M,

[acetophenone], = 0.1 M, 80 °C.

experiment. Taken together, the data suggest that ruthenium-
dhtp adducts featuring s-acidic auxiliary ligand sets display
higher stability during catalysis. On the other hand, o-donating
ligand sets offer a catalytic system which has a higher activity for
acetophenone reduction and suggests that an electron-rich
ruthenium hydride species is required to facilitate insertion into
the ketone substrate.

Although the o-donating frameworks provide faster initial
catalysis, they are plagued by the formation of 1-d, due to the
lability of the supporting ligands on ruthenium under basic
conditions. This is likely a consequence of weak metal—ligand
bonds between the electron-rich metal center (formed upon
deprotonation of the dhtp ligand) and the 6-donating ligands.*’
One of the hallmarks of a desirable catalyst is stability, and
therefore we narrowed our attention to complexes featuring 7-
acidic supporting ligands, which displayed high stability during
catalysis. From the two complexes which fit this criterion (4
and 6), we chose to pursue mechanistic experiments with
complex 6, since the CO ligand provides a valuable signature
for IR spectroscopy which could be used to gain insight into
changes of electron density at the metal center (vide supra).

To further distinguish the reactivity profiles of complexes 1
and 6, we examined the reduction of benzophenone catalyzed
by these two complexes. We previously reported that complex
1 is unable to reduce this substrate (no conversion was
observed after 12 h using our standard conditions), and we
hypothesized this was due to steric constraints between the
PPh; ligands and the incoming sterically imposing substrate.'
Complex 6, on the other hand, is able to reduce benzophenone
to diphenylmethanol, providing 67% NMR yield after 16 h
under identical conditions. These findings are consistent with a
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catalytically active species which retains the auxiliary ligands
coordinated to ruthenium.

Outer-Sphere Hydride Transfer Is the Rate-Limiting
Step during Catalysis. On the basis of prior precedent, we
envisioned two common, limiting mechanistic scenarios for
ketone transfer hydrogenation catalyzed by complex 6: (1) an
inner-sphere hydride insertion pathway to coordinated
substrate and (2) an outer-sphere delivery of hydride without
substrate coordination.”’ To distinguish between these two
distinct mechanistic possibilities for catalysis, we performed
kinetic analyses by monitoring reaction progress via '"H NMR
spectroscopy; either in situ or by collecting aliquots from
reaction solutions at regular time intervals (see the Supporting
Information for more details). Product (either acetone or 1-
phenylethanol) concentrations were determined by integration
using trimethyl(phenyl)silane as an internal standard, and all
experiments were performed in triplicate to establish error.

A linear free energy analysis for transfer hydrogenation was
conducted to first substantiate a rate-determining hydride
transfer step and also to investigate the electronic character of
the transition state during catalysis. A Hammett plot (Figure 6)
was constructed by measuring the initial rates of reduction of
para-substituted acetophenone substrates, which yielded a p
value of +1.38(17). The dependence of the rate of ketone
reduction on the ¢ value implicates a rate-determining hydride
transfer to the ketone substrate. Moreover, the positive p value
indicates buildup of negative charge on the ketone substrate
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Figure 6. Hammett plot for transfer hydrogenation of substituted
acetophenones catalyzed by 6. Conditions: Ru:KO'Bu:ketone =
1:20:200, [Ru] = 0.5 mM, [PrOH], = 12.4 M, [ketone], = 0.1 M,
[acetone], = 0.5 M, 80 °C.

DOI: 10.1021/acscatal.6b00229
ACS Catal. 2016, 6, 1981-1990


http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b00229/suppl_file/cs6b00229_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b00229/suppl_file/cs6b00229_si_001.pdf
http://dx.doi.org/10.1021/acscatal.6b00229

ACS Catalysis

Research Article

during the rate-determining step. The magnitude of p is
consistent with hydride delivery to the ketone substrate in the
transition state. This value is lower than that for the reduction
of substituted acetophenones by NaBH, at 30 °C (p = +2.02,
+3.06),22 reflecting a more anionic nature of the transition state
for hydride transfer in the case of BH,™ reduction.

To further evaluate a rate-limiting hydride transfer step, we
performed kinetic analyses during catalysis. For a rate-
determining hydride insertion pathway into coordinated
substrate, a zero-order dependence of substrate concentration
on the catalytic rate would be expected, since this step would
involve a unimolecular insertion of hydride into substrate.
Alternatively, for an outer-sphere hydride transfer, a first-order
dependence on substrate would be predicted, since the transfer
would involve a bimolecular reaction between the hydride
source (ruthenium complex) and substrate. As such, we
examined the effect of varying substrate concentration on the
initial rate of acetophenone reduction to experimentally
distinguish between these two limiting mechanistic regimes.
As shown in Figure 7A, a first-order dependence on
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Figure 7. Dependence of acetophenone (A) and KOBu (B)
concentrations on the initial rate of acetophenone transfer hydro-
genation catalyzed by 6. Conditions: [Ru] = 0.5 mM, [acetone]0 = 0.5
M, 80 °C.

acetophenone concentration is observed, which is consistent
with a hydride transfer step from a ruthenium hydride species
to a ketone substrate not located in the primary coordination
sphere of the metal complex.

Base activation is a common step to initiate catalysis for
transfer hydrogenation in order to generate catalytically active
hydride species.”” This commonly involves deprotonation of
acidic groups on the ligand, such as the NH, groups for
Noyori’s catalyst. Catalytic cycles that are dependent on base
activation typically exhibit saturation behavior; whereupon
reaching a threshold of base concentration, the maximum
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catalytic rate is achieved."™* To determine whether base
activation via deprotonation of the pendent OH groups
precedes catalysis, we investigated the base dependence of
acetophenone reduction using complex 6. As can be seen in
Figure 7B, saturation behavior is observed and the maximum
rate of acetophenone reduction is achieved at a ruthenium:base
ratio of approximately 1:10.> Notably, no catalysis was
observed in the absence of base. The saturation behavior
could alternatively be explained by inhibition from ‘BuOH
(generated from KO'Bu); however, added ‘BuOH has no effect
on the reaction profile (Figure S4 in the Supporting
Information). The base dependence is therefore most
consistent with catalyst activation via deprotonation of the
two OH groups on the dhtp scaffold, which turns on catalysis.

In order to analyze the activation parameters for catalysis and
clarify the nature of the rate-determining transition state, an
Eyring analysis was performed. For this study, 4-
(trifluoromethyl)acetophenone was used as the ketone
substrate, since appreciable rates for acetophenone reduction
could not be observed at temperatures below 80 °C using our
standard conditions.”® The reaction rates were measured over a
40 °C window and fit to the Eyring equation (Figure 8) using

o 0.5mol% 6 OH
KO Bu
ProH
FsC 50-80°C F;C

125 1

-13.0 -
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AH* = 15(1) kcal/mol

a0l AS¥=-30(3)eu

280 285 290 295 3.00 3.05 3.10
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Figure 8. Eyring plot for the transfer hydrogenation of 4-
(trifluoromethyl)acetophenone catalyzed by 6. Conditions: Ru:-
KO'Bu:4-trifluoromethylacetophenone = 1:20:200, [Ru] = 0.5 mM,
['PrOH] 128 M, [4-trifluoromethylacetophenone], = 0.1 M,
temperatures 50, 60, 70, and 80 °C.

the maximum linear, initial rate. This treatment provided AH¥
= 15(1) keal/mol and AS* = —30(3) eu.”” At 80 °C, these
activation parameters correspond to a free energy of activation
(AGF) of 25.3(1) kcal/mol. The negative value of the
activation entropy implies that an associative, higher-order
process is operative during the rate-determining step.’’ In
addition, the magnitude of the activation entropy is suggestive
of a highly organized transition state involving association of
substrate with the catalytically active species. In combination
with the first-order substrate dependence and the Hammett
studies, the kinetic data are consistent with rate-determining
hydride transfer to the ketone substrate through a transition
state which has a highly organized structure.

Alkali-Metal Cations Dictate the Rate of Acetophe-
none Reduction. The base employed in our studies (KO'Bu)
contains an alkali-metal cation, which may or may not
contribute to catalysis. Based on precedent from Noyori’s
system, which indicated a crucial role of alkali metals to achieve

DOI: 10.1021/acscatal.6b00229
ACS Catal. 2016, 6, 1981-1990


http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b00229/suppl_file/cs6b00229_si_001.pdf
http://dx.doi.org/10.1021/acscatal.6b00229

ACS Catalysis

Research Article

efficient catalysis,” we evaluated the potential role of the alkali-
metal cation with complex 6. In order to decouple the role of
the base from that of the alkali-metal cation, we required a
strong, neutral base which would generate PrO™ anion in
solution without any added metal cations. These conditions
would allow us to directly probe whether or not alkali metals
influence catalysis. To meet these criteria, we employed
Verkade’s base (2,8,9-triisopropyl-2,5,8,9-tetraaza-1-
phosphablcyclo[333]undecane) to generate 'PrO” anion in
solution and salts of the noncoordinating anions B(C4F;),~ and
B(C4H;F¢),~ to introduce alkali-metal cations. Verkade’s base
is ideal for these purposes, since dissolution in PrOH
quantitatively generates the corresponding phosphonium salt
(R,PH, as determined by *'P NMR; Figure S5 in the
Supporting Information), and presumably the PrO~ counter-
anion. Moreover, the noncoordinating tetraarylborate anions
should also be stable under the reaction conditions during
catalysis.

Prior to performing catalysis, we investigated the reactivity of
complex 6 with Verkade’s base in ‘PrOH. When a sample of is 6
suspended in PrOH (nondeuterated) and treated with excess
(20 equiv) Verkade’s base, the reaction mixture rapidly
becomes homogeneous and orange. Analysis by 'H and *'P
NMR spectroscopy revealed that a new ruthenium hydride
complex (6-h) formed (eq 1). The '"H NMR spectrum of the

pPh, | pPh, |-
S 2 —(/} xs Verkade's < _N’ Z
N== base N
—— N\ — N\
QN Ru/ HO ——— S pu/ o] (1)
\ iPrOH N
OH Cl (¢} cOo
co H
6 6-h

resulting solution shows that the resonances for the OH groups
of the dhtp ligand have disappeared (which should be otherwise
visible in nondeuterated, alcohol solvent in the absence of base)
and a new doublet (J;p = 106 Hz) hydride resonance at —8.91
ppm is present (Figure 9A, bottom spectrum). In addition, the
P NMR spectrum of this reaction mixture exhibits two
resonances (in addition to the PF¢~ resonance): a doublet (Jpy
= 496 Hz) at —11.73 ppm, corresponding to protonated
Verkade’s base, and a doublet (Jpy = 105 Hz) at 33.52 ppm,
corresponding to the new ruthenium hydride species (Figure
S7 in the Supporting Information). Note that free PPh; was not
observed during the reaction of 6 with Verkade’s base,
consistent with retention of the PPh; ligand on ruthenium.
On the basis of the magnitude of the coupling constant
between the hydride and PPh; ligands, and the absence of dhtp
OH resonances, the product is formulated as an anionic
ruthenium hydride complex, in which the hydride ligand is
trans-disposed to the PPh; ligand.”® The formation of
ruthenium hydride 6-h likely proceeds through a transient
five-coordinate intermediate (generated upon dehydrohaloge-
nation of 6) that readily abstracts hydride from PrO~ anion in
solution.

The position of the hydride resonance of 6-h in the "H NMR
spectrum is significantly affected by added alkali metals. For
instance, addition of 20 equiv of Cs" to a solution of 6-h causes
a downfield shift of ca. 0.3 ppm, whereas the addition of 20
equiv of Li" to 6-h induces an upfield shift of ca. 0.2 ppm
(Figure 9A). The distinct shifting of the hydride resonance
observed for each alkali metal provides support for alkali-metal
association with the ruthenium complex in solution and
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Figure 9. Binding of cations to 6-h: hydride region of the 700 MHz 'H
NMR spectra of 6-h in the presence of added cations (A) and initial
reaction profiles for acetophenone transfer hydrogen hydrogenation
catalyzed by 6 in the presence of Verkade’s base and alkali metals (B;
conditions Ru:Verkade’s base:cation:acetophenone = 1:20:20:200,
[Ru] = 0.5 mM, [PrOH] = 12.8 M, [acetophenone], = 0.1 M, 80
°C). Note that we do not imply a specific number of bound cations
and the representation in this figure serves to illustrate how a single
cation may associate with 6-h.

suggests that the electronic character of the hydride is
perturbed by the presence of alkali-metal cations. This finding
is noteworthy, given the fact that these experiments are
conducted in alcohol media, where alkali-metal cations are
expected to be highly solvated.”

In addition to altering the room-temperature NMR signature
of the ruthenium hydride complex, alkali-metal cations
dramatically impact the rate of acetophenone transfer hydro-
genation. When acetophenone is heated to 80 °C in an PrOH
solution containing 0.5 mol % of 6, 10 mol % of Verkade’s base,
and 10 mol % of tetraarylborate salt, the rate of acetophenone
reduction is dependent on the identity of the alkali-metal cation
of the added salt. Salts of Li*, Na*, K, and Cs" were analyzed,
and the initial reaction profiles are presented in Figure 9B.
Comparison of the maximum initial rates for acetophenone
reduction using Verkade’s base/K' cations (k; = [6.3(6)] X
10~ M/min) and KO'Bu (k; = [7.0(3)] X 10™* M/min) under
identical conditions reveals that the combination of Verkade’s
base and K* cations results in a significantly higher maximum
initial rate, which may be due to differences in solution
aggregation of KO'Bu or an increase in ionic strength.30 The
results presented in Figure 9B clearly demonstrate that the
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identity of the metal cation dictates the rate of reduction in the
order Li < Na < K < Cs. This result has an important parallel to
Noyori’s catalyst, which also showed attenuated catalysis with
increased cation Lewis acidity. In contrast, while the rate of
catalysis of the Noyori system was greatest with K*
(rationalized by substrate—cation—7x interactions),” this was
not the case for 6, whose rate further increased from K* to Cs*.
Of additional importance, the maximum rate enhancement for
complex 6 using Cs* (ca. 15-fold) exceeds that of Noyori’s
catalyst (ca. 4-fold),® which strongly indicates that alkali-metal
coordination plays a vital role in the present system.’’ The rate
enhancement is consistent with a change in electron density at
the metal center upon binding the cation via an inductive effect,
where the least electropositive cation provides the most
electron rich metal center along the series. This notion is
supported by the changes in chemical shift of the hydride
resonance for 6-h as a function of added alkali metal noted
above.

Selectivity and Activity of the Catalyst Are Deter-
mined by the Location of the OH Groups. The dramatic
cation dependence on catalytic activity implicates a transition
state for hydride transfer that involves association of catalyst,
cation, and substrate. The cation can bind to either the
substrate or the catalyst, and the enhanced catalysis might be
rationalized by distinct mechanistic scenarios to explain the
experimental results: (1) the deprotonated alkoxide groups
bind cations and organize substrate for hydride delivery within
the secondary coordination sphere of the metal complex or (2)
the excess cations in solution activate the ketone substrate for
hydride attack in solution removed from the metal center. The
former of these two limiting scenarios implies that the
orientation of the OH groups on the ligand scaffold should
affect the efficiency of catalysis, while if the latter were
operative, the substitution pattern of the OH groups on the
ligand scaffold should not significantly affect catalysis. In order
to provide experimental evidence for either of these two
scenarios, and clarify the proximity requirement of the alkoxide
groups for catalysis, complexes analogous to 6 which (a) do not
contain OH groups on the terpyridine ligand or (b) contain
OH groups in a different position on the ligand were prepared.
We examined two complexes identical with 6 which varied only
with respect to the dhtp scaffold: the terpyridine complex
(RuCl(CO)terpy(PPh;)PFs; (7) and a new complex (9)
featuring the 4,4’-dihydroxyterpyridine (4-dhtp) ligand
(Scheme 2).

We employed IR spectroscopy to understand how the
position of the OH groups on the terpyrdine ligand would
affect the electronics at the ruthenium center. Examination of
the carbonyl stretching frequencies in the IR spectra of
complexes 6 (2046 cm™") and 9 (2020 cm™) revealed that the
protonated complexes present slightly different ligand fields to
the ruthenium center, with complex 9 exhibiting a somewhat
stronger ligand field. In contrast, the IR spectra in solution
(CH;0H) with excess base (Verkade’s base, four equivalents)
reveal that complexes 6 (Voo 1969 cm™) and 9 (vco 1970
cm™") have nearly identical electronic environments at the
ruthenium center (Figure S8 in the Supporting Information).
These findings suggest that in basic, alcohol media, the ligand
fields presented to the ruthenium center by dhtp and 4-dhtp are
identical and that differences in catalytic activity under similar
conditions are likely not attributable to electronic effects.

Although complexes 6 and 9 display comparable electronic
environments in basic alcohol media, their activities for
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acetophenone transfer hydrogenation are dissimilar. When
acetophenone is heated to 80 °C in PrOH in the presence of
0.5 mol % of 6, 10 mol % of Verkade’s base and 10 mol % of
KB(C(Fs),, nearly complete conversion (191 turnovers) to 1-
phenylethanol is achieved in 2 h. Under identical conditions,
complex 9 provides 104 turnovers and complex 7, featuring the
parent terpyridine ligand, yields 34 turnovers (Table 2). These

Table 2. Acetophenone Transfer Hydrogenation Catalyzed
by Complexes 6, 7, and 9
0.5 mol% Ru

Verkade's base
KB(CgFs)s
—_—

o

catalyst 1h

6 163
7 17 34
9 83 104

“Conditions: Ru:Verkade’s base:KB(C4F;),:acetophenone
1:20:20:200, ['PrOH], = 12.8 M, [acetophenone], = 0.1 M, 80 °C.

OH

o

TON

‘ProH
80°C

2h
191

results unambiguously establish that the presence of the OH
groups on the terpyridine ligand increases catalytic activity and,
moreover, that the position of the OH groups on the ligand
dictates the overall efficiency.

Chemoselective reduction of ketone substrates which contain
other sites of unsaturation is a hallmark of outer-sphere
catalysis.”"*> To provide further support for a reduction
mechanism in which alkali-metal binding activates and directs
hydride insertion into the ketone, we examined the chemo-
selectivity of catalytic reductions. Previously, we reported that
complex 1 was an inefficient catalyst for selectively reducing S-
hexen-2-one to 5-hexen-2-ol, providing only 44% selectivity”’
for the desired product. We hypothesized that this substrate
would be ideal for benchmarking complexes 6, 7, and 9, since
product distributions can be used to assess general inner- or
outer-sphere pathways for substrate reduction, where alkene
reduction products likely arise from competitive inner-sphere
pathways (note that we define an outer-sphere pathway as one
that does not require substrate coordination directly to the
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Figure 11. Proposed catalytic cycle for the transfer hydrogenation of ketones catalyzed by 6 under basic conditions in the presence of K* jons.

metal center). When S-hexen-2-one is subjected to the above
transfer hydrogenation conditions using Verkade’s base and
KB(CFs), over 3 h, complexes 6, 7, and 9 display distinctive
reactivity profiles. In the case of the parent terpyridine complex
7, 13% conversion of the starting ketone was noted and a
mixture of carbonyl and olefin reduction products (A and B,
respectively; Figure 10) was obtained in a 8:5 ratio,
respectively.”* However, in the case of the 4-dhtp complex 9,
only the olefin reduction product and over-reduction product
(C) were obtained in a 3:1 ratio with a total conversion from
starting material of 12%. These findings are in stark contrast to
reduction of this substrate by complex 6, which proceeded to
96% conversion, yielding exclusively the carbonyl reduction
product (A).

While the position of the OH groups on the ligand scaffold
dictated the efficiency of catalysis in the case of acetophenone,
the OH groups similarly dictate the selectivity of catalysis when a
substrate such as S-hexen-2-one is used. This result further
exemplifies the utility of the 2-hydroxypyridine motif for
catalysis. The chemoselectivity data presented here are
consistent with two distinct mechanistic regimes operative for
complex 6 and complexes 7 and 9. The ability of complexes 7
and 9 to reduce olefin substrates suggests that hydride insertion
into substrate is nonselective and that two competing
mechanisms (insertion into coordinated substrate and hydride

1988

transfer to outer-sphere substrate) are operative (Figure 10
inset). In combination with the alkali-metal dependence, the
selectivity of complex 6, on the other hand, suggests that, when
deprotonated, the pendent alkoxide groups are responsible for
orienting substrate for hydride transfer in an outer-sphere
pathway.

Ketone Reduction Involves Preorganization of Sub-
strate through Alkali-Metal Coordination. A unified
mechanism for ketone transfer hydrogenation catalyzed by
complex 6 is proposed in Figure 11. Entrance into the catalytic
cycle begins with the formation of the hydride complex (A), via
a dehydrohalogenation reaction, upon introduction of base and
cation (in this case K*) in PrOH solution. This step is
supported by NMR characterization of complex 6-h, as well as
through the demonstration of alkali-metal association to this
species in 'PrOH solution. Following hydride formation, attack
on the substrate proceeds through an intermediate (B) in which
the carbonyl group is polarized through interaction with K'.
Key data to support this supposition are the observed cation
effects on reduction rate and large, negative entropy of
activation (—30 eu), supporting a highly organized, associative
transition state during hydride delivery.”> Upon hydride attack
on the carbonyl, we postulate that a K*-bound alkoxide (C) is
formed, in analogy to Noyori’s catalyst as described by several
research groups.”'® Protonolysis of the alkoxide C with ‘PrOH
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to release substrate provides D and the catalytic cycle is closed
following hydride abstraction from isopropyl alcohol in
complex D, liberating acetone. In this catalytic cycle, the cation
plays a key role in increasing activity in two respects: (1)
polarizing the carbonyl group of the ketone through
coordination and (2) orienting the ketone substrate for hydride
transfer.

B CONCLUSIONS

In conclusion, we have demonstrated remarkable differences in
selectivity and activity for transfer hydrogenation that are
imparted by pendent OH groups. Deprotonation of the OH
groups modulates the electronics at the metal center, providing
a more electron rich ruthenium center under basic conditions.
The location of the resulting alkoxide groups serves to orient
the ketone substrate through ion pairing with alkali metals. This
ion pairing facilitates chemoselective transfer hydrogenation of
ketones in the presence of olefins. We note that the presently
observed role of cations may well be operative in other 2-
hydroxypyridine catalysts that function under highly basic
conditions in the presence of high concentrations of alkali
metals.'”™*® The results here illustrate that a simple ligand
modification (installation of OH groups in the 2-position of a
pyridine ring) imparts dramatic changes to catalysis. They turn
on catalysis through electronic perturbations at the metal site
and, importantly, can change the mechanism of catalysis
(switching from inner-sphere to outer-sphere pathways). Thus,
we term the modification as a general alkoxide effect and note
that the design principles described herein should be valuable

tools when constructing future ligand ensembles for catalysis.
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