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ABSTRACT: Cobalt complexes bearing enantiopure, bidentate bis(phosphine) ligands exhibit extraordinary activity and
stereoselectivity for the hydrogenation of enamides. Optimal performance was observed in polar protic solvents such as
methanol, an industrially preferred green solvent but a medium that is often a poison for reduced Earth abundant
metals. The interaction of the low spin cobalt(ll) dialkyl complex, (R,R)-(Pr-DuPhos)Co(CH,SiMe;), with alcohols
including: 4-methoxyphenol, pinacol, and CH3;OH was studied. With the alcohols lacking B-hydrogens, cobalt
bis(alkoxide) complexes were isolated and structurally characterized. With methanol, protonolysis of the alkyl ligands
was again observed followed by dehydrogenation of the alcohol and [(R,R)-(Pr-DuPhos)Col,(n-CO), was isolated. Both
solid-state and solution EXAFS studies were conducted to establish the spectroscopic signatures of
bis(phosphine)cobalt(ll) and cobalt(0) complexes relevant to catalytic hydrogenation and also to probe the role of
phosphine dissociation in methanol.

methylphosphino)ethane(dmpe) and 1,2-
Bis(diphenylphosphino)benzene(dppBz) generated active
cobalt catalysts for the hydrogenation of hydroxyl-
substituted alkenes, a functional group that is often a
poison for first row transition metal catalysts (Scheme
1A).14 Catalysis was initiated from both cobalt(0) 1,5-
cyclooctadiene complexes, P,Co(COD) and planar, low-
spin cobalt(ll) dialkyls, P,Co(CH,SiMes),. With terpinen-4-
ol, diastereoselective hydrogenation was observed.}
Both Co(0)-Co(ll) redox cycles!> and a redox-neutral

INTRODUCTION

The transition metal-catalyzed asymmetric
hydrogenation of alkenes is one of the most powerful
methods for preparing single- enantiomer compounds
and finds widespread application in the pharmaceutical,
flavor and fragrance, agrochemical and fine chemical
industries.!* Considerable attention has recently been
devoted to the discovery of more earth-abundant, first
row transition metals as alternatives to widely used

precious metals.>® Motivations extend beyond cost as
unique  selectivity, improved performance and
unprecedented mechanisms of operation are possible
with first row transition metals. Significant advances have
been made with cobalt complexes bearing redox-active
pyridine(diimine) and related ligands including the
hydrogenation of unactivated alkenes and later 1,1-
diarylethenes.®>! Hopmann reported a comprehensive
guantum mechanical investigation of the catalytic
hydrogenation reaction with indene substrates using
bis(imino)pyridine cobalt and found that the cobalt(I)
oxidation state is maintained throughout turnover.!?
Bis(phosphine) cobalt(ll) complexes also exhibit a rich
alkene hydrogenation chemistry.> Use of commercially
available, bidentate bis(phosphine) ligands (P;) such as
1,2-Bis(diphenylphosphino)ethane(dppe), 1,2-Bis(di-
ethylphosphino)ethane(depe), 1,2-Bis(di-

Co(ll) pathways'® have been explored computationally
(Scheme 1B). The latter exhibits a more favorable energy
profile and a rationale for the role of the hydroxyl group
in obtaining the observed diastereoselectivity.

Scheme 1. A) Bis(phosphine)-cobalt dialkyl-catalyzed
directed diastereoselective alkene hydrogenation. B)
Computational  studies on the hydrogenation
mechanism.
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Enantioselective examples of cobalt-catalyzed alkene
hydrogenation have also been realized with optimal
ligands identified by high throughput experimentation.
Initial catalyst discovery efforts relied on treatment of
combinations of chiral phosphines and various cobalt(Il)
sources with LiCH,SiMe; to generate the active
precatalyst for  the highly enantioselective
hydrogenations of dehydro-amino acids such as methyl
2-acetamidoacrylate, (2)-2-acetamido-3-phenylacrylate
and N-(1-phenylvinyl)acetamide.l” Two-carbon bridged,

C, symmetric bidentate phosphines such as (R,R)-"Pr-
DuPhos (1,2-Bis((2R,5R)-2,5-di-i-
propylphospholano)benzene) and (R,R)-Ph-BPE (1,2-
Bis[(2R,5R)-2,5-diphenylphospholano]ethane) were
identified as the preferred ligands that supported the
most active and enantioselective catalysts. Because of
the sensitivity of the Co-C bond of the cobalt dialkyl
catalyst generated in situ, initial studies were confined to
rigorously dried aprotic solvents such as toluene or
tetrahydrofuran. For broader utility and wider adoption,
a more robust and general catalyst activation method
was developed involving treatment of phosphine-
cobalt(Il) dichloride combinations with zinc metal in
methanol solution.’® Not only is this method attractive
because of the improved environmental profile
associated with methanol over hydrocarbon (early
generation cobalt catalysts) or chlorinated solvents,
catalyst performance was optimal in polar protic media.
This method was applied to the enantioselective
synthesis of the epilepsy medication, levetiracetam on a
200-gram scale with a catalyst loading of 0.08 mol% and
an excess (0.80 mol%) of Zn activator (Scheme 2).
Scheme 2. Cobalt-catalyzed asymmetric hydrogenation
of dehydro-levetiracetam on a 200-gram pilot scale

Studies with isolated cobalt dihalide compounds
established reversible phosphine coordination with Co(ll)
compounds and established the role of zinc as a one-
electron reductant to generate [(R,R)-(Ph-BPE)CoCl],
where the phosphines are not subject to displacement
by methanol.®® Organometallic precursors including
(R,R)-(Ph-BPE)Co(COD) and (R,R)-(Ph-BPE)Co(n®-CgsHe)
were also effective single-component precatalysts for the
enantioselective hydrogenation of dehydro-levetiracetam
in  methanol® The superior performance of
bis(phosphine) cobalt catalysts in polar protic solvents
raised questions about the identity of the metal
complexes formed under catalytic conditions and their
stability to the reaction medium. One challenge in
characterizing such intermediates is the paramagnetism
and in some cases, integer spin ground states.
Accordingly, ex situ and in situ X-ray absorption
spectroscopic (XAS) studies were attractive as the use of
an element specific technique would enable detection of
all cobalt products independent of spin state. Here, we
describe our study of the hydrogenation performance
and  stoichiometric  reactivity = of  enantiopure
bis(phosphine)cobalt(ll) dialkyl complexes with selected
alcohols. XAS studies were used to corroborate
characterization of cobalt alkyls and reaction products
both in the solid state and in solution. Dehydrogenation
of methanol promoted by a planar, bis(phosphine)
cobalt(ll) dialkyl complex was also discovered.

RESULTS AND DISCUSSION

Solvent Effects on Catalytic Hydrogenation
Performance of Bis(phosphine)Cobalt Dialkyl
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Complexes. The influence of solvent was explored on
the  catalytic  hydrogenation  of  methyl 2-
acetamidoacrylate (MAA) with two well-defined
enantiopure, bis(phosphine) cobalt dialkyl complexes,
(R,R)-(iPr-DuPhos)Co(CH,SiMes), and (R.R)-
(QuinoxP*)Co(CH,SiMes), (QuinoxP* = (R,R)-2,3-Bis(tert-
butylmethylphosphino) quinoxaline). Each experiment
was conducted with 4 atm of H, at 25 °C for 8 hours and
the results are compiled in Table 1. With either
precatalyst, (R,R)-Pr-DuPhosCo(CH,SiMe;), or (R.R)-
QuinoxP*Co(CH,SiMe3),, high yields of alkane were
produced in up to 99% ee in either toluene or methanol.

Table 1. Evaluation of bis(phosphine)cobalt dialkyl
complexes for the hydrogenation of MAA in various
solvents.

- COMe 1 mol% [Co] CO,Me

4 atm Hy, 0.1 M solvent, 25 °C NHAC

tBIu
e
Clx <
N\, )
NG FI>/ CH,SiMe;
'Bu
(R,R)-QuinoxP*Co(CH,SiMe3),

NHAG
[Col = o/ CH;SiMes
.

ip) ipr

(R,R)-Pr-DuPhosCo(CH,SiMe3),

Solvent % Yield % ee % Yield % ee
Toluene : 99 99 (S) : 96 99 (R)
THF ; 99 75 (S) ; 88 99 (R)
2-Me-THF 5 93 83 (S) i 92 99 (R)
CH50H 99 99 (S) 98 99 (R)

Synthetic Studies. The optimal performance of
isolated cobalt(ll) dialkyl complexes in methanol
prompted additional investigations into the stability of
the metal-carbon bond in the presence of alcohols. The
majority of the experiments were conducted with [(R,R)-
(Pr-DuPhos)Co] derivatives owing to the commercial
availability of the ligand, relative ease of synthesis of the
cobalt compounds, crystallinity of the products and high
activity and enantioselectivity in the asymmetric
hydrogenation of dehydro-aminoacid derivatives.”.18

Alcohols lacking B-hydrogens were initially explored
with the goal of preparing isolable
bis(phosphine)cobalt(ll) bis(alkoxide) complexes for
structural and spectroscopic characterization as well as
evaluation in catalytic studies. As illustrated in Scheme 3,
addition of two equivalents of 4-methoxyphenol to a
diethyl ether solution of (R,R)-(Pr-DuPhos)Co(CH,SiMe3),
followed by recrystallization from diethyl ether produced
a brown-red solid in 96% yield identified as the cobalt(Il)
bis(aryloxide) complex, (R,R)-(Pr-DuPhos)Co(O-C¢H4-4-
OMe),. The solid-state structure was determined by X-
ray diffraction and is shown in Figure 1. The overall
molecular geometry is best described as idealized
tetrahedral with the aryloxide groups splayed in opposite
directions. Accordingly a magnetic moment of 3.9 uB (23
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°C) was measured in benzene-dg solution, consistent with
the spin-only value for three unpaired electrons as

A. Synthesis of bis(phosphine)-cobalt aryloxide
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65% yield

expected for a high-spin, tetrahedral complex. Consistent
with the magnetic moment and structural data, a
rhombic signal (g« = 237, g, = 1.62, g, = 1.48) was
observed in the X-band EPR spectrum recorded at 10 K
in toluene glass (Figure 2).

Scheme 3. Synthesis of  [(RR)-(Pr-DuPhos)Co]
bis(alkoxide) complexes lacking B-hydrogens.

&

Figure 1. Molecular structure of (R,R)-(Pr-DuPhos)Co(O-
CeHs-4-OMe), at 30% probability ellipsoids with
hydrogen atoms omitted for clarity.

g value
108 6 4 2

sim.
exp.

dy"/ dB
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Figure 2. X-band EPR spectrum of (RR)-(Pr-
DuPhos)Co(O-C¢H4-4-OMe), recorded in toluene glass at
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10 K with microwave frequency = 9.739 GHz, power =
2.000 mW, modulation amplitude = 1 mT/100 KHz.
Simulation of the EPR signal suggests an S = 3/2 ground
state. Simulation parameters: g, = 2.37, g, = 162, g, =
1.48, gstrain = (0.35, 0.46, 0.66).

Pinacol was also explored to determine reactivity with
aliphatic alcohols lacking B-hydrogens. Heating a toluene
solution containing one equiv of pinacol and (R,R)-(Pr-
DuPhos)Co(CH,SiMe3), to 60 °C for 12 hours resulted in
protonolysis of both cobalt alkyl groups and isolation of
an orange powder identified as  (RR)-(Pr-
DuPhos)Co(pinacolate) in 65% yield (Scheme 3B). A
benzene-ds solution magnetic moment of 1.6 uB was
measured at 23 °C, consistent with an S = % complex.
The overall molecular geometry of the compound was
determined by X-ray diffraction (Figure 3) and
approaches planarity with a dihedral angle of 20.69(9)°
between the idealized P-Co-P and O-Co-O planes. This
geometry contrasts the high spin, tetrahedral structure
observed with (R,R)-(Pr-DuPhos)Co(O-C¢H,4-4-OMe), and
is likely a consequence of the chelating bis(alkoxide)
ligand with the dimethylated backbone that rotates to
avoid interactions with the isopropyl groups of the
DuPhos ligand. The X-band EPR spectrum was recorded
in toluene glass at 10 K and exhibits an axial signal
consistent with an S = ¥2 compound (Figure 4). Hyperfine
coupling of g values to **Co (I = 7/2, 100% natural
abundance) was observed.

structure  of
DuPhos)Co(Pin) at 30% probability ellipsoid with
hydrogen atoms omitted for clarity.

Figure 3. Molecular (R.R)-(Pr-
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T T T T T T
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Figure 4. X-band EPR spectrum of (RR)-(Pr-
DuPhos)Co(pinacolate) recorded in toluene glass at 10 K
with microwave frequency = 9.38 GHz, power = 0.6325
mW, modulation amplitude = 1 mT/100 kHz. Simulation
of the EPR signal suggests an S = 1/2 ground state.
Simulation parameters: g, = 3.1, g, = 2.0, g, = 2.0, Gstrain =
[0.21, 0.15, 0.08], A = 480 MHz, A,y = 0, A, = 290 MHz,
Astrain = [55, 0, 35]

Given that methanol is a desirable solvent for
asymmetric alkene hydrogenation reactions, its reactivity
with (R,R)-Pr-DuPhosCo(CH,SiMejs), was also examined.18
Treatment of a THF solution (R,R)-(Pr-
DuPhos)Co(CH,SiMes), with excess MeOH (delivered as
9:1 THF:MeOH solution) resulted in a color change from
orange to green over the course of five minutes (Scheme
4). A green, oily product was obtained in 79% yield
following removal of solvent. A single crystal of the
compound was obtained and the structure was
established by X-ray diffraction as the carbonyl-bridged
dicobalt complex, (R,R)-(Pr-DuPhos)Co,(u,-CO), (Figure
5). The distance between the two cobalt atoms is
2.300(1) A, consistent with a Co-Co bond.} Attempts to
assign the CO ligands as methoxide groups resulted in
poorer convergence through refinement and support
bridging carbonyls. Accordingly, the pentane solution
infrared spectrum of the complex exhibited a band for
the carbonyl at 1771 cm, consistent with a bridging CO
ligand.®® Repeating the experiment with 3CH;OH
resulted (R,R)-(Pr-DuPhos)Coy(u,-13CO), as evidenced by
an enhanced 3C NMR resonance at 207.4 ppm for the
bridging carbonyl and appropriate isotope shift to the IR
stretch (see SI for complete details). Attempts to
synthesize 3 by addition of CO to (RR)-Pr-
DuPhosCo(COD) resulted in [(R,R)-Pr-
DuPhosCo(CO)],(u-CO),,  from  “over” carbonylation.
Accordingly, addition of CO to 3 generated the same
product.

Scheme 4. Dehydrogenation of methanol promoted by
(R,R)-Pr-DuPhosCo(CH,SiMe3),
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structure  of  (RR)-(Pr-
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A proposed mechanism for the dehydrogenation of

methanol by (R,R)-(Pr-DuPhos)Co(CH,SiMes), (1) is
presented in Scheme 5. Previous studies!® as well as
XANES measurements (vide infra) support phosphine
displacement by methanol with high spin cobalt(ll),
suggesting that solveno derivatives may be involved in
the dehydrogenation process. As such, generic ligands
are depicted on the intermediates presented in Scheme
5. The sequence begins with the protonation of the
cobalt-carbon bond with methanol to form a putative
bis(phosphine)cobalt alkyl alkoxide, a. A single
protonation event is favored over protonation of both
alkyl groups based on the observation of relatively slow
consumption of the starting material in the presence of
methanol, as monitoring the addition of methanol to 1
by EPR spectroscopy established remaining starting
material after 5 minutes (See Supporting Information,
Figure S6). Subsequent p-hydrogen elimination from a
generates formaldehyde intermediate b and following
reductive elimination of SiMe, generates a transient
cobalt(0) formaldehyde complex, c¢. C-H oxidative
addition generates the a formyl hydride, d, which
undergoes CO de-insertion to generate e and H, loss to
generate f, which dimerizes to form the product 3. Other
pathways are plausible, however the lack of observable
intermediates make more detailed mechanistic studies
challenging.
Scheme 5. Proposed pathway for formation of (R,R)-(PPr-
DuPhos)Co;,(u,-CO), from (R,R)-(Pr-DuPhos)Co(CH,SiMes);
in MeOH. “L" = phosphine (mono-ligated of chelated) or
MeOH.
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The alkene hydrogenation activity of both (R,R)-(Pr-
DuPhos)Co(O-C¢H4-4-OMe), and 3 was also studied
(Table 2). MAA was chosen as a representative substrate
and methanol was used due to the superior performance
of the cobalt catalysts in this medium (Table 1). With 1
mol% of 2 and 4 atm of H,, a methanol solution of MAA
underwent hydrogenation at 25 °C and furnished the (S)-
enantiomer of the alkane in >99% yield with 99% ee. This
observation suggests that the cobalt-aryloxide bonds
were cleaved under catalytic conditions (H, atmosphere,
50 °C in MeOH) and generated an active cobalt catalyst.
Notably, no external reductant such as zinc was required
to hydrogenate the disubstituted enamide. Similar
reactivity was observed with the pinacolate complex, 4.
The bridging carbonyl derivative, 3 was also active under
34 atm H, where >99% yield and 99% ee of the
corresponding alkane were observed. Dissociation of the
dimer into monomers likely precedes activation of H,
and hydrogenation of MAA. These results demonstrate
that the varied structures obtained from interactions of
various alcohols with the cobalt dialkyl precursor were all
effective precatalysts for the hydrogenation of MAA.
Regardless of the cobalt dialkyl, bis(alkoxide) or carbonyl,
activation of H, and formation of active cobalt hydride(s)
were achieved with minimal deleterious background
reactions, highlighting the versatility and robustness of
the cobalt precatalysts.

Table 2. Hydrogenation activity of [(R,R)-(Pr-DuPhos)Co]
complexes

Xy COMe 1 mol% [Co] CO,Me

NHAc  4atmHz 01MMeOH, 25°C,12h  Npac

Precatalyst % Yield % ee
(R,R)-(Pr-DuPhos)Co(CH,SiMej), (1) 99 99
(R,R)-('Pr-DuPhos)Co(0O-CgH4-4-OMe); (2) >99 99
[(R,R)-(Pr-DuPhos)Col,(u-CO); (3)* >99 99
(R,R)-(Pr-DuPhos)Co(Pin) (4) >99 99

* 500 psi (34 atm) H, was used
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Figure 6. EXAFS spectra and fitting of cobalt complexes: a) (R,R)-(Pr-DuPhos)Co(CH,SiMes), in THF. b) (R,R)-(Pr-
DuPhos)Co(CH,SiMes), in 9:1 THF:MeOH. ¢) (R,R)-(Pr-DuPhos)Co(O-CgH,4-4-OMe), in solid state. d) (R,R)-(Pr-
DuPhos)Co(O-CgHs-4-OMe), in THF. e) (R,R)-(Pr-DuPhos)Co(O-C¢H4-4-OMe), in 9:1 THF:MeOH. f) [(R,R)-(Pr-
DuPhos)Co],(u,-CO); in solid state. 2The number was fixed in simulation.

X-ray Absorption Studies. X-ray Absorption Near-Edge
Structure (XANES) and Extended X-ray Absorption Fine
Structure spectroscopic studies were conducted to
determine spectroscopic signatures for catalytic relevant
intermediates and to provide additional insight into the
role of phosphine dissociation in the presence of added
alcohols, particularly methanol. The synthetic studies
described in the previous section inform only on isolated
products; more insight was sought on the solution
behavior of bis(phosphine)cobalt(ll) and cobalt(0)
complexes. Solid-state data were collected on isolated
samples of (R,R)-(Ph-BPE)CoCl,, (R,R)-(Pr-DuPhos)CoCl,,
[(R.R)-(Ph-BPE)Co(u-Cl)]lo,  (R,R)-(Ph-BPE)Co(CH,SiMe3),,
(R,R)-(Pr-DuPhos)Co(CH,SiMejs),, (R,R)-(Pr-DuPhos)Co(O-
CgHs-4-OMe), and  (R.R)-(Pr-DuPhos)Co(COD) as
reference and the spectra and associated fits are
reported in Table S5 of the Supporting Information.
These compounds represent planar and tetrahedral
cobalt(ll) derivatives as well a cobalt(0) organometallic
derivative.

EXAFS spectra were collected for 1 and 2 in pure THF
and in a 9:1 THF:MeOH mixture to probe the reaction
with methanol (Figure 6). Simulation parameters of
Fourier transformed-EXAFS (FT-EXAFS) for compounds 1,
2 and 3 are summarized in Table S6. Coordination
numbers of Co-O, Co-P, Co-C and Co-Co scattering
paths obtained through fitting represent average values
of all cobalt species in the sample. The best fit of the FT-
EXAFS of 1 in THF supports a four-coordinate compound

with cobalt-carbon and cobalt-phosphorus scattering of
2.1 for each (Figure 6a), consistent with the anticipated
values for the cobalt dialkyl. In contrast, the spectrum of
1 in 9:1 THF:MeOH exhibits a significant decrease in the
average number of Co-P bonds from 2.1 to 1 (Figure 6b),
supporting dissociation of the phosphine ligands from
displacement with methanol as described previously.'®
Simulation of the data also supported formation of Co-O
bonds with an average coordination number of 2,
suggesting the formation of cobalt methoxide and
solvento complexes during the reaction.

The EXAFS spectrum of 2 recorded in 9:1 THF:MeOH
also indicated significant dissociation of the phosphine
ligand as the average Co-P coordination number was 0.5
(Figure 6e), reduced from the value of 1.9 obtained in
THF. Accordingly, the coordination number determined
from the Co-O scattering, increases from 1.9 (THF) to 2.6
(9:1 THF:MeOQOH), also consistent with the formation of
methanol-ligated cobalt species. Thus, reversible
phosphine dissociation appears general among cobalt(I)
compounds as judged from the solution state EXAFS
data and previous findings.’® However, the high activity
and enantioselectivity observed with these precatalysts in
MeOH suggests that cobalt species with partial or fully
dissociated (bis)phosphine ligands were not catalytically
competitive to introduce deleterious background
reaction.

The solid-state EXAFS spectrum of (R,R)-(Pr-
DuPhos)Co,(p,-C0O),(3) was also collected (Figure 6f) and
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is in good agreement with crystallographic data.
Simulation of FT-EXAFS suggests coordination numbers
of Co-C, Co-P and Co-Co scattering to be 1.0, 2.0 and 1.0
respectively (Figure 6f), indicating one Co-C bond, two
Co-P bonds and one Co-Co for each cobalt atom.

CONCLUSIONS

The interaction of (R,R)-(Pr-DuPhos)Co(CH,SiMes), with
selected alcohols has been studied and the products
isolated and characterized. In cases where the alcohol
lacks B-hydrogens, protonolysis of the cobalt-carbon
bonds occurred and cobalt bis(alkoxide)s were isolated
and characterized. With a phenol derivative, protonolysis
was relatively rapid and a high spin, tetrahedral
bis(alkoxide) was crystallographically characterized. In
the case of pinacol, a less acidic aliphatic diol, the
protonation proved more sluggish and a low-spin
cobalt(Il) bis(alkoxide) complex was obtained, where the
near planar geometry was enforced by the steric
demands of the methylated chelate. In methanol, an
optimal solvent for cobalt-catalyzed asymmetric alkene
hydrogenation, dehydrogenation was observed and a
bridging carbonyl complex was isolated and
crystallographically characterized. The alcohol reactivity
of (R,R)-(Pr-DuPhos)Co(CH,SiMes), was also probed by
EXAFS and reversible phosphine dissociation was again
identified from cobalt(ll) complexes. The catalytic
competency of the cobalt bis(aryloxide), bis(alkoxide)
and bridging carbonyl complexes was assayed for the
hydrogenation of MAA and high activity and
enantioselectivity were preserved, demonstrating that
interaction of the cobalt with alcohols is not deleterious
for catalytic performance.

EXPERIMENTAL SECTION

General Considerations. All air- and moisture-sensitive
manipulations were carried out using vacuum line,
Schlenk and cannula techniques or in an MBraun inert
atmosphere (nitrogen) dry box unless otherwise noted.
All glassware was stored in a pre-heated oven prior to
use. The solvents used for air- and moisture-sensitive
manipulations were dried and deoxygenated using
literature procedures.? 'H NMR spectra were recorded
on a Bruker ADVANCE 300 spectrometer operating at
300.13 MHz or on an 1400 Varian Inova spectrometer
operating at 400.13 MHz. 31P{*H} NMR were recorded on
an 1400 Varian Inova spectrometer operating at 162
MHz. All *H chemical shifts are reported in ppm relative
to SiMe, using the 'H (benzene-ds: 7.16 ppm) chemical
shifts of the solvent as a standard. 'H NMR data for
paramagnetic compounds are reported as follows:
chemical shift, peak width at half height (Hz). Continuous
wave EPR spectra were recorded at room temperature on
an X-band Bruker EMXPlus spectrometer equipped with
an EMX standard resonator and a Bruker PremiumX
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microwave bridge and an Oxford ITC 503s temperature
controller. The spectra were simulated using EasySpin for
MATLAB. Elemental analyses were performed at
Robinson Microlit Laboratories, Inc., in Ledgewood, NJ.
Solution magnetic moments were determined by the
method of Evans?? at 23 °C using a ferrocene standard
unless otherwise noted. Single crystals suitable for X-ray
diffraction were coated with polyisobutylene oil in a
drybox, transferred to a nylon loop and then quickly
transferred to the goniometer head of a Bruker PHOTON
diffractometer equipped with a molybdenum X-ray tube
(A = 0.71073 A) and a Cu X-ray tube (A = 1.54178 A).
Preliminary data revealed the crystal system. The data
collection strategy was optimized for completeness and
redundancy using the Bruker COSMO software suite. The
space group was identified, and the data were processed
using the Bruker SAINT+ program and corrected for
absorption using SADABS. The structures were solved
using direct methods (SHELXS) completed by
subsequent Fourier synthesis and refined by full-matrix
least-squares procedures.

X-ray absorption spectroscopy. X-ray absorption
spectroscopic measurements at the Co K (7.709 keV)
edge were performed on the 10-BM bending magnet
beamline of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source (APS),
Argonne National Laboratory. Measurements were taken
in transmission mode. A Co foil spectrum was acquired
through a third ion chamber simultaneously with each
measurement for energy calibration. Samples were
packed in peek cells in an Ar-filled glovebox. Standard
procedures  for normalization and  background
subtraction were performed using Demeter 0.9.25
software package. The edge energy of the X-Ray
absorption near edge structure (XANES) spectrum was
determined from the inflection point in the leading edge,
i.e, the maximum in the first derivative of the leading
edge of the XANES spectrum. The coordination
parameters were obtained by a least square fit in R-
space, k?-weighted. Fourier transformed data using
Artemis. S, and o were determined by fitting Co foil.
The edge energy of the X-Ray absorption near edge
structure(XANES) spectrum was determined from the
inflection point in the leading edge, i.e., the maximum in
the first derivative of the leading edge of the XANES
spectrum. The pre-edge energies were also obtained in
the first derivative using the zero crossing point.

Preparation of Cobalt Complexes. (R R)-(Pr-
DuPhos)CoCl,, (R,R)-(Pr-DuPhos)Co(CH,SiMes),, (R,R)-
(Ph-BPE)CoCl,, [(R,R)-(Ph-BPE)CoCl],, (R.R)-(Ph-
BPE)Co(CH,SiMe3), and (R,R)-(QuinoxP*)Co(CH,SiMes),
were prepared using previously reported methods.17 18

Preparation of (R,R)-(‘Pr-DuPhos)Co(4-OMe-CgH,),. A
20-mL scintillation vial was charged with 0.105 g (0.161
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mmol) of (R,R)-(Pr-DuPhos)Co(CH,SiMe3s),, 0.040 g (0.322
mmol) of 4-methoxyphenol, 5 mL of diethyl ether and a
stir bar. The resulting solution was stirred at room
temperature for 12 hours. The volatiles were removed in
vacuo and the residue was reconstituted in Et,0O and
filtered through Celite. The filtrate was concentrated to
afford 0.112 g (0.154 mmol, 96% yield) of (R,R)-(Pr-
DuPhos)Co(4-OMe-C¢H,), as a brown-red solid. Cooling
a saturated THF solution of the compound afforded
crystals suitable for X-ray diffraction. Anal. Calcd for
CaoHssCoO4P,: C, 66.38; H, 8.08. Found C, 66.37; H, 8.07.
Solution state magnetic susceptibility pes (296 K) = 3.9
uB. Analysis for CyHsgCoO4P,: Calc. C, 66.38; H, 8.08.
Found C, 69.41; H, 8.76. *H-NMR (300 MHz, C¢Dg, 23 °C):
8 -42.25, (AvY2 = 244 Hz), -14.44, (Av¥2 = 80 Hz), -11.39,
(Av¥%2 = 98 Hz), -7.50, (Av¥2 = 31 Hz), 5.21, (Av¥2 = 17
Hz), 7.94, (Av¥2 = 4 Hz), 10.96, (Av¥2 = 9 Hz), 13.89, (AvY¥2
= 23 Hz), 1544, (Av¥2 = 98 Hz), 16.57, (Av¥2 = 27 Hz),
2267, (Av¥%2 = 112 Hz), 43.43, (Av¥%2 = 18 Hz), 55.55,
(Av¥%2 = 40 Hz), 158.55, (Avy, = 74 Hz).

Preparation of (R,R)-(‘Pr-DuPhos)Co(pinacolate). A
thick walled glass vessel was charged with 0.120 g (0.199
mmol) of (R,R)-(Pr-DuPhos)Co(CH,SiMejs),, 0.024 g (0.199
mmol) of pinacol, 5 mL of toluene, a stir bar and sealed.
The vessel was brought outside the glovebox and heated
at 60 °C for 12 hours. The vessel was brought back into
the glovebox and the crude reaction mixture was filtered
and concentrated. The residue was reconstituted in Et,O
and recrystallized at -35 °C. Portions of recrystallized
products were combined to give 0.071 g (0.129 mmol,
65% yield) of (R,R)-(Pr-DuPhos)Co(pinacolate) as an
orange solid. Cooling a saturated Et,O solution of the
compound afforded crystals suitable for X-ray diffraction.
Anal. Calcd for C3,Hs6CoO,P,: C, 64.74; H, 9.51. Found C,
65.08; H, 9.58. Solution state magnetic susceptibility pes
(296 K) = 1.6 uB (23 °C). *H NMR (400 MHz, C¢Dg, 23 °C):
8 -50.62 (Av¥2 = 429 Hz), -22.71, (Av¥2 = 422 Hz), -18.95,
(Av%2 = 183 Hz), -15.63, (Av%2 = 155 Hz), -10.27, (AvY2 =
70 Hz, overlapping), -10.03, (Av¥%2 = 99 Hz, overlapping),
-9.32, (Av¥%2 = 79 Hz, overlapping), -9.15, (Av¥2 = 110 Hz,
overlapping), -8.72, (Av¥2 = 146 Hz, overlapping), -1.85,
(Av¥%2 = 25 Hz), 2.11, (Av¥%2 = 41 Hz), 2.91, (Av¥2 = 128
Hz), 9.34, (Av¥%2 = 398 Hz), 12.77, (AvY2 = 17 Hz), 1845,
(Av%2 = 295 Hz), 19.41, (Avy, = 101 Hz).

Preparation of [(R,R)-(‘Pr-DuPhos)Co(u,-CO)],. A 250
mL round bottom flask was charged with 0.400 g (0.612
mmol) of (R,R)-(Pr-DuPhos)Co(CH,SiMes), and a stir bar.
30 mL tetrahydrofuran were added and the resulting
orange solution was cooled to -35 °C. To the solution
was added 3.3 mL of anhydrous MeOH at -35 °C, and the
mixture was stirred at room temperature for 12 hours.
The volatiles were removed in vacuo, the residue was
reconstituted in pentane and filtered through Celite.
Upon removal of solvent in the filtrate, 0.245 g (0.241
mmol, 79% vyield) of [(R,R)-(Pr-DuPhos)Co(u,-CO)], was

obtained as a green oily product. Recrystallization in
pentane at -35 °C over 2 days afforded solid [(R,R)-(Pr-
DuPhos)Co(u,-CO)]; in 45% yield (0.110 g). Cooling a
saturated TMS,0 solution of the compound at -35 °C
furnished crystals suitable for X-ray diffraction. Analysis
for Cs4HggCo,0,P.: Cale. C, 64.15; H, 8.77. Found C, 64.25;
H, 8.60. 'H NMR (300 MHz, C¢Dg, 23 °C): & 7.59 (4H, m),
2.93, (4H, m), 2.67 (4H, m), 2.37 (4H, m), 2.18 (8H, m),
1.96 (4H, m), 1.07 (36H, d), 0.71 (12H, d). 3P{*H} NMR
(162 MHz, C¢Dg, 23 °C): & 146.45.

General Procedure for Catalytic Hydrogenation
Reactions. In a nitrogen-filled glove-box, a thick-walled
glass vessel was charged with 0.200 g (1.40 mmol)
methyl-2-acetamidoacrylate, 0.010 g (0.014 mmol) of
(R,R)-(PPr-DuPhos)Co(O-CgH4-4-OMe),, 14 mL methanol,
a stir bar and sealed. The vessel was transferred to a
high-vacuum line and the contents were frozen in liquid
nitrogen. The headspace was evacuated and 55 psi H;
was added to the vessel. The reaction mixture was stirred
at 25 °C for 12 hours and quenched by exposure to air.
The product was purified by passing through silica gel
plug and furnished the alkane in 0.203 g (>99%) yield.
Chiral GC analysis of the crude reaction indicated 99% ee

(S).

(R,R)-(iPr-DuPhos)Co(pinacolate). An identical
procedure to that described above using 0.150 g (1.05
mmol) methyl-2-acetamidoacrylate, 0.006 g (0.011 mmol)
of (R,R)-(Pr-DuPhos)Co(pinacolate) and 10 mL methanol.
The product was purified by passing through silica gel
plug and produced the alkane in 0.152 g (>99%) yield.
Chiral GC analysis of the crude reaction indicated 99% ee

(S).

[(R,R)-(iPr-DuPhos)Co],(u,-CO), (500 psi
hydrogenation). In a nitrogen-filled glove box, a Parr
5500 Compact Micro Reactor was charged with 0.250 g
(1.75 mmol) methyl-2-acetamidoacrylate, 0.018 g (0.018
mmol) of [(R,R)-(Pr-DuPhos)Co],(u,-CO),, 18 mL
methanol and sealed. The Parr reactor was assembled on
a high vacuum line equipped with an H, line and the
inlet space was purged with H, three times. The vessel
was pressurized with 500 psi H,. The reaction mixture
was stirred at 25 °C for 12 hours and quenched by
exposure to air. The product was purified by passing
through silica gel plug and produced the alkane in 0.254
g (>99%) yield. Chiral GC analysis of the crude reaction
indicated 99% ee (S).

X-Ray Analyses. CCDC 1851512, 1855262, 1855267,
1872104 contain the supplementary crystallographic
data for (R,R)-(Pr-DuPhos)Co(4-OMe-CgH.), (R,R)-(Pr-
DuPhos)Co(Pinacolate),  [(R,R)-(Pr-DuPhos)Co],(u,-CO),
and [(R,R)-(Pr-DuPhos)Co(CO)],(u,-CO),

ASSOCIATED CONTENT

ACS Paragon Plus Environment

Page 8 of 11



Page 9 of 11

oNOYTULT D WN =

Supporting Information

Additional  spectroscopic  data, characterization  of
compound 3 and summary of XANES and EXAFS fitting
procedures. The Supporting Information is available free of
charge on the ACS Publications website.
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