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ABSTRACT: The efficient and atom economical hydrogenation of alkenes using a novel bisoxazoline ligated cobalt complex has
been developed. The hydrogenation ofa variety of alkenes containing electron neutral and electron-donating groups proceeds in high
yield, while electron-withdrawing and sterically hindered groups are not tolerated. Heterocycles and internal alkenes were also hy-
drogenated in moderate to high yields. While the catalyst is enantiopure, no enantioinduction was observed suggesting that other

factors are involved in achieving enantiocontrol.

1. Introduction

Earth-abundant metal complexes can catalyze a range of or-
ganic transformations, including (de)hydrogenation, borylation,
hydrosilylation, and C-C bond formation [1-3]. In particular,
catalytic hydrogenation reactions using molecular hydrogen as
the reducing agent has attracted the attention ofmany scientists
as this atom-economic transformation provides access to inter-
mediates and bulk products [4, 5]. While many catalytic sys-
tems for the hydrogenation of alkenes exist, most rely on noble
metals such as iridium [6-8], rhodium [9-11], ruthenium [12-
14], and palladium [15, 16]. Recently, the use of M transition
metal complexes has been explored due to their abundancy,
non-toxicity, and cost [17]. However, working with first-row
transition metal complexes comes with its own set of challenges
as these can often undergo one electron pathways, less prevalent
with their second and third row counterparts and thus making
their reactivity difficult to predict and/or control [18]. Despite
these challenges there have been many recent advances in this
field specifically involving cobalt [1,3,19].

In 2012, Hanson and co-workers reported the hydrogenation
of C=X (X=C, O, N) bonds utilizing a square-planar 15-electron
cobalt (I1)-alkyl complex (see Scheme 1) [20]. This system was
able to hydrogenate a variety of ketones, imines, and alkenes
under 1-4 atm of H2 over the course of 24-65 hours. Further-
more, Zhang et al. reported the use ofthis same complex for the
transfer hydrogenation of olefins [21]. A range of aliphatic, ar-
omatic, internal, and cyclic alkenes were hydrogenated, how-
ever, this transformation is not atom economical due to the ex-
cess amount of hydrogen donor needed. Furthermore, in 2016,
Fout reported a monoanionic bis(carbene) ligated cobalt com-
plex that allowed for the hydrogenation of simple alkenes [22].

Success has also been shown using asymmetric ligands on
cobalt to enact hydrogenation reactions. Following the seminal
work shown by Ohgo [23] and Pfaltz [24], in 2016, Chirik re-
ported on the hydrogenation of cyclic alkenes catalyzed by a
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Ci-symmetric bis(imino)pyridine cobalt catalyst [25]. The hy-
drogenation ofminimally functionalized benzofused five,- six,-
and seven-membered alkenes was explored giving rise to im-
portant substructures of natural and biologically active prod-
ucts. Similarly, Fu et al. reported an oxazoline-iminopyridine
cobalt complex that catalyzed the hydrogenation ofa variety of
1,1-diarylethenes [26]. While this transformation was enanti-
oselective, chlorine groups in the ortho position were necessary
to achieve high enantioselectivity. Additionally, Flu and Huang
reported on the enantioselective hydrogenation of'vinyl silanes
utilizing a Ci asymmetric phosphine-pyridine oxazoline ligated
cobalt complex [27]. While a wide range of functionalized vi-
nylsilanes were tolerated; esters, aryl chlorides and bromides
were not. Furthermore, changing the steric bulk affected the en-
antioselectivity as well

Scheme 1. Cobalt-catalyzed alkene hydrogenation catalysts.
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2. Results and discussion

2.1. Synthesis ofcatalyst

Despite these achievements, most of these systems involve
multi-step syntheses to afford ligands and/or are moisture- and
air-sensitive adding an additional amount ofrigor to the hydro-
genation reactions. Herein, we report a bench stable, novel, bi-
soxazoline ligated cobalt(II) dichloride complex utilizing a one-
step synthesis to access enantioenriched ligand (Scheme 2).
Starting with cheap and commercially available building
blocks, treatment of iminodiacetonitrile with 2-valine in the
presence of ZnCb afforded enantiopure ligand in 21% isolated
yield. Reaction of enantiopure ligand with anhydrous Co(1l) di-
chloride in THF at 40 °C (to improve solubility) afforded para-
magnetic complex 1. The *H NMR spectra of complex 1 show
broadened and paramagnetically shifted resonances (See Sup-
porting Information). Slow diffusion of ether into a THF solu-
tion containing 1 at -30 °C afforded a crystal suitable for X-ray
structure determination (Fig. 1), which reveals a distorted trig-
onal bipyramidal geometry (15= 0.716) [28] around the cobalt
center.

Scheme 2. Synthesis and structure of complex 1.
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Figure 1. Thennal ellipsoid plot (50%) of complex 1.

2.2. Hydrogenations with catalyst 1

We began our investigation by examining the hydrogenation
of 1,1 -diphenylethylene (2a) catalyzed by a combination of bi-
soxazoline ligated cobalt complex 1 and reductant in a solution
of toluene at room temperature under | atm of hydrogen. The
use of sodium triethylborohydride as the reductant of choice re-
sulted in 99% yield of hydrogenated product 3a (Table 1, entry
1). Examination of alternative reducing agents did result in pro-
ductive catalysis, however, poor conversion was observed (en-
try 2-3). Control reactions showed that without catalyst (entry
4) or reducing agent (entry 5), no product formation was ob-
served.

With optimized reaction conditions, various alkenes were
tested (Table 2). In general, these conditions proved to be gen-
eral for a variety of alkenes with nonpolar and electron-donat-
ing groups, with electron withdrawing groups not being toler-
ated (See Supporting Information). Electron-donating groups

Table 1. Optimization of reaction conditions.

5.0 mol% 1
15.0 mol% NaBEt-jH |
toluene, 0 °C to rt

22 1) balloon, overnight

entry change in conditions 3a (%/
1 none 99 cd
2 15.0 mol% MeLi 70
3 15.0 mol% LiCHsSiMea 36
4 no [Co] 0
5 no NaBEtsH 0

"Reactions were run with 0.25 mmol 2a in | mb of solvent. b
Yield determined via *H NMR spectroscopy vs 2,4,6-trimethylben-
zaldehyde as internal standard. "Isolated yield. “Running the reac-
tion with 2 equiv NaBEtsH gives the same yield as with 3 equiv.

Table 2. Substrate scope of the hydrogenation reaction.

5.0 mol% |
)i 15.0 mol% NaBEtgH R"R2
) toluene (0.5 M), 0 °C to rt
2 H2 balloon, overnight 3
l | ‘ 7 N U-oMe
3a, quant.8 3b, 98%a 3¢, quant."

AX gy fiT Y1

3d, 44%a(59%") 3e, 68%a

UL

3f, 98%a
- ———<<
3g, 86%a 3h, 88%a
3i, 82%Db (94%")
3j, 98%a 3k, 45% 31, 61 %be
OMe
MeO'
3m, 56% 3n, 88%a

"Reactions were run with 0.25 mmol 2 in | nil of solvent. Iso-
lated yield. “Reactions were run with 0.25 mmol 2 in | niL. of sol-
vent. Yield detennined via *H NMR spectroscopy vs 2,4,6-trime-
thylbenzaldehyde as internal standard. "10.0 mol% 1, 30.0 mol%
NaBEtsH.



such as methoxy (3b, 3g-h, 3m, and 3p) and a tertiary amine
(3¢) were well tolerated. Next, in order to assess steric hin-
drance a series of diarylethenes methylated in the ortho, meta,
and para position were subjected to the optimized reaction con-
ditions. Methylation ofthe meta (3f) and para (3e) position gave
hydrogenated product, however, no product was observed upon
07"//?0-methylation (See Supporting Information).

Applying these conditions to N-heterocyclic containing sub-
strates proved to be successful (3d and 31). Additionally, boron
(31) and ferrocene (3j) containing functional groups were toler-
ated. For substrates that showed diminished yields, increasing
the catalyst loading (3d and 31) or adding electron-donating
groups (3m and 3p) did result in an increase in observed yield.
The hydrogenation reaction was extended to substrates bearing
cyclopentane (3g) and cyclopropane (3h) functional groups.
Furthermore, internal alkenes were also tolerated as seen by
products 3n, 30, and 3p.

Strikingly, substrates with electron withdrawing groups shut
down catalytic activity (See Supporting Information for all in-
compatible substrates). For example, 1,1-disubstituted olefins
with chloro, bromo, CFs, and COsEt substituents gave no hy-
drogenation products. Additional experiments were run to bet-
ter understand why certain substrates are not tolerated by this
system. 2a and an incompatible substrate, 2-( | -phenylvinyljthi-
ophene, were added to the same reaction flask and subjected to
the standard hydrogenation conditions previously described. No
product formation of either substrate was seen, suggesting that
catalyst inhibition, from substrate binding, could be the cause
of this inactivity. Another competition reaction was run be-
tween 2a and an incompatible substrate, |-bromo-4-(1-phenyl-
vinyljbenzene. Flere it was seen that some product from hydro-
genation of 2a, 1,1-diphenylethane, had formed. This result
suggests that the inability to hydrogenate alkenes with some
electron-withdrawing groups is due to the substrates inhibiting
the catalyst itself, either by coordination or by a chemical side-
reaction (See Supporting Information).

It is also important to note that while complex 1 is enanti-
opure, no enantioinduction was observed in these hydrogena-
tion reactions (1-5% e.e., see Supporting Information). The lack
ofenantioselectivity was surprising, in that hydroboration ofar-
ylethenes with a similar pyridine-oxazoline-cobalt catalyst pro-
ceeds with good enantioselectivity (up to 99% e.e.) [29]. Addi-
tion of'a drop of mercury to the reaction with 1,1-diphenyleth-
ylene does not inhibit the reaction (quantitative hydrogenation),
providing support for a homogeneous catalyst. However, exam-
ination of the filtrate at the end of the hydrogenation reaction
by *H NMR spectroscopy shows the presence of free bis-oxa-
zoline ligand. This observation could indicate that the true cat-
alyst forms from ligand dissociation, but the mercury drop ex-
periment argues against a nanoparticle catalyst. It is more likely
that ligand loss follows from catalyst decomposition, as no spe-
cies could be isolated or identified by reaction of 1 with Na-
BEtsH. This methodology was extended to the gram scale syn-
thesis of 2¢ where a 90% isolated yield was achieved. The abil-
ity to apply this chemistry to a large scale highlights the practi-
cality of'this methodology (See Supporting Information).

3. Experimental

3.1. General information

Unless otherwise noted, all reagents were purchased from
commercial suppliers and used without further purification. Im-

inodiacetonitrile (Alfa Aesar) was recrystallized from ethyl ac-
etate before use. All procedures and routine manipulations were
performed under a nitrogen atmosphere (glovebox) or on a
high-vacuum line using modified Schlenk techniques. Tetrahy-
drofuran (THF), toluene, ether, pentane, and dichloromethane
(DOM) were obtained by from an Innovative Technology PS-
MD-6 solvent purification system. Solvents were further de-
gassed by 3-6 free-pump-thaw cycles and stored in a nitrogen-
filled glovebox. *H and 13C{'H} NMR spectra were acquired on
400 and 500 MHz Broker NMR instruments. NMR chemical
shifts are reported in ppm and are referenced to the residual sol-
vent peak for CDCb (8 = 7.26 ppm, *H NMR; 8 = 77.16 ppm,
1BC{'H} NMR. Coupling constants (J) are reported in Hertz.
GC-MS spectra were recorded on a Shimadzu QP2010 instru-
ment with an SH-Rxi-5ms column (15 M x 0.25 mm ID x
0.25p film). Column flow = 0.7 mL/min, temperature program:
3 mins at 50 °C, then increase at 20 °C/min to 235 °C and hold
for 3.5 mins. Chromatography was performed on silica gel
(EMD, silica gel 60, particle size 0.040-0.063 mm) using stand-
ard flash techniques. Products were visualized by UV. Enantio-
meric excesses were analyzed by GC-FID using a Shimadzu
GC-2010 gas chromatograph equipped with a FID detector, and
a Cyclosil-B column (30 m x 0.25 mm x 0.25 pm film). Sepa-
ration method: | pL injection, injector temperature: 240°C, de-
tector temperature: 300°C. Gradient: column temperature set at
80°C for | min, then to 240°C at 16°C/min for 4 min. Total run
time: 15.0 min. Elemental analyses were obtained from the
CENTC Elemental Analysis Facility at the University ofRoch-
ester, funded by NSF CHE-0650456. Microanalysis samples
were weighed with a PerkinElmer Model AD6000 Autobalance
and their compositions were determined with a PerkinElmer
2400 Series II Analyzer. For X-ray structures: data collection,
structure solution, and structure refinement were conducted at
the X-ray Crystallographic Facility, BO4 Hutchinson Hall, De-
partment of Chemistry, University of Rochester (NSF MRI
grant CHE-1725028).

3.2. Synthesis ofbisoxazoline (ambox) ligand

(S)-2-amino-3 -methylbutan-1-ol was synthesized from Z-va-
line [30]. Bis((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)me-
thyljamine was synthesized according to Gade’s procedure

1811
~NH'

)YOH +one-step synthesis

NH?2 -low yielding

ZnClI2 (1 eq)
PhCI (0.3 M), 80 °C

VN NN/
—< 14, 21%yield )

2.8 equiv 'Pr-ambox

To an oven-dried 3-neck round bottom fitted with a stir bar
was added ZnCls (1.36 g, | equiv). The round bottom was
capped with rubber septa and the system was placed under Ns
flow. Next, PhCI (30 mL, 0.34 M with respect to bisnitrile) was
added and the reaction mixture was allowed to stir. Sequen-
tially, amino alcohol (2.26 g, 2.8 equiv) and nitrile (0.950 g, |
equiv) were added under positive flow ofNs. The reaction mix-
ture was heated to 80 °C. Reaction completion was judged by
TEC by monitoring the disappearance of starting material, this
took about 24 hours. NOTE: during the course of'the reaction,
polymerization ofreagent(s) is observed, and this may result in
stirring challenges. Upon completion, the reaction mixture was
cooled, filtered through celite and concentrated in vacuo to af-
ford a deep red oily residue. The oily residue was purified by



flash chromatography (8:2 ethyl acetate: methanol) to afford 14
as ared oil in 21% yield.

*H NMR (500 MHz, chloroform-c/) 8 4.19 (t,J = 8.9 Hz, 2H),
3.90 (t, J= 8.1 Hz, 2H), 3.83 (q, J= 8.0 Hz, 2H), 3.44 (s, 4H),
1.67 (dp, 13.4, 6.7 Hz, 2H), 0.90 (d, 6.8 Hz, 6H), 0.81
(d,J= 6.7 Hz, 6H).

3C{'H} NMR (126 MHz, chloroform”™ 5 165.13, 72.12,
70.27, 45.70, 32.58, 18.86, 18.18.

GC-MS: 267, 155, 141, 127, 114, 84, 70, 69, 55

3.3. Synthesis ofthe cobalt complex Pr-amboxCoCh

WAN/\V )

pr 1.1 equiv “ipr

CoCI2(1 equiv) O O
THF 40 °C
overnlght 2

87%
Pr-amboxCoCl,

A 100 mL round-bottomed flask fitted with a Teflon coated
stir bar was charged with anhydrous CoCb (390 mg, 3.0 mmol,
1.0 equiv) followed by the addition of THF (30 mL). To the
CoCb solution was added bis(((S)-4-isopropyl-4,5-dihydrooxa-
zol-2-yl)methyl)amine (882 mg, 3.3 mmol, 1.1 equiv) in THF
(5§ mL), instantly turning the solution a dark color. The resulting
mixture was heated to 40 °C and stirred overnight. A blue solid
was precipitated by the addition of EbO (30 mL). The resulting
mixture was filtered and the solid was washed with EbO to af-
ford 'Pr-amboxCoCb (1.03 g, 2.6 mmol, 87% yield), a blue
solid. Crystals suitable for X-ray diffraction were obtained by
slow diffusion of ether into a THF solution at - 30 °C.

Anal. Caled for CI4H25C12CoN302: C, 42.33, H, 6.34, N, 10.58.
Found: C, 42.12, H, 6.52, N, 10.44.

3.4. General procedure for the hydrogenation of alkenes
/32/

H
|
N
Co] = /\©
[Co] SC:I\I/\/ |(2 _
iPr CrI Cl "lPr
('Pr-ambox)CoCl2, 17

5.0 mol% 17
£ 15.0 mol% NaHBE3 T

Rt Fi2 toluene (0.5 M), 0 °Ctort R1*"R2
H2 balloon, overnight

For convenience, reactions were set up in a nitrogen-filled
glove box.

An oven-dried | -dram vial equipped with a Teflon-coated stir
bar was charged with 'Pr-amboxCoCb (0.0125 mmol, 5.0 mg)
and alkene (0.25 mmol). The vial was capped with a septa and
brought outside the glovebox. Outside the glovebox, a balloon
with hydrogen was added and the system was purged with Hs
three times. Next, toluene (0.5 mL) was added and the reaction
mixture was cooled to 0 °C. To the cooled solution, NaBEtsH
(I M in toluene, 0.0375 mmol, 37.5 pL) (drop-wise addition)
was added. Upon addition of NaBEtsH, an immediate color
change was observed from blue to brown. After complete addi-
tion, the reaction mixture was kept at 0 °C for ca. 5 min and
then the ice bath was removed, and reaction mixture was stirred
atroom temperature overnight. Next, the reaction was quenched
by the addition of pentane (2-3 mL). The mixture was filtered

through a pad of celite, washed with pentane, and the filtrate
was concentrated to afford crude material.

4. Conclusions

In conclusion, a novel bisoxazoline ligated cobalt complex
was able to promote the hydrogenation of various alkenes under
mild conditions. A variety of neutral, electron-donating, heter-
ocyclic, and internal alkenes were able to readily undergo hy-
drogenation to give products in moderate to high yield while
electron-withdrawing and sterically hindered substrates shut
down the catalytic activity. Unfortunately, despite having an en-
antiopure catalyst, no enantioinduction was observed for the hy-
drogenation reactions.
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Appendix A. Supplementary data

Additional data also include synthetic methods for the ole-
fins, data for the hydrogenations, a table of unsuccessful sub-
strates, results of enantioselectivity experiments, description of
a gram-scale reaction, competition reactions, and a description
ofthe mercury drop experiment. Full structural details for 1 are
available from the Cambridge Crystallographic Data Centre
(CCDC #1971336).  Supplementary data to this article can be
found online at https://doi.Org/10.1016/j.poly.2020.XXXXXX.
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