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ABSTRACT: Hydrogenolysis is one of the fundamental transformations in organic synthesis. Despite numerous studies in this field
over the last few decades, asymmetric C—O bond hydrogenolysis remains less explored. The enantioselective hydrogenolysis of
epoxides catalyzed by transition metals can usually provide high-value-added chiral alcohols. However, #-H elimination and difficulty
in stereoselective control are the main challenges. Herein, we successfully realized the palladium-catalyzed asymmetric
hydrogenolysis of C(sp*)—O bonds of epoxides by strategies including the introduction of borane reagents promoting fast
hydrogen transfer from borane to the Pd(II) intermediate and bulky chiral ligands, affecting the reactivity and enantioselectivity. In
addition, highly site-specific deuterated alcohols could also be synthesized with readily available sodium borodeuteride as the
deuterium source. Experimental study and theoretical calculations provided deep insight into the origin of the high enantioselectivity
controlled by the sterically demanding biphosphine ligand and also indicated that the hydrogenolysis undergoes a Pd(0)/Pd(II)-
catalyzed process, which may shed light on a strategy for asymmetric transformation of epoxides with transition-metal complexes.

B INTRODUCTION

Hydrogenolysis is one of the fundamental transformations in
synthetic chemistry and is often used in the cleavage of various
C-X bonds. Over the past few decades, many efficient and
practical hydrogenolysis reactions have been reported by
chemists.”” Among them, the hydrogenolysis of C—O bonds is
regarded as an attractive representative, and various types of
C—O bonds have been achieved, such as ethers, alcohols,
phenols, and esters.” > Although there were numerous studies
on nonstereoselective reactions, the application in asymmetric
C—0O bond hydrogenolysis remains relatively scarce. Recently,
an asymmetric hydrogenolysis of C(sp*)—O bonds was
realized through desymmetrization and kinetic resolution
with excellent enantioselectivities to construct axially chiral
skeletons (Scheme 1a).® The asymmetric hydrogenolysis of
C(sp*)—O bonds was also explored. Earlier, Chan’® and
Bakos’® reported that rhodium-catalyzed asymmetric hydro-
genolysis of the epoxides containing activating groups
(—CO,Na), including sodium cis-epoxysuccinate and sodium
trans-phenylglycidate, afforded moderate enantioselectivities
and a low selectivity factor (Scheme 1b). Later, Zhang
developed an elegant Pd-catalyzed hydrogenolysis kinetic
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resolution of a-acyloxy ketones, and high enantioselectivities
were obtained with 2-aryl-substituted substrates.” Moreover,
some formal asymmetric hydrogenolysis reactions of the
C(sp®>)—O bonds were also reported.”'® Despite these
advances, the C(sp’)—O bond asymmetric hydrogenolysis
was mainly limited in some special substrates. Therefore, the
development of efficient catalytic methodologies for the
asymmetric hydrogenolysis of C(sp’)—O bonds of simple
substrates is the first imperative.

Epoxides exhibit unique reactivity in ring-opening trans-
formations and are a class of candidates with synthetic
potential.'’  Asymmetric hydrogenolysis of epoxides could
afford various chiral alcohols, which are useful chiral building
blocks for natural products and bioactive molecules.'” From
literature reports, the C(sp®)—O bonds in epoxides could
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Scheme 1. Transition-Metal-Catalyzed Asymmetric Hydrogenolysis of C—O Bonds

a. Asymmetric Hydrogenolysis of C(sp?)-O Bonds (Zhou and Yu, Ref. 6)
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undergo oxidative addition with palladlum(O) complexes to
generate alkyl palladium(II) species,'> which could be applied
in asymmetric hydrogenolysis of epoxides through the capture
of these alkyl palladium(II) species with the hydride reagents
(Scheme 1c). However, the generated alkyl palladium(II)
species easily undergo f-H elimination and are isomerized to
ketones, or they may also undergo $-O elimination to olefins.
The ketones could further be reduced by hydride reagents to
give racemic alcohols, which is adverse for asymmetric
hydrogenolysis. We speculated that (1) the fast enough
hydrogen transfers from the hydride reagents, such as borane
reagents with good oxyphilicity to the alkyl Pd(II) species,
would suppress the unwanted $-H elimination and achieve C—
O bond hydrogenolysis and (2) selecting suitable chiral ligands
as the ligands can adjust the electronic and steric properties of
metal centers, thus affecting the reactivity and enantioselectiv-
ity. Herein, we describe an eflicient palladium-catalyzed
asymmetric hydrogenolysis of simple epoxides via desymmet-
rization and kinetic resolution to construct a series of chiral
alcohols and epoxides with high regioselectivities and
enantioselectivities. Furthermore, the methodology can also
regioselectively introduce deuterium atoms into organic
molecules using commercially available sodium borodeuteride
as the deuterium source. The combination of experimental and
theoretical studies indicated that the asymmetric hydro-
genolysis underwent a Pd(0)/Pd(II)-catalyzed process.

B RESULTS AND DISCUSSION

Based on the above hypothesis, a series of condition
parameters were investigated using cis-la as the model
substrate. The borane reagents were first explored. As
expected, the hydrogenolysis product 2a was successfully
obtained with good yields and excellent enantioselectivities
when sodium borohydride and potassium borohydride were
used as hydride sources, respectively (Table 1, entries 1 and 2).
Poor reactivities were observed with sodium cyanoborohydride

and HBpin (entries 3 and 4). Besides, other hydride sources
have also been screened. Full conversion was observed with
sodium formate, giving a 25% hydrogenolysis product (2a) and
a 75% p-H elimination product ketone (3a) (entry S).
Similarly, in the presence of formic acid/triethylamine or
triethylsilane, trace product formation occurred, which
delivered ketones (entries 6 and 7). The use of alternative
solvents, including acetonitrile, toluene, and 1,4-dioxane, did
not lead to any improvement in the yield or enantioselectivity
(entries 8—10). The ee values decreased slightly when
Pd(acac), and Pd(P'Bus), were used as palladium precursors
(entries 11 and 12), and Pd(PPh;),Cl, gave low activity and
enantioselectivity (entry 13). Next, various axially chiral
bisphosphine ligands were surveyed (entries 14—19); all
delivered high activities and moderate to good ee values,
except the electron-deficient chiral ligand (S)-DifluorPhos
(L4), giving low activity (entry 16), which identified that
ligands containing large steric hindrance and relatively rich
electrons were pivotal. Considering the yield and enantiose-
lectivity, L1 was determined to be the optimal ligand.
Lowering the temperature to 25 °C diminished the yield to
75% (entry 20). A 93% ee value was afforded when 10 mol %
ligand was used, which may be ascribed to the fact that extra
ligands are beneficial to stabilize the chiral palladium
complexes (entries 21 and 22). The yield and enantioselec-
tivity could also be maintained by using 1.5 equiv of sodium
borohydride (entry 23). Finally, the optimal conditions were
established: palladium acetate (S mol %), (R)-DTBM-SegPhos
(10 mol %), N,N-dimethylformamide, sodium borohydride
(1.5 equiv), and 40 °C.

With the optimized conditions in hand, the exploration of
the scope of this catalytic protocol was performed with cis-1, as
shown in Scheme 2, where variations in substituents at the 4-
position of the benzene ring were introduced and could
provide hydrogenolysis products with high yields and
enantioselectivities. For example, the presence of various
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Table 1. Condition Optimization for Palladium-Catalyzed Asymmetric Hydrogenolysis of Epoxides

0 [Pd], L*, [H] source OH 0 ~_Ph
7N ph 7 =T ph/\/
Ph Ph Solvent, 40 °C Ph Ph)J\/
cis-1a

L1: Ar = 3,5-Bu,-4-MeOCgH,
(R)-DTBM-SegPhos

(e}
TAr= 3,5-M92C6H3

0 PAr2  (R)-DM-SegPhos
< L3: Ar = Ph
o

(R)-SegPhos

PArz L2

PPh, PAr, PAr, MeO ! PAr,
PPh, PAr, E PAr, MeO ] PAr,

L4: (s )-DifluorPhos ~ L5: Ar—3,5-Me206H3 L7

(R)-Xyl-BINAP Ar= 3,5—TMSZC6H3 Ar = 3,5-TMS,CgHs
entry” [H] source solvent [Pd] L* convn (%)”  2ayield (%)°  ee (%)°  3avyield (%)°  4a yield (%)”
1 NaBH, DMF Pd(OAc), L1 >95 82 91 <5 7
2 KBH, DMF Pd(OAc), L1 >95 78 92 9 6
3 NaBH,CN DMF Pd(OAc), L1 33 6 - 19 <5
4 HBpin DMF Pd(OAc), L1 34 15 92 s <
s HCO,Na DMF Pd(OAC), L1 >95 25 16 75 <
6 HCO,H/Et;N DMF Pd(OACc), L1 >95 s - 95 <5
7 Et,SiH DMF Pd(OAc), L1 80 < ; 72 <
8 NaBH, CH,CN Pd(OAc), L1 >95 78 91 <5 5
9 NaBH, toluene Pd(OAc), L1 >95 7 6 90 <S
10 NaBH, 1,4-dioxane Pd(OAc), L1 95 79 18 <5 6
11 NaBH, DMF Pd(acac), L1 90 80 86 <5 6
12 NaBH, DMF Pd(P'Bus), L1 91 86 88 <5 <s
13 NaBH, DMF Pd(PPh,),Cl, L1 2 17 77 <5 <5
14 NaBH, DMF Pd(OAc), L2 >95 82 69 7 <
15 NaBH, DMF Pd(OAc), L3 63 45 44 <5 <5
16 NaBH, DMF Pd(OAc), L4 10 <5 ; <5 <5
17 NaBH, DMF Pd(OAc), LS >95 84 71 <5 <5
18 NaBH, DMF Pd(OAc), L6 87 76 84 <S 7
19 NaBH, DMF Pd(OAC), L7 94 80 83 <5 7
20¢ NaBH, DMF Pd(OAc), L1 85 75 91 <5 <5
21 NaBH, DMF Pd(OAc), L1 90 73 91 <5 7
22 NaBH, DMF Pd(OAc), L1 >95 85 93 <5 8
237 NaBH, DMF Pd(OAc), L1 >95 84 94 <5 7

“Reaction conditions: cis-1a (0.2 mmol), [Pd] (5.0 mol %), L* (7.5 mol %), [H] source (2.0 equiv), solvent (2.0 mL) 40 °C, 22 h. YDetermined
by "H NMR analysis using 1,3,5- trlmethoxybenzene as the internal standard. “Determined by chiral HPLC analysis. “The reaction was carried out
at 25 °C. “The amount of L1 was 6.0 mol %. “The amount of L1 was 10.0 mol %. The amount of sodium borohydride was 1.5 equiv.

alkyl groups did not impact the enantioselectivity (2b—2f).
Furthermore, methyloxymethyl (2g) was also well tolerated.
Trifluoromethyl-, cyano-, and fluoro-substituted epoxides
(2h—21) worked well, and good vyields and excellent
enantioselectivities were obtained. An apparent steric hin-
drance effect was observed. The methyl group at the 2-position
of the benzene ring gave low yield and enantioselectivity (2m),
whereas high yields and enantioselectivities (2n, 20) were
observed when the methyl or methoxy groups were introduced
into the 3-position. The substrates with disubstituted methyl
groups in the benzene ring were also investigated, both of
which proceeded smoothly with good yields and excellent
enantioselectivities (2p, 2q). To demonstrate the utility of this
methodology, the asymmetric hydrogenolysis of 1a was carried
out on a 1.0 mmol scale, smoothly providing the product
(—)-2a with 81% yield and 93% ee. The absolute configuration
of product (—)-2a was determined to be S by comparing the
optical rotation value with that reported in the literature.'*
To further demonstrate the practicality of this method, the
palladium-catalyzed regioselective deuteration of epoxides cis-1
was carried out with commercially available sodium
borodeuteride. The results are summarized in Scheme 3.

Pleasingly, the hydrogenolysis could proceed smoothly to give
the deuterated alcohols with good yields and excellent
enantioselectivities and diastereoselectivities, which provided
a good solution to the site-specific incorporation of deuterium
in organic molecules. According to the rule of the coupling
constant of a-hydrogen in 1,2-diphenylpropan-1-ol, the
coupling constant in anti is greater than that in syn,'> so the
absolute configuration of the deuterium-containing site of
(—)-d-2a was determined as R by comparing the correspond-
ing coupling constants of the a-hydrogen of the alcohol
hydroxyl group in the compounds (—)-(S)-2a and (—)-d-2a
(see the Supporting Information for details).

The hydrogenolysis kinetic resolution of trisubstituted
epoxide (+)-§ was further explored (Scheme 4). The reaction
proceeded smoothly with (+)-5a under the slightly modified
conditions, and the selectivity factor reached 27.8. Next, the
electronic effects of R' were investigated. The marginal
influence was observed on the s value with the electron-
donating group or the electron-withdrawing group (5b, 5c).
Furthermore, the s value achieved 48.3 when the R! substituent
was phenyl (+)-5d, and the absolute configuration of (+)-5d
was assigned as (2R,3R) by X-ray diffraction analysis (see the
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Scheme 2. Substrate Scope for the Hydrogenolysis Desymmetrization of cis-1
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Scheme 4. Substrate Scope for the Hydrogenolysis Kinetic Resolution of (+)-5
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Supporting Information for details)."® The hydroxyl-protected
epoxides were also investigated, and the s value was up to 50.9
(Se, 5f). Substrates containing nitrogen or sulfur functional
groups (Sg, Sh) could undergo efficient hydrogenolysis and
provide 28.7 and 58.9 s values, respectively. Various alkyl
groups of R’ such as ethyl, isopropyl, and benzyl groups,
essentially did not affect the efliciency of asymmetric
hydrogenolysis and gave the target products with high s values
(5i—5k). Considering that the s value would be interfered by
the stereoscopic configurations in the substrates, the kinetic
resolution of cis-(+)-5i was also investigated. An s value of 27.4
was obtained, which was slightly lower than that of trans-
(£)-Si. Besides, this method had good tolerance for nonfunc-
tional simple epoxides, (+)-S1 and 1,2-diaryl substituted
(£)-5m, in which a single regioselective product (—)-6m
was observed for Sm.

Inspired by the aforementioned examples, asymmetric
hydrogenolysis of other types of epoxides was explored
(Scheme S), including trans-2,3-diphenyloxirane, 2-butyl-3-
phenyloxirane, (3-phenyl-oxiran-2-yl)methanol, and 2-phenyl-
oxirane. Regrettably, no satisfactory results were observed;
those substrates readily generated the ketone or aldehyde
intermediates under the hydrogenolysis conditions, which

43564

further underwent reduction by boron reagents to afford the
racemic alcohols. To explain this phenomenon, the proportion
of #-H elimination was explored with the labeling experiments
of cis- and trans-epoxide la under palladium/(+)-DTBM-
SegPhos/sodium borodeuteride (Scheme S5a,Sb). The f-H
elimination percentages were 3.7 and 27.2%, respectively,
which indicated that f-H elimination of the trans-epoxide
substrates is relatively easy, which might ascribe to the different
rotation barrier; f-H elimination is more difficult to occur in
the generated alkyl palladium(II) species from cis-substrates
than from the trans-substrates. Thus, high yields and ee values
could be obtained with cis-1,2-diaryl-substituted and trisub-
stituted epoxides.

Epoxides are a class of highly reactive molecules that often
exhibit multiple reaction pathways.'” In order to gain insight
into the mechanism, we proposed three possible reaction
processes and performed a series of verification experiments
(Scheme 6). Based on the observation of the side product
ketone 3a during the condition optimization, the reaction may
be a formal hydrogenolysis that cis-1a was first isomerized to
the ketone 3a, and then 3a was directly reduced to give the
product (—)-2a. Therefore, the ketone 3a was employed under
the standard condition, and 2a was observed with 51% yield
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Scheme S. Other Attempts and Analyses
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and 5% ee, which indicated that the ketone 3a was not the
intermediate (Scheme 6a). In addition, a labeling experiment
was conducted using cis-2,3-d,-1b as the starting material and
delivered (—)-1,2-d,-2b in 80% yield and 96% ee with the
maintained deuteration rate of the benzylic site (Scheme 6b),

which also excluded the formal hydrogenolysis mechanism.

43566

Considering that palladium acetate has Lewis acidity, which
might catalyze the ring-opening of epoxides as Lewis acid
catalysts (see the Supporting Information for details), two
control experiments were conducted. Trace amounts of the
product were observed when sodium borohydride was used in
the absence of a palladium catalyst (Scheme 6¢). The reaction
also did not occur when palladium acetate was used without
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(R)-DTBM-SegPhos (Scheme 6d). Collectively, these data
indicated that palladium acetate has low catalytic activity as a
Lewis acid for the formal hydrogenolysis of cis-1a. According
to literature reports,”” palladium-catalyzed isomerization of
epoxides usually underwent a Pd(0)/Pd(Il)-catalyzed mecha-
nism. The asymmetric hydrogenolysis of the epoxides in this
work may also involve the Pd(0)/Pd(II) catalytic cycle. Some
control experiments were carried out to verify this hypothesis.
Pd(P'Bu;), was used as catalyst precursor and delivered
(=)-2a with a similar reactivity and ee value as palladium
acetate (Scheme 6e). When Pd(P'Bus), was used without a
chiral ligand, the product (+)-2a could be obtained in a low
22% vyield (Scheme 6f). The above experimental results
indicated that the hydrogenolysis is likely to proceed through
a Pd(0)/Pd(11) mechanism.'®

The mechanistic pathway was further investigated using
density functional theory (DFT) at the MO6L/6—311+G(d,p),
SDD/IEE-PCM(DMF)//MO6L/6—31G(d), and SDD/IEE-
PCM (DMF) levels of theory to elucidate the full reaction
process and the origin of the stereoselectivity (see the
Supporting Information for details). As illustrated in Figure
1, the zerovalent palladium—ligand complex L,Pd° (Intl) was
chosen as the zero point, and two possible oxidative addition
pathways between L,Pd’ and the substrate 1a were evaluated.
In the first pathway, the oxidative addition of la to L,Pd°
proceeds via transition states TS1SS (AG* = 13.8 kcal/mol)
and TSIRR (AG* = 11.4 kcal/mol), yielding the cationic and
anionic intermediates Int2RR and Int2SS, respectively. The
intermediate Int2RR then isomerizes to form the more
thermodynamically stable four-membered ring intermediate
Int3RR. Alternatively, 1a and L,Pd° can directly form the four-
membered ring intermediates Int3RS and Int3SR via
transition states TS2RS (AG* = 19.7 kcal/mol) and TS2SR
(AG* = 18.3 kcal/mol), respectively. Computational analysis
revealed that the pathway involving TSIRR is the most
energetically favorable. Subsequently, Int3RR undergoes
transmetalation in the presence of NaBH,, generating the
intermediate Int4. Finally, Int4 undergoes reductive elimi-
nation via the transition state TS3 (AG* = 5.4 kcal/mol) to
afford intermediate Int5 and regenerates the L,Pd° catalyst,
thereby completing the catalytic cycle. The agreement between
theoretical calculations and experimental results regarding the
absolute stereochemistry of (—)-(S)-2a or (—)-d-2a offers
further support for an outer-sphere (Sy2-like) oxidative
addition of L,Pd° onto the epoxide.

To elucidate the origin of stereoselectivity in the oxidative
addition process, we systematically compared the key
transition-state structures. As illustrated in Figure 2, the
transition state TS1SS exhibits significant steric repulsion
between the substrate la and the substituents on the
phosphine ligand, leading to a higher activation energy (AG*
= 13.8 kcal/mol) compared to TSIRR (AG* = 11.4 kcal/mol).
To further assess the influence of the ligand on chiral
induction, the phosphine substituents in TSIRR and TS1SS
were computationally replaced with hydrogen atoms. This
modification reduced the energy difference between the
transition states from 2.4 kcal/mol (Figure 2) to 0.7 kcal/
mol (Figure S2), underscoring the critical role of the
phosphine ligand in controlling the reaction selectivity.
Additionally, two-dimensional projection analysis of the
stereocontrolling transition states (TS1RR and TS1SS) was
conducted. The results revealed stronger nonbonded repul-
sions between the ligand and the substrate in TS1SS than

those in TSIRR, further confirming that the increased steric
hindrance in TS1SS elevates its transition-state energy.
Collectively, these analyses demonstrate that the substituents
on the phosphine ligand are pivotal in determining the
reaction’s stereoselectivity.

Through the combination of experimental and theoretical
studies, the following possible mechanism was proposed: first,
the oxidative addition of the chiral Pd(0) complex with
epoxide cis-la generated the zwitterion species A, which
further cyclized to afford the four-membered ring species A’.
Next, species A’ conducted the fast hydrogen transfer in the
presence of sodium borohydride to afford the active Pd—H
species B. Finally, the product (—)-2a was obtained through
reductive elimination and protonolysis. The chiral Pd(0)
complex was regenerated to complete the catalytic cycle.
Theoretical calculations revealed that the oxidative addition
serves as both the rate-determining step and the enantiose-
lectivity-determining step of the palladium-catalyzed hydro-
genolysis process (Scheme 7).

Scheme 7. Plausible Mechanism
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B CONCLUSIONS

In summary, a palladium-catalyzed asymmetric hydrogenolysis
of epoxides has been developed. The lynchpin is the
suppression of the impact of adverse -H elimination by the
borane with good oxyphilicity as a hydride source to accelerate
hydrogen transfer and the use of the bulky bidentate
phosphine (R)-DTBM-SegPhos-based chiral palladium cata-
lysts. The hydrogenolysis desymmetrization of cis-epoxides was
achieved, giving a series of alcohols with excellent enantiose-
lectivities, which also provided a good solution to the site-
specific incorporation of deuterium in organic molecules.
Trisubstituted epoxides were compatible under this catalytic
system through kinetic resolution with up to a 58.9 selectivity
factor. By the combination of experimental and theoretical
studies, a plausible Pd(0)/Pd(Il) catalytic mechanism was
proposed. Further work on exploring this palladium catalytic
system on other types of epoxides is ongoing in our laboratory,
and we hope this work can inspire the development of new
asymmetric transformations of epoxides with transition-metal
catalysts.
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