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Chiral 1,3,2-Diazaphospholenes as Catalytic Molecular Hydrides
for Enantioselective Conjugate Reductions

Soléne Miaskiewicz,” John H. Reed,” Pavel A. Donets, Caio C. Oliveira and Nicolai Cramer*

Abstract: Secondary 1,3,2-diazaphospholenes have a polarized P—
H bond and are emerging as molecular hydrides. A class of chiral
conformationally restricted methoxy-1,3,2-diazaphospholene
catalysts is reported. We demonstrate their catalytic potential in
enantioselective  1,4-reduction of a,-unsaturated carbonyl
derivatives comprising enones, acyl pyrroles and amides in
enantioselectivities of up to 95.5:4.5 er.

Catalytic asymmetric hydrogenation is an indispensable
cornerstone in organic synthesis, with application throughout
petrochemical, pharmaceutical, material, and food industries.™
Transition-metal based catalysts equipped with chiral ligands are
the most widely applied, often providing high enantioselectivities
and turn-over numbers.” The costs and scarcities of precious
metals have sparked interest in alternative metal-free methods.?
Several organocatalytic hydrogenation reactions have emerged,
most commonly powered by chiral Brgnsted / Lewis acids or
bases,”” as well as frustrated Lewis pairs (FLPs).®! with the
exception of FLPs,® the enantiocontrol in metal-free
hydrogenations is typically induced by creation of a chiral
activating environment of the substrate prior to the reduction
event with an achiral hydride donor.!”? The development of chiral
organic catalysts able to transfer hydrides to a broad variety. of

substrates under mild conditions remains an attractive challenge.

In this context, Gudat and coworkers discovered the hydridic
character of the P-H bond of secondary 1,3,2-
diazaphospholenes (DAPs) caused by o-aromaticity (Scheme
1).®! Investigations into their reactivity revealed their efficacy in
stoichiometric 1,2-reduction of aldehydes and ketones, and
selective 1,4-reduction of cinnamaldehyde. !
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Scheme 1. The hydridic character of DAPs enables reductive transformations.
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Subsequently, transfer hydrogenation of azocompounds with
ammonia-boranel®® and hydrosilylation of CO.® have been
disclosed with DAPs. The discovery of facile o-bond metathesis
between alkoxy-DAP and pinBH by Kinjo was an important
advancement, allowing the regeneration of the DAP, thus
enabling catalytic reduction of ketones.™! Moreover, this allowed
other groups to consider the use of more stable alkoxy—DAPs as
viable precatalysts that are in situ activated by pinBH.
Independently, Speed and Kinjo reported 1,4-reductions of a,B-
unsaturated carbonyl derivatives with achiral DAP catalysts in
2017,*%28 and more recently hydroboration of pyridines.*2%
Given our longstanding interest in chiral ligand design,*® we
embarked on the development of chiral DAP catalysts
capitalizing on diimines that are versatile intermediates in the
synthesis of chiral NHCs,™¥ diamino phosphine oxides,*® and
phosphordiamidite ligands (Scheme 2).*% During the preparation
of our manuscript, a chiral DAP-catalyzed asymmetric reduction
of imines with enantiomeric ratios varying from 55:45 to 88:12
was reported.”
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Scheme 2. Expansion of the chiral diimine platform to access DAP catalysts.

The conjugate reduction of acyl pyrrole 1a was selected as initial
benchmark transformation (Table 1). The combination of achiral
catalyst P1 and pinBH as terminal reductant provided 88% of
product 2a at room temperature in acetonitrile (entry 1).
Importantly, no reaction occurred when DAP P1 was omitted,
excluding any parasitic background reduction (entry 2). A quick
survey with DAPs P2 and P3 derived from their readily
accessible corresponding diimines (see Sl), provided
encouraging preliminary results (entries 3, 4). The improved P3
catalyzed the reduction smoothly, giving 2a in an enantiomeric
ratio of 81.5:18.5. Despite the initial promising enantiomeric
ratios observed with this chiral benzylic-amine-derived catalyst
class, it proved difficult to improve the selectivity to synthetically
useful levels. We hypothesized that more stringent control of
chiral space around the phosphorous atom might be beneficial
for the selectivity. In this respect, we identified a constrained
cyclic backbone, used in Hong’s NHC ligands,™ as convenient
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way to inhibit bond rotation between the nitrogen and carbon
atom bearing the chiral information of the DAP. Rigid DAPs with
smaller R groups, P4 (R=Me) and P5 (R=iPr), afforded reduction
product 2a in good yields with moderate selectivity (entries 5, 6).
Increasing the bulk of the alkyl substituents (ent-P6, P7 and P8)
significantly improved the enantioselectivity to 89:11 er (entries
7-9). Phenyl derivative P9 provided 2a in an enantiomeric ratio
of 84:16 (entry 10). Notably, aromatic derivatives were simpler to
access using our Cp*Rh" C-H functionalization technology
(Scheme 3).2% The obtained enantio-enriched imidoyl chlorides
3 were dimerized under Ni-catalyzed reductive homocoupling
conditions.” The envisioned DAPs P9, P10 and P12-17 were
accessed by treating 4 with PBrs and cyclohexene,?" followed
by sodium methoxide.

A DAP catalyst, pinBH
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18 10 P17 MeCN 23 91 88.5:11.5
19 10 P17 THF 23 87 87:13
20 10 P17 PhMe 23 99 91:9
21 10 P17 PhMe 2 95 93.5:6.5
22 5 P17 PhMe 2 97 93.5:6.5
23 5 P17 PhMe -10 76 93.5:6.5
24 5 P17 PhMe -35 9

R1
ltBu Me SMe !yle OMe
N NN Me  OMe e
[N:P—OBn O \=/ O Ph)\N\’i\/N/-\Ph

tBu P1 Q P3 O :2
Entry mol% DAP Solvent T (°C) Yield™ (%) er
1 10 P1 MeCN 23 88 -
2 0 - MeCN 23 0 -
3 10 P2 MeCN 23 90 70.5:29.5
4 10 P3 MeCN 23 91 81.5:18.5
5 10 P4 MeCN 23 75 66.5:33.5
6 10 P5 MeCN 23 84 66:34
7 10 ent-P6 MeCN 23 75 24:76
8 10 P7 MeCN 23 78 72:28
9 10 P8 MeCN 23 72 89:11
10 10 P9 MeCN 23 75 84:16
11 10 P10 MeCN 23 84 79.5:20.5
12 10 ent-P11  MeCN 23 75 21:79
13 10 P12 MeCN 23 88 88.5:11.5
14 10 P13 MeCN 23 79 84.5:15.5
15 10 P14 MeCN 23 66 84:16
16 10 P15 MeCN 23 84 84:16
17 10 P16 MeCN 23 7 86.5:13.5

[a] 0.1 mmol 1a, 0.15 mmol pinBH, 5-10 mol% DAP catalyst, 1.0 M in the
indicated solvent and temperature for 12 h. [b] isolated yield. [c] determined by
HPLC analysis with a chiral stationary phase.
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Scheme 3. Synthesis of aryl-substituted DAP catalysts.

In terms of catalytic performance, enhanced bulk proximal to the
phosphorous center through replacement of the phenyl group
with a 2-naphthyl (entry 11) or ortho-tolyl moiety (entry 12) was
not successful. The addition of substituents in the meta-position
was beneficial in the case of the 3,5-xylyl group, resulting in the
formation of 2a with 88.5:11.5 er (entry 13). However, bulkier
3,5-di-ethyl or 3,5-di-tert-butyl phenyl groups, as well as para-
substituted arenes, were inferior in terms of reactivity and
selectivity (entries 14-17). Compound P17 having 3,5-xylyl
substituents and a methoxy group on the backbone was retained
as the best performing catalyst and most easily purified (entry
18). A brief screen of solvents with P17 identified toluene as
superior solvent (entry 20). This permitted running the reaction
at 2 °C, improving the selectivity to 93.5:6.5 er (entry 21).
Moreover, the catalyst loading could be reduced to 5 mol%
without any effect on the reaction outcome (entry 22). However,
lowering the temperature to —10 °C did not improve the ee, and
catalyst turnover ceased at —35 °C (entries 23, 24).

With the optimized conditions, the scope of the reaction was
explored (Scheme 4). A variety of a,B-unsaturated acyl pyrroles
proved to be suitable substrates, providing access to the
reduced products 2a-k. Changing the R? substituent from a
methyl group to a longer alkyl chain had little influence on the
enantioselectivity or yield. The intrinsic properties of the aryl
substituents were evaluated. Both electron-donating and
electron-withdrawing groups could be introduced at various
positions on the arene, having little effect on reactivity, affording
products 2a-k in high yields and enantioselectivities (up to 97%,
93.5:6.5 er). A cyclic substrate reacted well and gave product 2|
in 97% vyield, albeit with a slightly lower enantiomeric ratio.
Notably, dialkyl-substituted a,B-unsaturated acyl pyrroles 1m and
1n were efficiently reduced. The conjugated double bond of

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

isoprene derived substrate 1m was selectively reduced with
moderate enantioselectivity. Substrate 1n, bearing a tert-butyl
substituent, gave 2n in an 89:11 er. In addition to a,pB-
unsaturated acyl pyrroles, chalcones 1o-t were smoothly
reduced to the corresponding ketones 20-t. Again, modulation of
the electronic properties of the aryl groups had little impact on
the reaction. Furthermore, benzylideneacetone afforded 2u with
91.5:8.5 er. Notably, more challenging o,B-unsaturated amides
proved to be competent substrates. Primary amide substrate 1v
could be reduced to 2v with 86:14 er at room temperature.
Secondary amide 1w reacted as well, with reduced selectivity.

R0 5 mol% P17, pinBH Ri{*)oj\
o ) o
—_—
R1J\/lj\v PhMe, 2°C, 12 h R’ 5 Y
1
R? R®

2a Me H 97 %, 93.5:6.5 er
CgHiz H 96 %, 93:7 er

Me CF3; 79 %, 89.5:10.5 er
CeHiz CF3 99 %, 93:7 er

Me OMe 90 %, 92:8 er

2f CgH43 OMe 95 %, 90:10 er
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O
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R3 Ce':"wa o Me Me O
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2n 88%,89:11 er R? R
» O 20 H 95%, 92:8 er 2r CF3;  88%,89.5:10.5er
2p CF; 96%, 86:14 er 2s Cl 96%, 91.5:8.5 er
29 Cl  96%855:1145er 2t OMe 79%,90.5:9.5er
Me O

Me O Me O
Ph/_\)J\Me Ph/-\)J\NHQ Ph/—\)L

2u 87%,91.5:85er

NHPh

2v 49%, 86:14 erl] 2w 63%, 69:31 er

[a] 0.1 mmol 1, 0.15 mmol pinBH, 5 mol% P17, 1.0 M in toluene at 2 °C for 12
h; [b] at 23 °C with 10 mol% P17.

Scheme 4. Reduction of a,B-unsaturated carbonyl derivatives.

To gain insights into the origin of enantioselection, single
crystals of the standout precatalyst P17 were submitted to X-ray
crystallographic analysis (Figure 1).”? The profile-view of the
structure shows pronounced splaying of the isoquinoline
moieties, resulting in an arrangement typical of binaphthyl-type
ligands. This aromatic backbone plays the role of a
conformational lock, rigidifying catalyst structure. As expected,
the diazaphospholene moiety is completely planar, and the
methoxy substituent on the phosphorous atom points out of
plane. According to seminal reports by Gudat,®® P—H bond
orientation in the active catalyst should also be perpendicular to
this plane as a result of sp®-hybridization at phosphorous. These
features force the bulky aromatic selector units into a pseudo
axial orientation. This results in a favored approach to the active
P-H site via two accessible quadrants, and a pronounced
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shielding of the two remaining ones. Taking this into account, we
propose the depicted stereoselectivity model, in which the larger
substituents on the substrate (R, and COR) occupy the empty
guadrants, leading to the corresponding (R)-enantiomers.

b) profile-view

\ \‘{
A

\ 9

g

a) top-view

c) front-view

accessible
quadrant

‘H H CorR

Favored
approach

accessible
quadrant

Figure 1. X-ray structure of P17 and a selectivity model for the asymmetric
reduction.

Based on NMR observations, the following catalytic cycle for the
1,4-hydroboration of a,B-unsaturated carbonyl derivatives is
suggested (Scheme 5). The active DAP catalyst B is rapidly
generated via o-bond metathesis from precatalyst A and pinBH.
Subsequent addition of B across olefin substrate 1 leads to a
mixture of intermediates C and C’. Stoichiometric *!P-NMR
experiments indicate four new species, suggesting that both
carbon- (syn, anti) and oxygen-bound (E, Z) intermediates are
formed (see Sl). At the current stage, it is unclear whether they
are formed directly by 1,4- (6-membered TS) and 3,4-additions
(4-membered TS), or — more likely — by interconversion. The
catalytic cycle is closed by reaction of the terminal reducing
agent, pinBH with these species, giving boron enolate D and
catalyst B (path a). Reduced product 2 is obtained after
hydrolytic workup. Moreover, NMR-studies with stoichiometric
amounts of A point to an additional scenario (path b). In this
case, the formed pinBOMe undergoes c-bond metathesis with
intermediates C, forming the same final hydroboration product D,
simultaneously regenerating precatalyst A. Although this could
be a minor pathway in a catalytic reaction due to the higher
concentration of pinBH with respect to pinBOMe, it may guide
the design of catalytic cycles with enhanced turn-over
frequencies.
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Scheme 5. Mechanism of the DAP-catalyzed reduction

In summary, we report a new class of chiral 1,3,2-
diazaphospholenes that catalyze enantioselective 1,4-reduction
of a,B-unsaturated carbonyl compounds. These findings
underscore the large untapped potential of diazaphospholenes
as new axis of phosphorous-based organo-catalysts. Further
improvement and applications of these chiral hydride transfer
agents in other enantioselective transformations is currently
ongoing in our laboratory.
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COMMUNICATION

A class of chiral 1,3,2-
diazaphospholenes  with  rigidified
backbones has been developed. As
first benchmark transformation, they
are shown to behave as catalytic
molecular hydrides for
enantioselective 1,4-reductions.
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