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Initial stages of two representative Ni-catalysed asymmetric
hydrogenations were investigated computationally featuring
the formation of the active catalytic species
[R,R-BenzP*NiH]* from  R,R-BenzP*Ni(OAc), and
[S,S-Ph-BPENiH]* from S,S-Ph-BPENi(OAc),. Among
several computed pathways the most feasible is dissociation
of acetic acid from (ligand)NiH(HOAc) formed by H,
metathesis in the (ligand)Ni(H,)(OAc),. The rate-limiting
step is the initial metathesis of H, requiring high effective
activation barriers of 28.3 and 26.6 kcal mol!, in accord
with high pressures and elevated temperatures essential for
the Ni-catalysed hydrogenations.
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Transition metal catalysed asymmetric hydrogenation has
become a powerful method for creation of chiral compounds that
can be further used for design and synthesis of chiral drugs and
new candidates for various applications requiring enantio-
merically pure compounds.'? Historically the method was
developed based on the application of chiral complexes of noble
metals such as Rh,>7 Ru,3!0 Ir'112 and Pd.!>!* Although new
reactions applying noble metals continue to appear, the modern
trend shifted to wider use of the complexes of earth abundant
(and accordingly much cheaper) metals like Fe,'>'0 Ni,!718
Co,'"21 Mn?2 or Cu.?? Additional bonus making the use of these
metals is their relative environmental benignity.

It is a common knowledge that in such a sophisticated
technology like asymmetric hydrogenation, understanding of the
reaction mechanisms including the details of the catalytic cycles
is essential for successful development of new effective catalysts
and proper adjustment of the reaction conditions. Following
successful developments in this field for Ru, Rh, Ir and Pd
catalysts, important mechanistic results were recently published
for asymmetric hydrogenation using Co (propene’* and
enamide®), Ni (variously substituted C=N bonds),?*?® Mn
(acetophenone, heterocycles),?3! Cu (conjugated pentenones)??
catalysts. However, further research in this area is strongly wanted.

In particular, the structure of the active catalytic species is
relatively elusive compared to the noble metal catalysed
asymmetric hydrogenations due to greater number of possibilies,
involvement of paramagnetic species and other technical
difficulties. Since the publication of experimental and
computational studies of the Pd case identifying a [P,Pd—H]J*
complex as the most probable catalyst in the asymmetric
hydrogenation, it has been (not unreasonably) assumed that
similar species could play the same role in earth abundant
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metals catalysed hydrogenations. More recently published
computational study of the early stages of the Co-catalysed
asymmetric hydrogenations confirmed the early assumptions.??

In this work we investigate the mechanism of generation of
the active catalytic species in Ni-catalysed asymmetric
hydrogenation (for computational methods, see Online
Supplementary ~ Materials). The Ni  complexes of
R,R-Bu*-BenzP* and §,S-Ph-BPE (Scheme 1) were chosen for
this study since the corresponding catalytic cycles and the
mechanisms of enantioselection were recently published.?”28

Unlike the reactions catalysed by chiral complexes of noble
metals, Ni is often introduced to the system in a form of hydrated
salt, e.g. Ni(OAc),-4H,0 accompanied with equimolar amount
of the ligand. Therefore, we started our analysis from the chelate
complexes which can easily form under these conditions (see
Scheme 1). These complexes react with dihydrogen yielding
adducts of 1a,b with H,. Metathesis of dihydrogen proceeds
through the TS1a,b and after dissociation of the weakly bound
in 3a,b acetic acid, leads to the Ni hydrides 4a,b. This is the
rate-limiting step of the initial stage of the reaction with
computed effective Gibbs free activation energies of 28.3 and
26.6 kcal mol~!, respectively (see Scheme 1). Metathesis of
another molecule of dihydrogen through TS2a,b followed by
dissociation of acetic acid yields neutral Ni dihydrides 7a,b.
However, the latter species are unlikely intermediates in the real
catalytic cycles, because the TS2a,b are significantly higher in
energy than the TS1a,b, and the formation of 7a,b is strongly
endergonic. We also considered a possibility of the generation
of cationic species from the relatively stable neutral hydride
complexes 4a,b via dissociation of the acetate anion. However,
these pathways were computed to be unreasonably high in
energy.
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Scheme 1 Computed Gibbs free energy profiles for the transformation of the nickel(Il) diacetate complexes 1a,b to nickel(1l) dihydride complexes 7a,b.

Therefore, we decided to check if protonation of 4a,b could open
the door for generation of cationic Ni species. As can be seen from
Scheme 1, acetic acid can be formed in the reaction mixture.
Moreover, it has been found that addition of acid (either added or
formed during hydrogenation) is essential for the smooth
hydrogenation of oximes catalysed by the S,5-Ph-BPE Ni complex.2°

The computed pathways resulting in the formation of cationic
Ni complexes 9a,b are shown in Scheme 2. Protonation of 4a,b
yields cationic complexes 8a,b. Then elimination of acetic acid
via TS3a yields the active catalyst 9a. In the case of the 8b the
same reaction proceeds barrierlessly yielding complex 8'b
stabilized by n? coordination of one of the phenyl groups of the
S,S-Ph-BPE ligand (Figure 1). Elimination of acetic acid from
8b provides 9b. Interestingly, these computations predict a
milder formation of 9b compared to 9a (see Scheme 2). The
hydride in 9b is more effectively stabilized via intramolecular
CH/r contacts that makes it 4.4 kcal mol~! more stable compared
to 8b. On the other hand, 9a is only 1.3 kcal mol~! more stable
than 8a. This may be a reason for better performance of the
S,S-Ph-BPE Ni complex compared to the R,R-Bu'-BenzP* Ni
complex in the asymmetric hydrogenation of oximes.

Figure 1 Optimized structures of the active catalysts 9a and 9b.

o P + P + In conclusion, cationic nickel(Il) monohydride complexes
P, P P P |OAc P P 9a,b, the true catalysts in the Ni-catalysed asymmetric
/Nl\ I /Nl\ —_— /Nl\ hydrogenations, can be generated via the protonation of acetate
H OAc H Pac TOAT W OAc complexes 4a,b. The rate-limiting step for the catalyst
+AcOH H H generation is the metathesis of dihydrogen in a
4a,b-AcOH 0.0 Sa‘ACO: 204 8a 10.1 (ligand)Ni(H,)(OAc), molecule. Computational results are in
8b-AcO™ 20.7 8b 12.9 . . . ..
. accordance with the experimentally observed higher reactivity of
TN " [~ 7" the S,S-Ph-BPE Ni complex compared to the R,R-Bu'-BenzP* Ni
8a 1532232 P\Ni/ P — N V/P complex in the asymmetric hydrogenation of acetophenone
o \‘HOAc —HOAc leh oxime 26
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Online Supplementary Materials

Scheme 2 Possible pathways leading to the formation of 9a,b. The values
standing near the codes are in kcal mol~'.

Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7818.

709 —



Mendeleev Commun., 2025, 35, 708-710

References

1

2

10

11

13

14

16

17

A. Cabré, X. Verdaguer and A. Riera, Chem. Rev., 2021, 122, 269;
https://doi.org/10.1021/acs.chemrev.1c00496.

P. Etayo and A. Vidal-Ferran, Chem. Soc. Rev., 2013, 42, 728; https://
doi.org/10.1039/C2CS35410A.

W. S. Knowles, Angew. Chem., Int. Ed., 2002, 41, 1998; https://
doi.org/10.1002/1521-3773(20020617)41:12<1998::AID-
ANIE1998>3.0.CO;2-8.

X. Zhang, K. Huang, G. Hou, B. Cao and X. Zhang, Angew. Chem., Int.
Ed., 2010, 49, 642; https://doi.org/10.1002/anie.201002990.

Y. Xu, D. Liu, Y. Deng, Y. Zhou and W. Zhang, Angew. Chem., Int. Ed.,
2021, 60, 23602; https://doi.org/10.1002/anie.202110286.

T. Imamoto, K. Tamura, Z. Zhang, Y. Horiuchi, M. Sugiya, K. Yoshida,
A. Yanagisawa and 1. D. Gridnev, J. Am. Chem. Soc., 2012, 134, 1754,
https://doi.org/10.1021/ja209700j.

W. Chen, F. Spindler, B. Pugin and U. Nettekoven, Angew. Chem., Int.
Ed., 2013, 52, 8652; https://doi.org/10.1002/anie.201304472.

V. K. Vyas and B. M. Bhanage, Org. Chem. Front.,2016, 3, 614; https://
doi.org/10.1039/C6QO00036C.

E. R. Ashley, E. C. Sherer, B. Pio, R. K. Orr and R. T. Ruck, ACS
Catalysis, 2017, 7, 1446; https://doi.org/10.1039/d3sc01060k.

X. Meng, S. Lan, T. Chen, H. Luo, L. Zhu, N. Chen, J. Liu, S. Yang,
A. E. Cotman and Q. Zhang, J. Am. Chem. Soc., 2024, 146, 4942;
https://doi.org/10.1021/jacs.3¢14239.

E. Chong, B. Qu, Y. Zhang, Z. P. Cannone, J. C. Leung, S. Tcyrulnikov,
K. D. Nguyen, N. Haddad, S. Biswas and X. Hou, Chem. Sci., 2019, 10,
4339; https://doi.org/10.1039/C8SCO5612A.

Y. Wen, M. Fernandez-Sabaté, A. Lledés, G. Sciortino, J. Eills,
1. Marco-Rius, A. Riera and X. Verdaguer, Angew. Chem., Int. Ed.,
2024, 63, €202404955; https://doi.org/10.1002/ange.202404955.

P. Luan, Y. Liu, Y. Li, R. Chen, C. Huang, J. Gao, F. Hollmann and
Y. Jiang, Green Chem., 2021, 23, 1960; https://doi.org/10.1039/
D1GCO00372K.

J. Chen, Z. Zhang, B. Li, F. Li, Y. Wang, M. Zhao, 1. D. Gridnev,
T. Imamoto and W. Zhang, Nat. Commun., 2018, 9, 5000; https://doi.
org/10.1038/s41467-018-07462-w.

W. Zuo, D. E. Prokopchuk, A. J. Lough and R. H. Morris, ACS Catalysis,
2016, 6, 301; https://doi.org/10.1021/acscatal.5b01979.

Q. Xue, R. Wu, D. Wang, M. Zhu and W. Zuo, Organometallics, 2020,
40, 134; https://doi.org/10.1021/0m2005172.

H. Xu, P. Yang, P. Chuanprasit, H. Hirao and J. Zhou, Angew. Chem.,
Int. Ed., 2015, 54, 5112; https://doi.org/10.1002/anie.201501018.

- 710 -

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

D. Liu, B. Li, J. Chen, I. D. Gridnev, D. Yan and W. Zhang, Nat.
Commun., 2020, 11, 5935; https://doi.org/10.1038/s41467-020-19807-5.
M. R. Friedfeld, H. Zhong, R. T. Ruck, M. Shevlin and P. J. Chirik,
Science, 2018, 360, 888; https://doi.org/10.1126/science.aar6117.

Y. Hu, Z. Zhang, J. Zhang, Y. Liu, I. D. Gridnev and W. Zhang,
Angew. Chem., Int. Ed., 2019, 58, 15767; https://doi.org/10.1002/
anie.201909928.

Y. Hu, Z. Zhang, Y. Liu and W. Zhang, Angew. Chem., Int. Ed., 2021, 60,
16989; https://doi.org/10.1002/anie.202106566.

C. Liu, M. Wang, S. Liu, Y. Wang, Y. Peng, Y. Lan and Q. Liu, Angew.
Chem., Int. Ed.,2021, 60, 5108; https://doi.org/10.1002/anie.202013540.
J. Guan, J. Chen, Y. Luo, L. Guo and W. Zhang, Angew. Chem., Int. Ed.,
2023, 62, €202306380; https://doi.org/10.1002/anie.202306380.

S.-B. Wu, T. Zhang, L. W. Chung and Y.-D. Wu, Org. Lett., 2019, 21,
360; https://doi.org/10.1021/acs.orglett.8b03463.

L. D. Gridnev, Int. J. Mol. Sci., 2023, 24, 5568; https://doi.org/10.3390/
ijms24065568.

B. Li, J. Chen, D. Liu, I. D. Gridnev and W. Zhang, Nat. Chem., 2022,
14, 920; https://doi.org/10.1038/s41557-022-00971-8.

H. Wei, H. Chen, J. Chen, I. D. Gridnev and W. Zhang, Angew. Chem.,
Int. Ed.,2023,62,e202214990; https://doi.org/10.1002/anie.202214990.
H. Wei, Y. Luo, Li, J. Chen, I. D. Gridnev and W. Zhang, J. Am. Chem.
Soc., 2025, 147, 342; https://doi.org/10.1021/jacs.4c10623.

Y. Zhao, L. Zhang, M. Pu and M. Lei, Dalton Trans., 2021, 50, 14738;
https://doi.org/10.1039/D1DT02410H.

L. Zhang, Z. Wang, Z. Han and K. Ding, Angew. Chem., Int. Ed., 2020,
59, 15565; https://doi.org/10.1002/anie.202006383.

C. Liu, M. Wang, S. Liu, Y. Wang, Y. Peng, Y. Lan and Q. Liu, Angew.
Chem., Int. Ed.,2021,60,5108; https://doi.org/10.1002/anie.202013540.
C. L. Oates, A. S. Goodfellow, M. Biihl and M. L. Clarke, Angew.
Chem., Int. Ed., 2023, 62, e202212479; https://doi.org/10.1002/
anie.202212479.

C. L. Oates, A. S. Goodfellow, M. Biihl and M. L. Clarke, Green Chem.,
2023, 25, 3864; https://doi.org/10.1039/D3GC00399J.

J. Guan, J. Chen, Y. Luo, L. Guo and W. Zhang, Angew. Chem., Int. Ed.,
2023, 62, €202306380; https://doi.org/10.1002/anie.202306380.

Received: 6th May 2025; Com. 25/7818


https://doi.org/10.1021/acs.chemrev.1c00496
https://doi.org/10.1039/C2CS35410A
https://doi.org/10.1039/C2CS35410A
https://doi.org/10.1002/1521-3773(20020617)41
https://doi.org/10.1002/1521-3773(20020617)41
https://doi.org/10.1002/anie.201002990
https://doi.org/10.1002/anie.202110286
https://doi.org/10.1021/ja209700j
https://doi.org/10.1002/anie.201304472
https://doi.org/10.1039/C6QO00036C
https://doi.org/10.1039/C6QO00036C
https://doi.org/10.1039/d3sc01060k
https://doi.org/10.1021/jacs.3c14239
https://doi.org/10.1039/C8SC05612A
https://doi.org/10.1002/ange.202404955
https://doi.org/10.1039/D1GC00372K
https://doi.org/10.1039/D1GC00372K
https://doi.org/10.1038/s41467-018-07462-w
https://doi.org/10.1038/s41467-018-07462-w
https://doi.org/10.1021/acscatal.5b01979
https://doi.org/10.1021/om2005172
https://doi.org/10.1002/anie.201501018
https://doi.org/10.1038/s41467-020-19807-5
https://pubmed.ncbi.nlm.nih.gov/?term=Friedfeld+MR&cauthor_id=29798879
https://pubmed.ncbi.nlm.nih.gov/?term=Zhong+H&cauthor_id=29798879
https://pubmed.ncbi.nlm.nih.gov/?term=Ruck+RT&cauthor_id=29798879
https://pubmed.ncbi.nlm.nih.gov/?term=Shevlin+M&cauthor_id=29798879
https://pubmed.ncbi.nlm.nih.gov/?term=Chirik+PJ&cauthor_id=29798879
https://doi.org/10.1126/science.aar6117
https://doi.org/10.1002/anie.201909928
https://doi.org/10.1002/anie.201909928
https://doi.org/10.1002/anie.202106566
https://doi.org/10.1002/anie.202013540
https://doi.org/10.1002/anie.202306380
https://doi.org/10.1021/acs.orglett.8b03463
https://doi.org/10.3390/ijms24065568
https://doi.org/10.3390/ijms24065568
https://doi.org/10.1038/s41557-022-00971-8
https://doi.org/10.1002/anie.202214990
https://doi.org/10.1021/jacs.4c10623
https://doi.org/10.1039/D1DT02410H
https://doi.org/10.1002/anie.202006383
https://doi.org/10.1002/anie.202013540
https://doi.org/10.1002/anie.202212479
https://doi.org/10.1002/anie.202212479
https://doi.org/10.1039/D3GC00399J
https://doi.org/10.1002/anie.202306380

