Chinese Chemical Letters 34 (2023) 108067

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Overriding the inherent alkalinity to dual phosphinito bimetallic ®)

Check for

catalyst for C(sp?)-C(sp?) formation: A combined computational and

experimental study

Sujuan Zheng?, Heng Zhang?, Qian Peng®b*

aState Key Laboratory of Elemento-Organic Chemistry, Tianjin Key Laboratory of Biosensing and Molecular Recognition, Frontiers Science Center for New

Organic Matter, College of Chemistry, Nankai University, Tianjin 300071, China
Y Haihe Laboratory of Sustainable Chemical Transformation, Tianjin 300192, China

ARTICLE INFO ABSTRACT

Article history:

Received 8 October 2022

Revised 9 December 2022
Accepted 12 December 2022
Available online 16 December 2022

Unraveling the catalytic reaction mechanism is a long-term challenge for developing efficient catalysts.
The blooming bimetallic catalyst have enabled to activate inert bonds and realize complex C-C forma-
tion. Herein, we theoretically discover a dual-phosphinito bridged hetero-bimetallic species that verified
by NMR experiments. Our results indicate only dual-phosphinito Ni-Al model can be an active catalyst

in asymmetric cycloadditions via C-C activation and C-H activation, which can well rationalize the ex-

Keywords:

Ni-Al bimetallic catalysis
Secondary phosphine oxides
Redox dehydrogenation
Dual-SPO model

perimental observations for both reactivity and stereo-selectivity. An unprecedented tandem redox de-
hydrogenation mechanism was revealed to control the formation of this active species overriding the
inherent basicity. Synergistic Lewis acid and ey orbital interactions, including d,.orbital reoccupation and
dy_,» orbital recombination, were disclosed to understand both thermodynamic and kinetic advance of
dual-bridged model, displaying feasible redox properties.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bimetallic catalysis is a rising catalytic strategy for challenge-
able C-C bond formations together with enantio-control nowa-
days [1-6]. The development on new bridged ligands have greatly
promoted the field of bimetallic catalysis to improve the reac-
tivity and selectivity [7-11]. Secondary phosphine oxides (SPOs)
have recently attracted more attention as robust pre-ligands for
transition-metal catalysis (Scheme 1a) [12-16], especially for the
bifunctional coordination (P and O) bridging two metals that may
lead to the unknown synergistic effect for catalysis [5,6]. Due
to the air- and moisture-tolerance, the secondary phosphine ox-
ides (SPO) are useful and crucial reagents [17-19]. Ackermann et
al. have made a remarkable progress in transition-metal catalysis
and realized a series of cross coupling reactions [15,20]. Cramer
[5] and Ye [6, 21-23] further developed this important field to Ni-
Al hetero-bimetallic catalysis probably bridged by isomerized SPO.
However, the NMR studies for the tautomeric behavior of vari-
ous SPOs showed that PV tautomer still predominates at ambient
temperature [24], seemly suggesting the quick SPO tautomerism
from PV to P! might not be true in reported reactions. Preliminary
computational studies revealed direct intramolecular tautomerism
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[25,26] can be slightly lowered by Brensted acid through intra- or
inter-molecular proton shuttles (Scheme 1b) [27,28]. An alternative
way to activate SPO is deprotonation by DBU [29], but the result-
ing transient P! intermediate would not be stabilized and finally
transformed a new PV product.

Computational mechanistic studies for Ni catalyzed organic re-
actions had been revealed for rationalizing the experimental ob-
servations, such as reductive coupling [30], cross-coupling [31-34],
photoredox catalysis [35,36]. Despite these impressive advances,
hetero-bimetallic catalysis remains challenge and unsolved prob-
lem due to the complex redox and electronic structures of variable
SPO ligand-mediated transition metal catalysts. Here, we disclosed
a new dual-phosphinito bridging Ni-Al bimetallic species and ad-
dressed the catalytic mechanism. (1) How to form the on-site
hetero-bimetallic complex? Tandem redox dehydrogenation mech-
anisms have been discovered together with an abnormal basicity
(Scheme 1c). (2) What is the origin and driving force for bimetal-
lic complex bridged by isomerized SPO? The synergistic effect of
Lewis acid and eg orbital interaction (LES) was raised. (3) Could
the thermodynamic stable species be kinetically active? The dual-
phosphinito bridged Ni-Al complex (dual-SPO) is an active catalyst
shown in Scheme 1c, which is structurally similar to bio-mimic
catalyst like double thio-bridged nickel-iron hydrogenase in biolog-
ical chemistry [37]. Further NMR experiments and computational
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Scheme 1. Synthetic applications and secondary phosphine oxides (SPOs) transfor-
mation.

studies provided more evidences and applications for this novel
model in this work.

Tautomerism from PV to P! is a well-accepted mechanism for
SPO transformation [38]. However, our initial calculations indicate
the reactivity of intermolecular H-transfer may vary from differ-
ent substituents as shown in Fig. 1a. The tautomerism of SPO with
electro-withdrawing group -CF; is relatively facile through the in-
termolecular proton shuttle (28.7 kcal/mol) probably due to the
polarized P-H bond. Other SPOs with electro-donating substituents
fail to undergo this tautomerism with more than 35 kcal/mol en-
ergy barriers. It is incomprehensible that many transition metal
catalyzed reactions were achieved by using the P! form of SPO
with the electro-donating substituents [5,6,13,14,16,21,22]. There
are six possible mechanisms for Ph,P(O)H transformation in order
to rationalize SPO ligand role, including the self-assisted model,
Bronsted acid assisted model, base (AlMes3) assisted model, and
transition metal (Ni) assisted model as shown in Fig. 1b (Fig. S1
in Supporting information). The intramolecular 1,2-H shift is pro-
hibited by inherent high activation barrier in mode 1 no matter if
it is activated by Lewis acid. The water or a second SPO molecule
as Brensted acid can facilitate this transformation through a proton
shuttle (synergistic mechanism), but it still has to overcome more
than 35.0 kcal/mol energy barrier (mode 2 and mode 3) [27,28].
The dehydrogenation process will occur by using AlMes; reagent
in mode 4, and the methyl anion as strong Lewis base can lower
the activation barrier to 25.3 kcal/mol, accelerating the Ph,P(O)H
transformation. Moreover, SPO transformation via the P-H activa-
tion could also be realized by transition metal in the way of ox-
idative addition [39]. In the mode 5, the oxidative addition of P-H
bond is quite favorable, but the slow hydrogen transfer from Ni
to P=0 blocks this transformation. To solve this problem, we raise
a reductive dehydrogenation (RDH) model that is a distinct SPO

Chinese Chemical Letters 34 (2023) 108067

a) SPO transfromations with different subtituents

- E:
R O-H R R O AlMey
N ANV ! 4 CH
N 0 R OH!R O- RN R o
LR H--0" R SN “AlMes | LNi---H \P/ “AlMe,
2N o s — -
RoA modez R R L\Ni—H Mmode s R \N\L
v v
/ /
Nﬂ N}(
NEY Cy Ph CF; N Ph Cy CFs
\ \ keal/mol
1 1 1 1 poeeeeeees 11 1 :
50 40 30 20 10
b) Activation modes of Ph,P(O)H Ph H +
mode 1 P';\O
612 | py “AlMes
- +
mode 2 Ph\P//O H\P/Ph
36.6 AN 72N
Ph" “H---d~ Ph
- o. N
mode 3 Ph\Pé' H
36.3 P \\on\
L H
mode 4 555 Ph\ /,o“*/-l\IMez
Ph H- Me
mode 5 + t
2.6 Ph //O Phy //,O\H
E—— o | | X
H--2{Ni]| INi]
mode 6 1
e Ph,O-AlMe, ¥ Ph_ O--AlMe, ¥
1738 P’ P )
PR DN PR\ Me
H-(Ni INil---H

00 10.0 20.0 30.0 40.0 500 60.0

Fig. 1. Multiple activation modes of SPO transformation from PV to P,

mode 6 TS of the reductive dehydrogenation

Fig. 2. Intrinsic bond orbitals (IBO) analysis along the intrinsic reaction coordinate
(IRC) of the transition state of mode 4 and mode 6 at the PBE/def2-TZVP level of
theory (Fig. S7 in Supporting information).

transformation mechanism combined modes 4 and 5, displaying
the lowest energy barrier 17.8 kcal/mol (mode 6 of Fig. 1b). The re-
ductive dehydrogenation via six-membered-ring transition state in-
herits the advantages of strong alkalinity of methyl anion in AlMes
and redox properties of Ni. And the bridging SPO ligand seemly
balanced the hetero-bimetallic complex displaying the key catalytic
function.

Then the intrinsic bond orbitals (IBOs) analysis were conducted
to obtain the actual electron flow along the intrinsic reaction co-
ordinate (IRC) of transition state for both mode 4 and mode 6.
The pathway of mode 4 in Fig. 2 clearly illustrated the electron
transfer from P-H bond to P lone pair, suggesting the P was re-
duced. And the IBOs analysis of the mode 6 indicated that o or-
bital of Al-C would first donate electrons to the Ni-H bond, and
then electrons of the Ni-H o orbital in the transition state were
gradually transferred to the deyZ orbital of Ni atom at the square
planar coordination. Due to the key redox contribution of Ni, mode
6 of SPO transformation are tandem redox dehydrogenation mech-
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Fig. 3. The free energy profile for multistage activation of Ph,P(O)H in tandem redox dehydrogenation pathway of mode 6 and IBO analysis of TS4 (Fig. S7). The single-point
energies were computed in mesitylene solvent. Energies in kcal/mol, the same below, unless otherwise specified.

Table 1
Dominant 3'P NMR signals of reactions for different ratios of Ph,P(O)H, AlMe3 and
Ni(cod),.2

Entry Ratio TimeP 31P NMR (ppm)

1 1:1:1 1h 95.7

2 2:1:1 1h 95.7

3 2:1:1 3d 95.7

4 3:1:1 1h 95.7 (major), 18.9 (minor), 97.5 (minor)

2 See Supporting information for the 3P NMR spectra.
b Stirring and processing time.

anisms. The favorable model 6 can be applied to more SPOs with
different substituents, showing pronounced energy advantage as
shown in mode 6 (Table S2 and Fig. S2 in Supporting information).
These comparable low energy barriers would fulfill the require-
ment of transition-metal catalysis mediated by SPO [5,6,13,21].

Under the redox dehydrogenation mechanism (model 6), a
novel dual-phosphinito bridged Ni-Al intermediate was discov-
ered through our computational study and also verified by our
NMR research. A detailed mechanistic pathway was shown in
Fig. 3. Ph,P(O)H easily undergoes P-H oxidative addition and Ni-
H RDH via TS1 and TS2, respectively, to form mono-phosphinito
bridged Ni-Al intermediate A (mono-SPO), regenerating the active
Ni. However, the reaction may not rest in the intermediate A,
and potentially involves the second Ph,P(O)H forming the dual-
phosphinito intermediate B. The 2" P-H oxidative addition from
the intermediate A via TS3 is facile (15.7 kcal/mol), resulting Ni-H
species 3. Then 2" Ni-H RDH via TS4 is even lower than that of
15t Ni-H RDH. And the IBOs analysis of the 2°d RDH indicated that
o orbital of Al-C would first donate electrons to the Ni-H bond,
and then electrons of the Ni-H o bond in the transition state were
gradually transferred to the d,, orbital of Ni atom at the trigonal
bipyramid coordination. The third Ph,P(O)H transformation is in-
hibited due to relative high energy barriers (Fig. S4 in Supporting
information), thus intermediate B would be a key resting state.

To seek experimental evidence of the intermediate B, 31P-and
TH NMR experiments were carried out to probe the reaction mech-
anism under different ratios of Ph,P(O)H, AlMes; and Ni(cod),
shown in Table 1. Interestingly, the dominant signal observed in
all of our 3'P NMR tests was a single peak at 95.7 ppm (en-
tries 1-3), suggesting a strong driving force to form this inter-
mediate regardless of compound ratios. And this signal is better
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Fig. 4. '"H NMR spectra of (a) reaction of 1:1:1 ratio of Ph,P(O)H, AlMe; and
Ni(cod), for 1 h at room temperature, (b) reaction of 2:1:1 ratio of Ph,P(O)H, AlMe;
and Ni(cod), for 1 h at room temperature. Spectra are referenced to tetramethylsi-
lane (TMS).

to be assigned as intermediate B rather than A, because the in-
termediate A derived from single SPO transformation cannot ex-
plain the almost pure single peak in the 2:1:1 ratio of NMR
test. And an unreacted Ph,P(O)H was supposed to be probed. In-
deed, increasing the amount of Ph,P(O)H to 3:1:1 ratio would
lead to extra two minor NMR signals at around 97.5 ppm and
18.9 ppm of 3P NMR, which would be possible tri-phosphinito
Ni-Al intermediates and excess unreacted Ph,P(O)H, respectively
(entry 4). However, dual-SPO remains the dominant of 3P NMR
(Fig. S8 in Supporting information). Our assignments were fur-
ther supported by TH NMR with the comparisons of AlMe; and
Ni(cod), shown in Fig. 4. In the spectra of the mixture with
the ratio of 1:1:1, the single peak at —0.33 ppm is assigned as
-AlMe, and the ratio of its integral area to that of AlMe; at —0.57
ppm was close to 1:3, which is consistent with the corresponding
stoichiometric equation shown in Eq. 1 of Fig. 4 assuming the for-
mation of intermediate B. And the same -AlMe signal with seemly
high concentration can also be observed in the 'H NMR of 2:1:1
ratio mixture, together with the trivial signal for AlMes (Eq. 2).
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a) Ni-Al covalent interaction of intermediate B
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Fig. 5. (a) The calculated structure of intermediate B with Ni-Al interaction. The ELF value between Ni and Al atoms was 0.7 a.u., indicating that the important covalent
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mono-SPO and dual-SPO models with NPA charge of Ni (energies in eV).

Moreover, the increased intensity of free cod signal “c” and the de-
creased intensity of Ni(cod), signal “d” provided another evidence
to support the Egs. 1 and 2, suggesting the formation of dual-SPO
intermediate B.

The DFT calculations indicated dual-SPO intermediate B is a
trigonal bipyramidal structure with the apical Al coordination
(Fig. 5a). There is a non-negligible Ni-Al covalent interaction in B,
which can be demonstrated from the electron localization function
(ELF). The frontier orbital (HOMO-1) of Ni's d,, electrons donated
to 3p vacant orbitals of Al, suggesting the Ni(0) can be stabilized
by Lewis acid All. This donor-acceptor interaction could be an im-
portant thermodynamic driving force to form dual-SPO B (Fig. 3),
which also provides insights into the mechanistic model for Ni-
Al bimetallic catalysis [40-42]. To reveal the origin of control for
dual-SPO B, the multiple stage of SPOs transformation for mode
4 in Fig. 1b were introduced for comparisons (Fig. S3 for detailed
free energy profiles in Supporting information). Unlike the direct
dehydrogenation of mode 4, transition metal Ni in redox dehydro-
genation mode 6 makes the P-H bond of SPO convert to the acti-
vated Ni-H bond via P-H oxidative addition, and then Ni-H bond
proceeds a favorable reductive dehydrogenation (Figs. 3 and 5b).
There are inherent energy stabilizations between P-H RDH and Ni-
H RDH (energy difference between two dotted lines). In contrast
to the usual increasing energy trend in mode 4, an extra energy
decreasing from 15t to 2" Ni-H RDH of mode 6 seems override
the nature basicity (-AlMe, > AlMes; > -AlMe), which could be at-
tributed to different redox properties of the d orbitals of transi-

tion metal Ni. As shown in the stereo-structures in Fig. 5b, two
transition states of 15t and 2™ Ni-H RDH have different spatial
configurations of Ni-H. The stable TS4 of 2"d Ni-H RDH formed a
trigonal bipyramid coordination, and the apical hydride enable to
interact with d, orbital of Ni. While the square planar coordina-
tion can be found in the less stable TS2 of 15 Ni-H RDH, and the
planar hydride reoccupied to the de—yZ orbital of Ni. IBO analy-
sis in Figs. 2 and 3 can also indicate the d,»_» and d, orbitals
of Ni operated in the dehydrogenation process, respectively. There-
fore, the redox potential of Ni-H compensates the weak basicity
of -AlMe,, showing reductive basicity for the unusual trend of en-
ergy barriers. In Fig. 5c, the closely degenerate eg orbital (d,, and
d_,2) in trigonal-bipyramid field of dual-SPO species would fulfil
efficient electron reoccupation of Ni-H and the orbital recombina-
tion with anti-bond (P=0) (BD*) which was supported by relatively
low d orbital component. That is in contrast to mono-SPO one in
square-planar field (Fig. S6 in Supporting information). Moreover,
the Lewis acid Al'! interaction with SPO can not only stabilize the
BD* orbital to match the d,,_,, orbital in energy level, but also
meet symmetry-adapted deyZ orbital rather than d,, orbital un-
der the dual-coordination model (Fig. S5 in Supporting informa-
tion). Therefore, the Lewis acid (L) and eg (E) orbital interactions
were synergetic (S) through the SPO linker that stabilized dual-
SPO model for both kinetic and thermodynamic perspectives. This
LES effect is particularly efficient for reductive process (i.e., reduc-
tive dehydrogenation) with relatively high positive NPA charge on
metal center in Fig. 5c.
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a) Free energy profile for dual-phosphinito bridged intermediate B catalyzed cycloaddition
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The dual-SPO B can be an active catalyst and may promote the
C-C reductive elimination under the control of LES effect, which
rationalize the mechanism of more C-C forming reactions. An im-
portant case developed by Ye and coworkers is the asymmetric
cycloaddition of cyclopropyl carboxamide with alkyne by using
Ni(cod),/Ph,P(O)H/AIMe3 [21]. And reaction yields were highly de-
pended on the ratio of Ni(cod), and Ph,P(O)H. The catalytic cycle
consists of oxidative addition of C-C bond, alkyne insertion of Ni-C
bond and reductive elimination, as shown in Fig. 6a. The calcu-
lated C-C bond cleavage is facile and reversible with low energy
barrier, although it was supposed to be a difficult step [43,44]. Af-
ter the irreversible alkyne insertion, the ring extension intermedi-
ate 7 were formed as a resting state for the following reductive
elimination with a new C(sp?)-C(sp3) bond formation. The reduc-
tive elimination was a turnover-limiting step with 26.0 kcal/mol
to afford the product cyclopentenyl carboxamide 3a, regenerating
the catalytic species B. Compared with the reductive elimination
transition state TS16 mediated by mono-SPO A (Fig. S10 in Sup-
porting information), TS7 via dual-SPO model was favorable for 7.8
kcal/mol and formed an early transition state (Fig. 6b). Distortion-
interaction analysis [45] demonstrates that the distortions of cat-
alysts were the dominant factor, that is, the dual- phosphinito
ligands between the Ni and Al display a 2.8 kcal/mol distortion
energy more favorable than mono-phosphinito ligand (Fig. S13 in
Supporting information). This could be attributed to the stable Ni-
Al covalent interaction and rigid bridged conformation in catalytic
species B, which may drive the reaction to release product 3a. In
addition, the favorable interactions between catalyst and substrate
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indicate that the LES effect of dual-SPO B also promotes the reduc-
tive elimination, supported by the stronger d, orbital interaction
rather than the d,_, interaction in mono-SPO A (Fig. S11 in Sup-
porting information) and the more positive NPA charge (Fig. 6b). It
is also consistent with our previous discussions of Ni-H reductive
dehydrogenation process.

Our dual-SPO model can also well rationalize the asymmetric
induction of cyclization under the chiral Taddol-derived SPO that
precursor of P! ligand (Fig. 7). The reductive eliminations here as
the turnover-limiting step and enantio-determining step were 21.8
and 24.4 kcal/mol for S- and R-configuration, respectively (Fig. S12
in Supporting information). And the predicted ee value would be
92.8% (AAGF=2.6 kcal/mol) for S-product that is consistent quali-
tatively and quantitatively with experiment data (93% ee). We also
examine the enantio-selectivity of mono-SPO model by using the
same ligand (Fig. S12). Although it could qualitatively predict the
S-product, the mono-SPO model cannot fulfil the reactivity and se-
lectivity of the asymmetric cyclization due to the relatively high
energy barrier and underestimated energy difference (1.3 kcal/mol)
between S- and R-transition states. From stereo-structures of TS2-
S/R and TS3-S/R, the dual-phosphinito bridged Ni-Al catalyst, rather
than mono-one, occupies the 3/4 quadrant of spatial region, which
provides an advantage confined space for chiral induction [46].
Further structural analysis of the enantiomers in dual-SPO model
suggests that more suitable space matches the S-configuration
transition state (Fig. 7). And key ligand-substrate steric repulsions
between naphthyl and methylene would lead to less stable inter-
action energy between the catalyst and substrate blocking the for-
mation of R-product. Additional two chiral SPO ligands have been
investigated as well (Fig. S16 in Supporting information) [5,23],
which support the dual-SPO model showing the better reactivity
and thermodynamic stability. And thus our model may be accessi-
ble and suitable for more asymmetric reactions.
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From C-C activation to C-H activation
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Scheme 2. More applications of dual-SPO model for C-H activation to form C(sp?)-
C(sp?) bond catalyzed by standard condition: 5 mol% Ni(cod),, 5 mol% SPO and
20-40 mol% AlMe;s.

Besides the C-C activation of the cyclopropane in carboxamide
[21], C-H activations of formamides [5] and imidazoles [22] cat-
alyzed by Ni(cod),/SPO/AIMe; were also calculated to unravel the
catalytic mechanism as shown in Scheme 2. The dual-SPO model
was predicted more favorable than mono-SPO model based on ac-
tivation barriers of key intermediates and transition states, indi-
cating suitable and reasonable applications of our discovered dual-
SPO model (Figs. S14 and S15 for energy profile). The extremely
high energy barriers of reductive elimination for mono-SPO models
cannot be achieved under reaction conditions, suggesting the pos-
sible catalytic models from original papers should be revisited fur-
ther. From the experimental point of view in Table S3 (Supporting
information), the reasonable moderate/high yield can be achieved
in the 1:2 ratio of Ni(cod),/SPO, and there is only slight effect for
increasing additional SPO or Ni(cod), catalysts, which may provide
not only another support for our dual-SPO model, but a unique
perspective to reduce the catalyst loading.

In summary, a dual-phosphinito bridged Ni-Al complex for
bimetallic catalysis was revealed by quantum mechanics calcula-
tions, and demonstrated by 3P NMR and 'H NMR under the so-
lution of Ni(cod),/SPO/AIMe3. The tandem redox dehydrogenation
mechanisms were discovered to form this hetero-bimetallic species
through the relay SPO transformations, involving P-H bond oxida-
tive addition and Ni-H reductive dehydrogenation. Importantly, this
dual-SPO bridged complex B with the trigonal bipyramid coordi-
nation and Ni-Al covalent interaction is suggested to be the active
catalyst, displaying the generality for several challenging catalyzed
C-C formations. By overcoming the weak alkalinity of methyl anion
in -AlMe,, the dual-SPO model could effectively reduce the energy
barrier of reductive process, which is attributed to the synergistic
effect of Lewis acid and eg orbital interactions (LES). The mech-
anism of asymmetric inductions provides further evidences that
only dual-SPO model enables to predict the experimental enantio-
selectivity qualitatively and quantitatively. Our mechanistic sce-
nario provides not only deep insights into the case studies of reac-
tivity patterns of the Ni-Al active species, but also probably distinct
perspectives for active catalysts of challengeable reactions.
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