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The factors driving the Ni°(binap)/Cu'(phospherrox) cooperative
asymmetric propargylation of aldimine esters are unveiled through
DFT calculations. The system is fully explored accounting for
conformational complexity and aggregation steps. The activation of
the substrates proceeds independently, while the intercatalyst
communication occurs both through indirect cooperativity,
exchanging the non-innocent MeCO,, and through direct
cooperation in the stereoselective C-C coupling driven by
intercatalyst interactions.

Multimetallic systems are expanding the frontiers of modern
organometallic catalysis toward new synthetic challenges.1>
The synergistic activation of distinct co-substrates or
functionalities avoids harsh conditions, and can lead to a safer
chemistry, with waste reduction and atom economy.3 However,
a complete control of the synergy between the catalytic
partners has not been reached yet. There remain open
questions on intimate mechanism, redox compatibility and
competition between catalytic cycles.® Computational
chemistry, particularly density functional theory (DFT) is a
promising tool for the mechanistic clarification of cooperative
processes,’18 but due to the large dimension and
conformational complexity of these multicomponent systems,
deep mechanistic studies are still scarce.1® 2021 The few
available publications show a picture with a wide diversity of
mechanisms, from those where a supramolecular bimetallic
complex acts as an effective catalyst throughout all the steps;
to those where different monometallic complexes activate
different substrates and only interact at the end. In this context,
we became intrigued by reports of a series of bimetallic catalytic
systems based on transition metal complexes of bidentate
chiral phosphines. The cooperativity of Cu/Ir, Rh/Pd, Pd/Cu,
Cu/Na and Ni/Cu couples led to the asymmetric synthesis in
mild condition of chiral homoallylic amines,?2 indole

derivatives,?3 y-butyrolactones,?* O-propargyl

% Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of

Science and Technology, Av. Paisos Catalans 16, 43007 Tarragona, Spain.
tElectronic Supplementary Information (ESI) available: Full computational details;
Energy profiles; Cartesian coordinates.

Giuseppe Sciortino ,2 and Feliu Maseras?

hydroxylamines,?> and a-quaternary propargylated amino
ester.26: 27, 28, 29,30 \We will examine here this latter case, the
synthesis of a-quaternary propargylated amino ester by
asymmetric propargylation of aldimine esters using propargylic
carbonates, reported by Guo and co-workers.2¢ The bimetallic
system consists of Ni® and Cu' complexes containing the chiral
bidentate binap and phosferrox type ligands (Scheme 1).* The
reaction proceeds at room temperature reaching up to 94% of
yield and >99% of enantiomeric excess (ee). The cooperative
details and stereodetermining factors of this innovative system
could not be fully characterized in the experimental report. In
particular, questions arise regarding: i) a full mechanistic picture
of the transformation; ii) the identity of the base assisting the
aldiminic C-H activation; iii) the factors governing the
stereocontrol of the transformation; and iv) the level of Ni/Cu
cooperation along the reaction pathway.

Here we report a mechanistic study on this system at a B3LYP-
D3 theory level in a DCM continuum model.® The real catalytic
system was introduced in the calculation as [Ni°(L;)(COD)] ((R)-
Ly, Ar=Ph) and [Cu'(Lz)(MeCN);]*, ((R,S,Sp)-L2, R=Ph). L, with
R=Ph, was chosen instead of the phosphine with R=4-MeCgH, in
order to reduce the dimension of the full system. In fact, both
ligands shared the same ee with quite similar reaction yields,
70% and 80%, respectively.
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Scheme 1. Representation of the chiral phosphine ligands, reaction
conditions for the asymmetric propargylic alkylation of aldimine esters.
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COMMUNICATION

We selected methyl (3-phenylprop-2-yn-1-yl) carbonate, Si
(R1=Ph, Rz=Me), and benzyl 2-(benzylideneamino) propanoate,
S2 (Rs=Me, R4=Bn) as model substrates because they are the
simplest examples producing 99% ee.26

The formation of the Ni°(L;) and Cu'(L2) complexes is assumed
since they are independently synthesized in different reaction
flasks.26 The coordination of S; and S, to both co-catalysts was
evaluated, obtaining the lower AGpcm of formation for
[Ni®(L1)(S1)] and [Cu'(Lz)(S2)]* in agreement with the
experimental outcome (see Table S1). Then me moved to
evaluate the isomeric and conformational landscape of the
single co-catalysts. [Ni%(L1)(S1)] is a square planar complex, as
expected for Ni° in which the S; substrate displays an n?
coordination mode (Fig. 1a). An alternative S1-kO coordination
was found to have an energy more than 35 kcal-mol? higher,
and was thus discarded (see Table S2). [Cu'(Ly)(S2)]* is
characterized by an S1-k2N,O coordination in a distorted seesaw
arrangement, displaying two possible coordination isomers, SS-
15-A and SS-15-C with similar stability (labels SS-15 correspond
to "seesaw 1,5", A/C correspond to clockwise/anticlockwise
orientations, Fig. 1b). Our results are in line with those obtained
by Hou and co-workers for analogous chiral
Cu'(phospherrox)/imino esters systems.3! For SS-15-A an
additional low energy isomer with S;-k2N,Q’ is possible (Fig. S1).
All isomers were taken into account along the mechanistic
analysis.

The reaction mechanism was first analysed considering the
independent activation of both substrates, Fig. 2. On the nickel
side, after the n? coordination of the propargylic carbonate S;,
an oxidative addition (OA) through a low barrier of 13.2
kcal-mol® involving the cleavage of the C(sp?)-O bond leads to
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[Ni]*Me0OCO,™ — [Cu]*MeOCO,"
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the propargyl-Ni Intermediate Il, -1.0 kcal-mol! below the
reactants. Intermediate Il is a Ni' square pyramidal complex
with the n3 coordination of the electrophilic propargyl moiety
and a slight axial interaction (Ni---O 2.460 A) of the leaving

methyl carbonate (Fig. 2).
OO PQ’N@]
O™

INI*(L)(S4)]

AG=1.6 e
SS-15-C-[Cul(L,)(S,)]I*

AG=0.0 Ph
$5-15-A-CU(L,)(S,)1*

Fig. 1. Optimized geometries for activated co-catalysts [Ni°(L;)(S;)] and
[Cu'(L,)(S2)]*. Hydrogen atoms are omitted for clarity.
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Ni-cycle Cu-cycle
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Fig. 2. DFT computed mechanism (B3LYP-D3 in CH,Cl,) for the propargylation with S, of the aldimine ester S, considering the independent activation of the
substrates. The superindexes “C” refer to the clockwise orientation in the S5-15-C isomers. The numbers are relative Gibbs energies in kcal mol?, taking as
zero-energy the separated co-catalysts and substrates S; and S,. A complete overview of all the intermediates is given in Fig. S3 of the ESI.
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Intermediate Il can in principle evolve following two different
pathways: i) isomerization into intermediate II’, at 3.8 kcal-mol-
1, in which the n!-S; propargylic moiety and MeOCO;"
coordinates in the equatorial plane and subsequent
decarboxylation and MeO~ release; or ii) direct release of the
MeOCO,~ fragment retaining the n3-coordination mode of the
propargylic moiety. On the one hand, for the decarboxylation to
proceed the system need to overcome an energy barrier of 5.6
kcal-moll (TSy.ur) yielding [Ni'(Ly)(propargyl)(MeO)] at 3.7
kcal'mol?® (intermediate llII’). The relese of MeO~ is a highly
exergonic step requiring about 20 kcal-mol-1. On the other hand,
the direct release of MeOCO;™ is feasible process requiring 3.4
kcal'moll (see Fig. S2). Concerning the copper cycle, the
formation of the nucleophile entails a base-assisted aldiminic
C(sp?)-H activation over [Cu'(L2)(S2)]*. Among the anions present
in solution, MeOCO,", generated on the Ni cycle, is the most
promising candidate for the C-H activation, as it can be easily
exchanged between both catalysts (AGpcm = 0.5 kcal-mol?) (see
Fig. S2). The role of MeOCO;™ as base is in agreement with the
reported yield increment (from 59% to 80%) in presence of
Cs,C03, which presumably, acts as a base for the proton
abstraction at the beginning of the reaction. We then
investigated the efficiency of the two possible O-groups of
methyl carbonate toward the base-assisted C-H activation (see
Fig. S4). MeOCO,~ mediated proton abstraction was computed
for all anti- and clockwise seesaw isomers obtaining a
preference by more than 4 kcal-mol-! for the $S5-15-C isomer IV
(see Fig. S5). TSiv.v¢ brings to the prochiral nucleophile V¢ falling
at 6.1 kcal-mol! (Fig. 2). The following step, after the approach
of both co-catalysts in intermediate VIS, consists in the
asymmetric coupling of the activated moieties by cooperative
C-C bond formation. The subsequent transition state TSy.wi,
has the highest barrier for the process, which leads to an
associated energy span of 15.2 kcal-mol?, consistent with a
process at room temperature. This step also defines the
enantioselectivity of the reaction. The prochiral intermediate
VI¢ can, in principle, approach the Ni electrophilic moiety
offering either the Si or Re faces of the imino ester plane,
leading to the amino ester with R or S configuration of the a
carbon, respectively. Both possibilities were explored obtaining
two TSs differing in the relative orientation of the co-catalysts
(see Fig. 3). The most favourable TS is the one leading to the S
enantiomer as observed experimentally. The pro-(R) TS was
found 1.8 kcal mol! above. From these values the calculated
enantiomeric excess is 92%, which is in line with the
experimental value of 99%.

The factors governing this selectivity were investigated by
activation strain model and NCI analysis (Table S2 and Fig. 3).
interaction (NCI) analysis32 shows that the
intermolecular NCls between either the chiral co-catalyst or the

Non-covalent

activated co-substrates moieties contribute to stabilize the pro-
(S) transition state. As shown in Fig. 3, in the pro-(S) TS: i) the
phenyl substituents of the phosphine centers of both chiral co-
catalysts generate a larger n—m interaction surface than in the
pro-(R) (3.9 vs 5.0 A, 1 and 1’ in Fig. 3); and ii) more extended
CH—= interactions are observed between both activated co-

This journal is © The Royal Society of Chemistry 20xx

substrates (3.0 vs 3.7 A, 2 and 2’ in Fig. 3) thus leading to a lower
energy barrier.

a)

Fig. 3. DFT (B3LYP-D3 in CH:Cl.) structures of: a) pro-(S); and b) pro-(R)
cooperative C-C coupling transition states, TSvi.vi€. Intermolecular NCIs
surfaces computed by NCIPlot are also shown. NCIs interactions are
represented as blue (strong), green (weak) and red (repulsive)
blobs.

The selectivity is reverted when considering the S5-15-A isomer
further supporting the central role of the inter-catalyst n—=
stacking. Similar effects were recently reported by Sunoj and co-
workers for the asymmetric coupling of azaaryl acetamide and
cinnamyl methyl carbonate catalyzed by the Cu-Walphos and Ir-
phosphoramidite cooperative system, 16 and by Houk, Dang and
co-workers for the enantioselective Cu/Pd and stereodivergent
Cu/Ir dual-catalytic syntheses of a,a-disubstituted amino
acids.33

The nature of cooperativity in the full process was further
assessed through calculation of the free energy profile involving
both co-catalysts in a supramolecular aggregate from the
beginning of the reaction. Our results, reported in Fig. S6 and
S7, clearly show the energetic preference for the independent
activation of the substrates by the separated co-catalysts. The
aggregation in solution results in an endergonic step that
ultimate leads to a barrier for the oxidative addition at nickel of
21.6 kcal moll. These results indicate that direct cooperativity
switches on only during the C-C coupling, while the formation
of the electrophile and nucleophile moieties occurs in the
separated Ni and Cu cycles, respectively. These results are in
agreement with the recent mechanistic analysis by Mashima,
Zhand and co-workers for the Cu/Ni cooperative formation of
vicinal stereocenters.2! The main features of our computed

J. Name., 2013, 00, 1-3 | 3



catalyticmechanism are highlighted in Fig. 4. This is a Ni(0)/Ni(ll)
cycle in the nickel side, while Cu stays always as Cu(l). There is a
direct connection between both cycles in the central point, with
a bimetallic complex where the reductive elimination takes
place. And there is a second connection between the two cycles
through the MeCO;~ fragment, which is a side product from the
Ni cycle but a necessary additive for the Cu cycle.

Indirect Cooperartivit; Ph
on N
\ MeOCOZe

Me0,CO
N
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WA
Ni0 oul  ZscoBn

Me
K;(
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~cu!
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Me 1y,
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BnO,C
Fig. 4. Simplified Scheme of the computed catalytic cycle for activated co-
catalysts [Ni%(Ly)(S1)] and [Cu'(L;)(S;)]*. The cooperative steps are also
highlighted.

T

In summary, we have characterized through DFT the
mechanism of the asymmetric coupling of aldimine esters and
propargylic carbonates catalyzed by the Ni-binap and Cu-
phospherrox cooperative system. The activation of the
substrates occurs independently in the separate metal
complexes, which then cooperate in two different ways. There
is a direct cooperativity where the two metal complexes get
together to give rise to the enantioselective C-C coupling. And
there is an indirect cooperativity through the transfer of a
MeCO,~ unit from the Ni to the Cu cycle. This dual type of
cooperativity had not been to our knowledge previously
reported and highlights the possibilities of this type of
processes.
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¥ Abbreviations: Binap = 2,2"-bis(diphenylphosphino)-1,1'-
binaphthyl; Phospherrox = 1-[4,5-Dihydro-4-(1-methylethyl)-2-
oxazolyl]-2-(diphenylphosphino)ferrocene.

§ Full computational details supplied in the ESI.T A data set collection
of computational results is available in the ioChem-BD repository.34
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