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Density functional theory calculations have been performed to investigate the dipeptide phosphine-
catalyzed hydroamination of enones with pyridazinones. The computations reveal that a number of the
N—H---O hydrogen-bonding interactions with the pyridazinone moiety and the C-H---O hydrogen-
bonding interactions with the enone moiety are present in the enantioselectivity-determining Michael
addition transition states. The experimentally-observed catalyst-controlled enantiodivergence is mainly
attributed to the significant impact of the substituent of the amide moiety of the dipeptide phosphine on
the relative strength of the N—H---O hydrogen-bonding interactions, which was found to affect the Si
face attack transition state, enabling the enantioselectivity switch upon change of chiral dipeptide
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The organocatalyzed reactions for the asymmetric synthesis of
C—C and C-X bonds have gained extensive research interest in
organic chemistry, which provide a complementary strategy to the
metal- and enzyme-catalyzed reactions [1,2]. Over past decades, a
wide range of the organocatalysis, such as Brgnsted acids,
phosphines, N-heterocyclic carbenes, prolines and thiourea
catalysts, has been developed [2]. In this respect, considerable
research efforts have been devoted to the phosphine catalysts,
which have shown great potential for the cycloaddition and
addition reactions [3]. For instance, Trost and co-workers in 1994
developed the phosphine-catalyzed “umpolung” addition [4]. Lu
and co-workers in 1995 reported an early discovery on the
phosphine-catalyzed [3+2] annulation between 2,3-butadie-
noates or 2-butynoates with electron-deficient olefins [5], which
has become one of the most powerful tools for the construction of
the five-membered-ring carbo- and heterocycles.

Despite the significance progress has been witnessed, the
development of the enantiodivergent phosphine-catalyzed reac-
tions remains a central challenge in this field [6]. In this context,
Zhang and co-workers very recently reported an elegant example
of the dipeptide phosphine-catalyzed hydroamination of enones 2
with pyridazinones 1 (Scheme 1) in high yields and with good
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enantioselectivity [7]. The salient feature of the reaction is that
both enantiomers of the addition products 3 can be obtained by the
careful selection of the dipeptide phosphine catalyst. It was found
that with the dipeptide phosphine P1, the addition of pyridazi-
nones 1 to enones 2 can give the products (R)-3 with the excellent
enantioselectivity up to 97% ee. However, by using the catalyst P2,
wherein the substituent of the amide moiety of P1 was changed
from the OBoc group to the 3,5-dinitrobenzyl group, the reversed
enantioselectivity was observed and the products (S)-3 were
obtained with the enantioselectivity up to 99% ee. The reaction
represents thus a rare case of the enantiodivergent phosphine-
catalyzed reactions without changing any stereocenter of the
catalyst.

To gain insight into the detailed reaction mechanism and the
origins of this unprecedented catalyst-controlled enantioselectiv-
ity, density functional theory (DFT) calculations at the M06-2X/6-
311+G(d,p)-SMD//M06-2X/6-31G(d)-SMD level of theory were
performed (see Supporting information for computational details)
[8,9]. The experimentally used g-trifluoromethylated enone 1a and
pyridazinone 2a were selected as the model substrates. Based on
our computational study, the detailed reaction mechanism of the
phosphine-catalyzed hydroamination is shown in Scheme 2. The
reaction begins with the nucleophilic attack of the phosphine
catalyst to methyl acrylate, delivering a zwitterionic intermediate
INT1, which then undergoes the protonation with pyridazinone
2 to give ionic pair intermediate INT2. The subsequent Michael
addition between INT2 and enone 1 leads to intermediate INT3.
Finally, the catalytic cycle is closed by the protonation of
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Scheme 1. Dipeptide phosphine-catalyzed enantiodivergent hydroamination
reaction.
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Scheme 2. Proposed reaction mechanism based on DFT calculations.

intermediate INT3 with pyridazinone 2 to release the hydro-
amination product 3 and regenerate INT2. The computations show
that in both P1- and P2-catalyzed reactions, the Michael addition
constitutes the enantioselectivity-determining step of the overall
catalytic cycle.

The calculated energy profile of the P1-catalyzed reaction is
given in Fig. 1a (see Supporting information for the optimized
geometries of the selected transition states). The computations
show that the nucleophilic attack of the P atom of the catalyst to
the methyl acrylate takes place via transition state P1-TS1 with an
energy barrier of 16.6 kcal/mol, generating zwitterionic interme-
diate P1-INT1. Then, this intermediate undergoes the protonation
with pyridazinone 2a via transition state P1-TS2 leading to ionic
pair intermediate P1-INT2. Upon formation of P1-INT2, two
possible modes of the Michael addition, namely attack of the Re
and Si faces of enone 1a, were both considered, which were
found to occur via transition states P1-TS3-Re and P1-TS3-Si,
respectively. Finally, the protonation of the resulting intermediates
P1-INT3-Re and P1-INT3-Si with pyridazinone 2a to regenerate
P1-INT2 and release the hydroamination products (R)-3a and
(5)-3a, respectively. The results show that the Re face attack
through transition state P1-TS3-Re is lower in energy than the Si
face attack via transition state P1-TS3-Si by 2.7 kcal/mol, which is
in good agreement with the experimentally observed 95% ee in
favor of (R)-3a.

The P2-catalyzed reaction follows the same reaction mecha-
nism as established for the case of the P1 catalyst (Fig. 1b and see
Supporting information for the optimized geometries of the
selected transition states). However, the catalyst was indeed found
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to have asignificantimpacton switching the enantioselectivity. With
the P2 catalyst, the Re face attack via transition state P2-TS3-Re is
disfavored over the Si face attack via transition state P2-TS3-Si by
2.9 kcal/mol, being in accordance with the experiments that the
reversed enantioselectivity was observed for the P2-catalyzed
reaction. Therefore, the calculations reproduced quite well the
experimentally observed catalyst-controlled enantioselectivity.

The optimized geometries of the enantioselectivity-determin-
ing transition states are given in Fig. 2. The computations show
that a number of the N—H---O hydrogen-bonding interactions
with the pyridazinone moiety and the C-H---O hydrogen-bonding
interactions with the pg-trifluoromethylated enone moiety are
present in enantioselectivity-determining Michael addition tran-
sition states. For the P1-catalyzed reaction, the distortion/
interaction analysis [10] of P1-TS3-Si and P1-TS3-Re was
conducted to gain insights into the origins of the selectivity. As
depicted in Table 1, the results show that the distortion energies of
1a (AE;a) for both transition states are nearly identical (4.9 and
4.1 kcal/mol). The selectivity is mainly determined by the
difference in the distortion energy of P1-INT2. AEpj.ynr2 Of
P1-TS3-Si was calculated to be higher than that of P1-TS3-Re by
3.5 kcal/mol (8.2 kcal/mol versus 4.7 kcal/mol), which consequent-
ly results in the energy of P1-TS3-Si being higher than P1-TS3-Re.
The origins of this is likely due to that for the Si face attack, the
pyridazinone moiety of P1-INT2 has to be distorted to achieve the
geometric structure of the P1-TS3-Si. On the other hand, the
relative orientation of the pyridazinone moiety can readily
undergo the Re face attack.

By changing the catalyst to P2, the geometric structure of the Re
face attack transition state P2-TS3-Re was found to be quite
different to that of P1. We have also considered the Re face attack
transition state with P2 with the geometric structure similar to
that of P1-TS3-Re. However, due to the steric repulsion between
the 3,5-dinitrobenzyl group and pyridazinone, the energy of the
corresponding transition state was calculated to be 2.8 kcal/mol
higher in energy than P2-TS3-Re (see Supporting information for
details). The comparison of the optimized geometries of P1-TS3-Si
and P2-TS3-Si shows that the substituent of the amide moiety has
a significant impact on the relative strength of the N—H---O
hydrogen-bonding interactions. In P1-TS3-Si, the N—H---O hydro-
gen-bonding interaction a1 is weaker than a2 (1.93 A versus 1.77 A
and Eyngo = 8.41 kcal/mol of a1 versus Expo = 15.52 kcal/mol of a2).
While in P2-TS3-Si, due to the strong electron-withdrawing
character of the 3,5-dinitrobenzyl group, the N—H---O hydro-
gen-bonding interaction a1l was found to be slightly stronger than
a2 (1.84 A versus 1.86 A and Engo = 13.10 kcal/mol of a1 versus Exgo =
10.21 kcal/mol of a2). Very importantly, the difference in the
relative strength of the N—H---O hydrogen-bonding interactions
makes the orientation of the pyridazinone being quite different in
two transition states. In P1-TS3-Si, the pyridazinone was found to
orient away from the p-trifluoromethylated enone moiety, where
in P2-TS3-Si, the pyridazinone was found to orient toward to the
p-trifluoromethylated enone moiety. As a result, the distance of the
forming C—N bond in P2-TS3-Si was found to be much shorter
than in P1-TS3-Si (2.14 A versus 2.34 A), which may facilitate the Si
face attack and thus enable the enantioselectivity switch upon
change of chiral dipeptide phosphine catalyst. This argument is
also in accordance with the control experiments that the second
N2-H of chiral dipeptide phosphine catalyst is crucial to reverse the
enantioselectivity [7].

To summarize, we have herein presented a mechanistic study on
the dipeptide phosphine-catalyzed hydroamination of enones with
pyridazinones by means of DFT calculations. The computations show
that the enantioselectivity of the reaction is determined by the
Michael addition between enone and the ionic pair intermediate,
generated by the initial nucleophilic attack/protonation. The
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Fig. 1. Calculated energy profiles of the P1- and P2-catalyzed hydroamination of 1a with 2a (R =4-CICgH,).
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Fig. 2. Optimized geometric structures of the Michael addition transition states (R = 4-CICgH,). Energies and bond distances are given in kcal/mol and A, respectively. For the
sake of clarity, some irrelevant hydrogen atoms were omitted.
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Table 1

Distortion/interaction analysis (kcal/mol) of P1-TS3-Si and P1-TS3-Re.?
TS AEP]—[NTZ AE'la AEint
P1-TS3-Si 4.7 49 -17.4
P1-TS3-Re 8.2 4.1 -16.3

2 The distortion/interaction analysis was performed at the level of M06-2X/6-311
+G(d,p)-SMD; AEp.nt2 and AE;, are the energies required to distort the P1-INT2
and 1a into the transition state geometries, respectively. The AE;, is the energy
gained by the interaction between the distorted moieties.

experimentally-observed catalyst-controlled enantiodivergence
was reproduced quite well by the calculations. It was found that a
number of the N—H---O hydrogen-bonding interactions with the
pyridazinone moiety and the C-H---O hydrogen-bonding interac-
tions with the g-trifluoromethylated enone moiety are present in
the Michael addition transition states. The electronic character of
the substituent of the amide moiety of the dipeptide phosphine has
a significant impact on the relative strength of the N—H---O
hydrogen-bonding interactions, which was found to affect the Si
face attack transition state, leading to the enantioselectivity switch
upon change of chiral dipeptide phosphine catalyst.
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