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Abstract: Enzymatic reaction, as an environmentally friendly approach, has made
great progress producing commodity chemicals comparing to the conventional
metallo/organo catalysis. However, the reaction compatibility is not satisfactory. The
development of biomimetic catalysis balancing both strategies for the green and broad
application in synthesis is desirable. Here, we report the design and synthesis of a
chiral diamine catalyst fulfilling this requirement. Asymmetric addition reactions using
this ligand in water were demonstrated and the corresponding products were produced
in excellent yields and enantiomeric ratios. This pluripotent ligand has also shown good
reactivity/enantioselectivity on a number of representative reactions in both green and
organic solvents. We anticipate that the ligand would allow further development of
other catalysts for important yet challenging green stereoselective transformations.

One-Sentence Summary: A pluripotent chiral diamine catalyst is discovered for the
efficient asymmetric catalysis in water.

From feedstock to commodity chemicals and further to biological and pharmaceutical
active ingredients, asymmetric synthesis has paved the way to access molecules
covering spacious chemical space and structure diversity/complexity (1). Enzymatic
reactions comparing to organic reactions are generally more efficient with regard to the
features such as catalytic, high atom economical, eco-friendly, highly reactive and high
stereoselective but with limited reaction compatibility (2). (Fig. LA) Whereas in
organic synthesis, metallo- or organo- catalysts have broad applications in various
reaction pathways with relative moderate efficiency, but most of the catalyses were
carried out in organic solvents (3). Biomimetic reactions, including reactions using
tailored enzymes (4) and small-molecule biomimetic catalysis (5) as a combined
conceptual breakthrough bridging both bio- and small molecule catalyses covers broad
reaction compatibility and utilizing environmentally benign agents (6). We would like
to develop small-molecule catalysts and mimic addition reactions initially catalysed by
enzymes (7-9).
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Fig. 1. Typical catalyses and privileged organic catalysts. (A) Biomimetic
catalysis, the bridge of enzymatic and metallo/organo catalyses. (B) Privileged ligands
and new candidates.

In small molecule catalysis, commonly recognized privileged chiral catalysts (10,11) as
summarized by Jacobsen and Zhou have shown in Fig. 1B. BINAP, MeDuPhos,
JosiPhos, Spiro ligands are phosphine-based ligands; Box, Phox, Pyrox, Salen
complexes are typical imine containing ligands; Cinchona alkaloid, TADDOL, Proline
are a class of amine/alcohol ligand, which has been well studied in the past for
asymmetric catalysis mainly in organic solvents. The utilization of environmentally
benign catalyst/ligand allowing stereoselective transformations in green fashion with
unnecessary derivatization is the ultimate desire.

Naturally occurring product sparteine with both enantiomers, (+)-sparteine and
(—)-sparteine with a tetracyclic skeleton, was one of the most well-known alkaloids
used in asymmetric synthesis since 1970s. Leading by Noyori (12,13) and Trost (14),
reactions utilizing commercially available chiral diamines have been examined. Later
contributions using sparteine with Li (15-27), Mg (28), Ni (29), Cu (30-32), Zn (33)
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and Pd (34-38) reagents have also provided broad applications in asymmetric synthesis.
However, due to the less available analogs, other than organolithium reactions, the
enantioselectivities using sparteine under mechanistically unrelated reactions were less
successful comparing to the well-recognized privileged chiral catalysts.

Here, we report a computer-aided ligand design and the access of a low toxic N—H
diamine analogue based on sparteine for enantioselective biomimetic catalysis. The
selected asymmetric reactions have shown that the chiral ligand has high reactivity and
stereoselectivity with broad applications on a number of reactions in green and organic
solvents. The allowance of a family of ligands with functionality at various positions
was also demonstrated on asymmetric addition reaction with toxicity evaluations.

Inspired by the excellent potential features of sparteine, a tertiary diamine with broad
application in various reactions, we started our design in minimalism principle relied on
the computational studies of sparteine. Quantum mechanical computations were
applied to engineer the sparteine scaffold to achieve better performance. Intending the
scaffold optimization to be more general, we sought to tailor the ligand environment for
reaction events in the first coordination sphere, which we recognize as a major
challenge, by focusing on a representative inner-sphere process by Pyrox-Pd catalysis
(39), i.e. the asymmetric addition of N-Ts imine with PhB(OH), (Fig. 2A).
Computational studies led us to establish a plausible pathway consisting of
transmetalation (TS1), migratory insertion (TS2), and protonation (TS3) (40). The
resulting free energy profile drew our attention to the rate-limiting and
enantio-controlling migratory insertion step. Two clues for ligand design were
implicated by an analysis of TS2. First, this sterically congested transition state,
displaying multiple ligand-substrate repulsions (Fig. 2B), could be stabilized by
decreasing peripheral hindrances (e.g. rings 1 and 2), providing a means of accelerating
the catalytic process. Second, the computed stereoisomeric transition states suggest that
the barrier difference of TS2a vs TS2b is significantly larger than TS2a’ vs TS2b’ (Fig.
2C). We reasoned that an arrangement where the more anisotropic N-Ts imine is placed
on the sterically biased right-hand side of Sparteine (i.e. as in TS2a/TS2b; see Fig. 2D
for a steric contour) would be desirable for maximizing stereodifferentiation.
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Fig. 2. Computational ligand design. (A) Mechanism of Pd/sparteine-catalysed
asymmetric addition. (B) Rate-limiting steric repulsions. (C) Mode of
enantioselection. (D) Prototype ligand scaffold. (E) Ab initio scaffold engineering. (F)
Origin of improved performance. Free energies are shown in kcal/mol, relative values
in parentheses. More computational details are provided in the Supporting
Information.

We tested our hypotheses by computationally assessing the influence of removing ring
1 from sparteine (Fig.s 2D and 2E). To our delight, it was demonstrated by L1-L3 that a
significant improvement can be realized by our backbone engineering. The
computationally derived ligand L3, which preserves the rigid bispidine core but can
better accommodate and exert stereocontrol over the reactive fragments (Fig. 2F), gives
a low barrier of 15.6 kcal/mol and an excellent ee of 99%, both superior to the prototype
L1 as well as the Pyrox privileged ligand. The effectiveness of L3 implies a strong
stereodiscrimination over inner-sphere transformations from a minimal chiral scaffold,
illustrating the promising potential of sparteine-family ligands for a broader scope of
asymmetric catalysis.

Based on the computational studies above as well as rationale from Kozlowski and
Gaunt on N-H containing amine ligands (41,42), N-Me diamine L2 also known as
O’Brien diamine and N—H diamine L3 have been prepared with modified procedures
based on the literature precedence. (see SI, Scheme S1) (43-46) Starting from
commercially available alkaloid (—)-cytisine, (47) both diamines were successfully
prepared in >30 gram scale and are ready for the further assessments on asymmetric
reaction under sustainable conditions. The structure of bench-stable L3<HCI salt was
ambiguously determined by X-ray single crystal diffraction (CCDC N0.2116108).
Reactions of cyclic and acyclic imines with 4-methoxylphenyl boronic acid in
trifluoroethanol have been studied first. Even though in the literature, these diamine
ligands were not considered as good ligands for reactions out of organolithium field
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(48,49). Both of diamines L2 and L3 have provided excellent reactivity and
enantioseletivity for all of the four reactions comparing to the moderate enantiomeric
ratios generated from (+)-sparteine as shown in Fig. 2A (50). Interestingly, for the
addition to sterically hindered N-sulfonyl ketimines, ligand L3 provided the
corresponding sulfonamide 2 in 90% yield with 96:4 er while N—Me diamine ligand L2
provided the product in 67% yield with reduced er (69:31), while the use of
(+)-sparteine gave diminished enantioselectivity (50:50 er).

The green synthesis of active pharmaceutical ingredients is important especially on
industrial scale production. The efforts on the addition reactions under green processes
were also carried out. In water, the same reaction using known privileged catalysts such
as BINAP L4, Phox L5, (51-53) Pyrox L6 (54) as well as proline L7 together with
O’Brien diamine L2, N-H enzyme mimic L3 were carried out. Under similar
conditions, the desired product 1 was obtained with yields and er.s have been listed in
Fig. 3B. BINAP L4 provided good stereoselctivity of 95:5 er but moderate yield of 40%
due to the oxidation of phosphine during the reaction; Phox gave the corresponding
product 1 with good yield and er; Pyrox and Proline were not efficient chiral catalysts
for this reaction in water even with good reaction yields. Whereas diamine L2 provided
the sulfonamide 1 with good yield and good er, N-H diamine L3 gave the product with
nearly quantitative yield with excellent er. (Fig. 2B)

With the conditions in hands, we have examined the reactions employing N-Me
diamine L2 or N-H diamine L3. Reactions of arylboronic acids with 5-membered
cyclic sulfonyl imides were also very successful in water. A group of representative
sulfonamides 5-13 have been prepared with both N-H and N-Me ligands under similar
conditions. Very encouragingly, among all the examples demonstrated, N-H diamine
L3 and O’Brien diamine L2 had shown excellent reactivity and stereoselectivity, and
all of the desired products were obtained in excellent yields and enantiomeric ratios.
(Fig. 3C)
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Fig. 3. Green synthesis of chiral sulfonamides. (A) Ligand screening in organic
solvent. (B) Ligand screening in water. (C) Reaction scope with chiral diamine

ligands L2 or L3 in water.

Reactions of arylboronic acids with 6-membered cyclic N-sulfonyl ketimides were also
fruitful, a large number of corresponding sulfonamides have been prepared with either
diamines L2 or L3. (Fig. 3C) We were pleased to find in all the cases, N-H diamine L3
gave higher yields with higher enantiomeric ratios comparing to N-Me diamine L2.
Particularly for reactions with sterically hindered nucleophiles such as naphthyl
boronic acid, the er values for N-Me were generally much lower than the other
reactions. The formation of sulfonamide 19 was very positive using N-H diamine
instead of N—Me ligand while the er values of reactions with two ligands were 11:89
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and 42:58 respectively. A large number of representative examples have been
demonstrated and the corresponding chiral sulfonamides were obtained in good yields
and enantioselectivity.

Not only the 1,2-addition reaction, the reactions of arylboronic acid under Pd catalysed
conditions were also very successful for the Michael addition on enones (Fig. 4A). The
corresponding products were also obtained in good yields and ers. Comparing to the
known ligand 'Pr-Pyrox (70:30 er) reported by Stoltz (40), our ligand provided the
product with higher er even with the simple skeleton (13 atoms) before the introduction
of sterically enhancing group.

To evaluate the ligand further, a number of representative reactions including
organocatalysis, Cu-catalysed Henry reaction and oxidative coupling reaction;
Pd-catalysed hydroarylation and kinetic oxidation reactions were examined. Under
un-optimized conditions, the reactions provided the corresponding products with good
yields and good enantiomeric ratios. As shown in Fig. 4B, organocatalysis under neat
conditions, the desired chiral alcohol 71 was obtained in 79% yield with 83:17 dr and
98:2 er. Binol derivative 73 was also successfully prepared in 71% yield and 96:4 er
(55). More interestingly, reaction of iodobenzene with norbornene, in the presence of
Pd catalyst and diamine ligand L3, the desired phenyl substituted norbonane 77 was
prepared in 95:5 er whereas in the literature, the best enantioselectivity was achieved
under Zhou’s conditions using Quinox ligand at 87:13 er (56). (Fig. 4B, eq. 4) A
standard Henry rection using aldehyde 69 with nitromethane provided the
corresponding chiral alcohol 74 in 77% yield with 90:10 er in ethanol (57). In water,
under conditions similar to Stoltz and Sigman reported 20 years ago (36,37), the kinetic
oxidation reaction was also successful and alcohol 78-R was obtained in 43% vyield
with 76:24 er.
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Fig. 4. Ligand evaluation on various mechanistically irrelevant reactions. (A)
Asymmetric Michael addition in water. (B) Miscellaneous reactions using diamine
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ligand L3. (C) Diamine ligand modifications, evaluation and toxicity studies against
HEK293T cells.

Similar chiral diamine ligands within the family have been prepared and evaluated
against a model reaction in water. Under standard conditions, ligands L3 and L15 have
shown similar high asymmetric induction, while the introduction of groups on
(-)-cytisine derivatives provided sufonamide 1 with good yields but low er.s. Ligands
such as L8, L10 and L12 have shown reduced enantioselectivity; L9 and L10 have
shown opposite asymmetric induction due to the substituent on the other site of
(—)-cytisine.

With regard to green catalysts, the toxicity studies were also carried out for selected
chiral N-H diamines in order to reveal the green profiles for the future ligand
development. Using HEK293T cell, these ligands have been evaluated. Diamine L8, as
a smoking cessation agent, showed the lowest toxicity among theses diamines (58) (Fig
4C, green bar). Ligands L3, L11, L12 showed similar low toxicity to (-)-cytisine even
though L11 and L12 provided the reactions with low er.s. Unfortunately, ligand L15
with good reactivity and enantioselectivity has shown over 200 times higher toxicity
comparing to (-)-cytisine. (see Sl table S1). It is delightful that our pluoripotent chiral
diamine ligand L3 showed low cytotoxicity to become a possible ligand in green
chemistry.

We have developed a new class of chiral N-H diamine ligands for biomimetic catalysis.
The results highlight the substantial scope of the chiral catalysts in green asymmetric
synthesis especially in the efforts producing pharmaceutically important agents. The
new family members with new reactivity and selectivity would be worthwhile studying
in the future.
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