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One Sentence Summary: Discovery of an enzyme-like catalyst for highly exo-selective Diels—

Alder reaction of mono- and di-carbonyl activated dienophiles.

Abstract: Catalytic asymmetric Diels—Alder reaction is one of the most powerful reactions in
organic chemistry. It is still a challenge to achieve high and general exo-selectivity. A novel
bispyrrolidine diboronate compound has been derived from the reaction of two molecules of
oxazaborolidine with one molecule of water. Upon activation, it effectively catalyzes (0.4-5 mol %
loading) the Diels—Alder reaction between a variety of mono- and di-carbonyl activated
dienophiles and dienes with better than 20:1 regioselectivity, up to >99:1 enantioselectivity, and
better than 20:1 exo/endo selectivity. Mechanistic studies show a remarkable nonlinearity in
enantioselectivity, and a second-order kinetics with respect to the catalyst concentration. A model
IS proposed to rationalize the above observations. The reaction is expected to find wide

applications in organic synthesis.

Main Text:

The Diels—Alder reaction is one of the most useful and powerful reactions in organic chemistry (1),
as exemplified by its broad applications in natural product synthesis (2). The power of this reaction is also
acknowledged by industrial chemists because of the rapid and atom economical construction of complex

structures with minimal waste generation (3). As up to four new stereocenters can be generated in a single



step, tremendous efforts have been diverted to the development of asymmetric Diels—Alder reactions (4),
including enzyme-catalyzed ones (5). Notable enantioselective catalysts include amine catalyst (1),
oxazaborolidine (2)/acid catalyst, and the more recent silylium-carbanion pair chiral catalyst (3) as shown in Fig.
la (6-10). These catalysts have been widely applied to Diels—Alder reactions of mono-activated dienophiles
with a variety of dienes with high regio-, enantio-, and endo-selectivities. It is, however, challenging to achieve
general exo-selectivity, although there have been sporadic successes employing sterically bulky dienes or
dienophiles (11-13), as well as by using antibodies and modified enzymes as catalysts (14,15).
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b) Examples of strategy for the diactivated dienophile-involved Diels-Alder reactions
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c) This work: activated BPDB as a general catalyst for Diels-Alder reactions with mono- and diactivated dienophiles
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Fig. 1. Catalytic Asymmetric Diels—Alder Reactions.

Catalytic asymmetric Diels—Alder reaction of diactivated dienophiles is important, but it is generally
considered to be more challenging (16,17), because the reaction often produces a mixture of regioisomers. Most
previous methodologies solve this problem by covalently recognizing one of the electron-withdrawing groups
on the 1,2-diactivated dienophile, such as aldehydes (18,19) or acyl halides (20) (Fig. 1b), which require a large
difference between the two electron-withdrawing groups. Other workarounds, such as introducing a chiral
fragment on the diene partner (21-23) or using symmetric dienophiles like maleimide, benzoquinone derivatives,
and trans-fumarates (Fig. 1b) are also limited to specific types of substrates (24). Recently, we introduced
electron-withdrawing groups onto Corey’s catalyst 2 and found that such catalysts could catalyze the Diels—

Alder reaction of (E)-4-oxopent-2-enoates in a regioselective and enantioselective manner (25).



Herein, we report a catalyst BPDB (10, Fig. 1c), which upon activation by a Brensted acid or a Lewis acid,
catalyzes the Diels—Alder reaction of both mono-activated and diactivated dienophiles (7) to give excellent regio-,
enantio-, and more importantly, exo-selectivity. As illustrated by transition state model 11 (Fig. 1c), it is the
acetyl group that is activated by the catalyst. This group is para to the electron-donating group of the diene, and

is exo in the transition state to give product 9.

Preparation of BPDB (10). In the process of preparing CBS-12, we found that the catalyst could be converted
into BPDB (10) by the treatment with H,O (0.5 eq.) in THF at 60 °C for 30 min. BPDB (10) was obtained in
82% isolated yield after recrystallization, and the reaction could be carried out in 20 gram-scale (Fig. 2a). BPDB
(10) is a complex of bispyrrolidine diboronate, and its structure has been confirmed by X-ray crystallographic
analysis (Fig. 2b). Unlike its precursor oxazaborolidine 12, BPDB (10) is air and moisture stable, and can be

stored at room temperature for six months without noticeable degradation.
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Fig. 2. Discovery of BPDB (10). (a) Preparation of BPDB; (b) Single-crystal X-ray diffraction analysis-derived structure
(ORTEP representation at 50% probability) and an image for the recrystallization of BPDB (10); (c) BPDB catalyzed Diels—

Alder reaction between dienophile 13 and diene 14.



The BPDB-catalyzed asymmetric Diels—Alder reaction (10) was first evaluated with methyl (E)-4-oxopent-
2-enoate (13) and 2,3-dimethylbuta-1,3-diene (14). BPDB (10) was activated by a series of Lewis acids or
Brensted acids in a 1:1 ratio. As shown in Fig. 2c, when catalyst loading is 8 mol %, in CH>Cl, at —78 °C, catalyst
A appears to be most effective in completing the reaction (97% yield) in 0.5 h. Catalysts D, E, and F (Fig. 2¢)
are slightly less powerful, and the reaction time has therefore been increased to 1 h. Catalysts B and C with
Lewis acids SnCls and TiCls (Fig. 2c) appear to be least effective and the reaction gives 79% and 64% yields,
respectively, after 14 h. All these reactions proceed with high enantioselectivity, better than 95:5.
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Fig. 3. Generality and scope of the catalytic asymmetric Diels-Alder reaction. 2All yields are isolated yields. The enantiomeric
ratios of the products were determined by chiral-HPLC. The diastereo- and regioselectivities were measured by *H-NMR of reaction
mixtures. PThe relative configurations were determined by NMR spectroscopic analysis (NOESY, see Supporting Information).
These reactions were carried out in the presence of TMSOTT as the activator. “These reactions were carried out at 8 mol % catalyst

loading. ¢These reactions were carried out in the presence of Tf2NH as the activator at —20 to —10 °C. 'A double bond shift was
observed.



We then investigated further the more reactive catalyst 10-AlBrs. With a lower catalyst loading of
2.0 mol %, the reaction finished within 3 hours at a slightly raised temperature of —60 °C with 95% yield and
99:1 er (Fig. 2, entry 7). Interestingly, when 4 A MS were added, the catalyst loading could be further reduced
to 0.4 mol %, giving a >98% yield and 99:1 er after only 45 min (Fig. 2, entry 8), indicating that 4 A MS could
act as an effective additive to significantly accelerate the reaction at low catalyst loading (26). Repeating the
reaction with a 3-month-old BPDB (10) sample (Fig. 2, entry 9) gave essentially the same result as with a freshly
prepared catalyst (Fig. 2, entry 8). CBS (12) shows considerably lower reactivity than BPDB (10). Entry 10 (Fig.
2) shows that CBS (12) requires higher catalyst loading (20 mol %) and longer reaction time (5 h) for a complete
conversion, giving a 99% yield and 96:4 er. For a direct comparison with Fig. 2, Entry 7, the reaction with 2
mol % CBS (12) loading gave only 65% yield after 3 h at —60 °C. The crystal structure of product 15 was
determined with Cu-Ka X-ray diffraction. It confirmed an (S,S)-configuration for the two generated chiral
centers (Fig. 2c).

The generality and scope of this catalytic asymmetric reaction were then explored (Fig. 3). We first tested
the reaction of ketone ester 13 with six electron-rich dienes. As shown in Fig. 3a, under optimal reaction
conditions, 18a—f were obtained in good to excellent yields, along with excellent enantioselectivities. Better than
20:1 regioselectivities were also obtained for all six reactions. The major regioisomer has the acetyl group para
to the electron-donating group at the C2 position of the dienes. For products 18d, 18e, and 18f, excellent
exo-selectivities were obtained. The acetyl group is trans to the alkyl group(s) at the C1 or C4 of the dienes.

Next, the reactions of eight trans-1,4-diketone dienophiles with 1-methyl-2-triisopropylsiloxy-butadiene
were investigated. The products 18g—n are shown in Fig. 3b. All these reactions gave excellent regioselectivity
with the acetyl group para to the OTIPS group as the major isomer. The regioselectivity (rr) is better than 20:1
except for 18h. The regioselectivity for 18h is somewhat reduced, 5:1 and 10:1 under —85 °C and —92 °C,
respectively. This is still quite remarkable, because it is often considered difficult to distinguish between methyl
and ethyl substituents. All these reactions have excellent diastereoselectivity. Again, the acetyl group is trans to
the methyl group of the diene, and exo/endo-selectivity is better than 20:1. Higher than 92:8 enantioselectivities
were also obtained for these reactions.

The reactions of several mono-activated a, -unsaturated methyl ketones with electron-rich dienes were
also tested. The products 18p-s are shown in Fig. 3b. Again, excellent regio-, enantio-, and exo-selectivities
were obtained, indicating that catalyst 10 can be broadly applied to the asymmetric catalysis of Diels—Alder

reactions.

Mechanistic Understanding of the Asymmetric Catalysis of 10. Nonlinear effect has been very helpful in
illustrating the form of catalyst in asymmetric catalysis (27). As shown in Fig. 4a, catalyst BPDB-AIBrz exhibits
a very strong positive nonlinear effect in catalyzing the reaction of 13 with 14 (Fig. 4a). A product ee of 80%

can be achieved even with a catalyst ee of about 20%. The nonlinearity could be fitted to a model of dimerization.



(28) This suggests that BPDB may form dimers (or oligomers). In the crystal structure of BPDB-TfOH (19, Fig.

4c), BPDB-H" molecules assemble with TfO" to form a one-dimensional chain connected via hydrogen bonding

(Fig. S6). We were also able to obtain crystal structures of hetero (R,R)-(S,S) BPDB dimer in various solvents
(Fig. S7). The dimerization constant between the hetero (R,R)-(S,S) BPDB-AIBr3; dimer is about 300 times that
of homo (R,R)-(R,R) or (S,5)-(S,S) BPDB-AIBrz dimer (K'/K = 290). On the other hand, the homodimer is more
reactive than the heterodimer by about 50 times (k'/k = 0.020). Similar results were also obtained by using
BPDB-Tf,NH and BPDB-TfOH catalysts (Fig. S2). Interestingly, the reaction involving CBS (12, Fig. 2a) also
shows a weak nonlinear effect (Fig. 4a, red line). We tentatively attribute this to the formation of a small amount

of BPDB in the synthesis of CBS (see Fig. 2a).
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Fig. 4. Mechanistic study. (a) Nonlinear effect in the catalysis with BPDB (10)-AlBrs, blue line, and CBS (12)-AlBrs, red line. K’
and K are assumed (R,R)-(S,S) and (R,R)-(R,R) or (S,S)-(S,S) dimerization constants, respectively; k' and k are rate constant of
catalysis by the (R,R)-(S,S) dimer and (R,R)-(R,R) or (S,S)-(S,S) dimer, respectively. (b) Kinetic experiment that shows the reaction
is second order with respect to the concentration of BPDB-TMSOTT. (c) Single-crystal X-ray diffraction analysis-derived structure
of BPDB TfOH (ORTEP representation at 10% probability), which shows that one of the B-N bonds is broken (bond length labeled
in pm). (d) Optimized structure of the proposed active complex and model of steric control. The geometry was optimized at
PBEO/def2-SV(P) level. The binding pocket is visualized by color mapping electrostatic potential (color gradient 0.04 a.u. - blue

to 0.25 a.u. - red) to the isosurface (0.002 a.u.) of electron density.



A Kinetic study using in situ infrared spectroscopy was carried out with the reaction shown in Fig. 4b.
Under different catalyst loadings (below 25 mol %), the fitted kinetic constant shows a second-order relationship
with respect to the BPDB-TMSOTT concentration (Fig. 4b), suggesting that indeed a dimer of BPDB-TMSOTf
is the active catalyst.

The single-crystal structure of BPDB-TfOH complex (19) was also obtained. As shown in Fig. 4c, one of
the B-N bonds dissociates. The freed N-atom is protonated by the acid, and it forms a 7-membered-ring
intramolecular N-H...O hydrogen-bond (H-bond) with the bridging O-atom. Two TfO" groups form
intermolecular H-bonds with the adjacent BPDB-H* to form a 1D super-molecular chain structure (Fig. S6).
Thus, each activated BPDB possesses one of the B-atoms in tri-coordination, B(3-Co), while the other is in tetra-
coordination, B(4-Co). In supporting of this finding, a reaction by BPDB-Tf,NH was monitored by *!B-NMR
spectroscopy. Two sets of signals at 7 ppm and 32 ppm, respectively, were observed (Fig. S1).

In the crystal structure of BPDB-TfOH complex (19), each BPDB is mono-protonated. The O-B(4-Co)
and O-B(3-Co) bond lengths are 151 pm and 130 pm, respectively, indicating a significant double bond character
in the O-B(3-Co) bond, making the B(3-Co) site a weak Lewis acid. Indeed, calculations gave a significantly
positive binding free energy for the binding of ketoester 13 to the B(3-Co) center (Fig. S9), indicating that it is
not catalytically active.

Thus, a second acid is necessary to convert the B center to be catalytically active. This can be achieved by
a proton shuffle in the BPDB-TfOH dimer. We found a structure with a second protonation on the bridge-O to
be reasonable (Fig. S10). The proton transfer to the bridge-O atom breaks the 7-member-ring H-bond. The
protonation of the bridge-O atom makes the B(3-Co) much stronger Lewis acid. Calculations show that it binds
the substrate strongly (Fig. S11). This model rationalizes the observed second-order kinetics of the catalyst (Fig.
4b).

With this active catalyst, an extensive conformational search was carried out for the binding of ketone
ester substrate 13 (Fig. S11). As shown in Fig. 4d, the most stable complex is structure 20. The acetyl group
binds to the B(3-Co) much stronger than the ester group. It binds to the B(3-Co) in such a way that the methyl
group is adjacent to the non-bridging O atom, and the (B)...O=C—C=C favors an s-cis conformation over an s-
trans conformation. These conformational features are due to the special cavity of the catalyst. The preferred
acetyl binding explains the observed regioselectivity. For enantioselectivity, the backside of the dienophile is
blocked by one of the Ar groups, so diene has to approach from the Si-face of the coordinating carbonyl group,
resulting in the (S,S) enantioselectivity for the product formation. Exo addition of the diene is more favorable
than endo addition due to the steric effect caused by the by-standing boronate (29), as indicated by the stereo
view of 20 in Fig. 4d.

For CBS catalysis, it is well established that the substrate binds in a way that the C=C bond is close to the
catalyst O (21) to facilitate a C—H...O interaction (7, 30). The (B)...0=C-C=C has to be s-trans. This has a
significant consequence on regioselectivity. It becomes more difficult to distinguish between acetyl binding and

ester (or another carbonyl group) binding, resulting in low regioselectivity. Because the substrate is in an s-trans
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conformation, the C=C bond is extended far enough from the catalyst, so that steric effect is not significant.

Therefore, endo selectivity can be achieved with the intrinsic endo preference of a transition state.

In summary, BPDB (10) is easy to prepare from CBS (12). It is air and moisture-stable. Upon activation,

it can catalyze exo-selective Diels—Alder reactions of a range of diactivated and mono-activated dienophiles with

high regio-, and enantio-selectivity. The exo-selectivity opens a new window for the asymmetric catalytic Diels—

Alder reaction. The two carbonyl groups in the product can be readily converted into useful molecular structures

that are valuable in natural product synthesis (31,32). The catalyst is expected to find applications in other types

of catalytic asymmetric reactions. The preparation of BPDB from CBS and water may also provide a new

strategy for the development of new catalysts. This catalyst, indeed, may possess some property of a Diels—

Alderase, a topic currently actively pursued (33,34).
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