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Systematic changes, first to the structure of the catalyst scaffold

and then to the ligating groups, are used to fine tune supramolecular

catalysts to achieve high regioselectivity (95–98%) and high

enantioselectivity (94–97% ee) across a series of meta-substituted

styrenes varying in electronic character.

Combining bisoxazoline subunits 1 of complementary chirality

with Zn(II) affords the thermodynamically favored heteroleptic

zinc complex 2. By virtue of the modular design, a series of

bifunctional subunits bearing a chiral monophosphite connected

to the bisoxazoline moiety via a phenyl or biphenyl tether can be

used to create dozens of distinct self-assembled ligands (SALs)

2, each possessing a slightly different ligand scaffold. When

combined with metal catalysts, these SALs afford closely related,

but structurally unique, heterobimetallic supramolecular catalysts

differing subtly in the catalyst scaffold.1

While great strides have been made towardmimicking catalytic

behaviours of enzymes using supramolecular coordination

catalysts,2 other than efficient screening methods,3 the protocol

for optimizing the performance of a supramolecular catalyst is

not as well developed as those for traditional homogeneous

catalysts.4 The present study focuses on using a two-step

optimization strategy, first ligand/catalyst scaffold and then

ligating group optimization, to identify catalysts that rival or

exceed the best selectivity previously reported for the catalytic

asymmetric hydroboration (CAHB)5 of a series ofmeta-substituted

styrenes.6 Methods for catalytic asymmetric synthesis of chiral

organoboranes and related derivatives are of renewed interest,7–9

principally due to the recent development of stereospecific methods

for their use in C–C bond construction.10

A series of 64 SALsZn(SXa,RYa) (2), each bearing the parent

TADDOL-derived phosphite a, were prepared in situ via

combination of the appropriate subunits SXa and RYa. These

were evaluated under a standard set of reaction conditions for

the rhodium-catalyzed CAHB of 3-methylstyrene (3a, X=Me)

by pinacolborane (PinBH). Enantioselectivity is determined by

chiral GC analysis after oxidative workup. The catalysts

screened exhibit enantioselectivities that vary over a wide range,

distributing rather smoothly from near racemic to greater than

90% ee (Fig. 1). The catalyst derived from SAL Zn(SAa,RAa) is

among the better ones, effecting CAHB of 3a to (S)-4a in

91% ee and with excellent regiocontrol (98%) (Table 1, entry 1).11

The data in entries 2–4 of Table 1 highlight the results of

some key control experiments. Adding the complementary SAa

and RAa subunits but omitting zinc (entry 2) gives lower yield,

enantioselectivity and regioselectivity than SAL Zn(SAa,RAa).

Using two equivalents of a truncated SAL containing the zinc

complex but lacking one of the two phosphite moieties (i.e.,

Zn(SAa,RD), entry 3) gives similar results. The results obtained

in these latter two cases are very similar to those obtained using

two equivalents of the chiral monophosphite (TADDOL)POPh

(entry 4). These experiments show the positive effect of the

Fig. 1 A subset of chiral bisphosphite SALs, Zn(
S
Xn,

R
Ym) (2),

prepared via chirality directed self-assembly of subunits SXn and
R
Ym using combinations of tethers (e.g., X and Y = A–B) bearing

chiral phosphite ligating groups (TDL)P from among a–d.
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ligand scaffold on catalyst performance and suggest that a

chelated SAL–Rh complex is important to the success of entry 1.

Fig. 2 compiles the results obtained for the 64 catalysts with

3-methylstyrene (3a) and four other meta-substituted styrenes

(i.e., 3b–e). Enantioselectivity is expressed in terms of DDGz for
the competing pathways leading to (R)- and (S)-4 and ordered

from the most to the least enantioselective catalyst based on

results obtained for 3a. While the different catalyst scaffolds

effect CAHB with different degrees of efficiency, it is noteworthy

that the enantioselectivity exhibited by a given catalyst often

varies little across the series of substrates; this is especially seen

for the more selective catalysts, e.g., Zn(SAa,RAa) (90–92% ee,

Table 2, entry 1). The data indicate that the substituent does not

strongly influence enantioselectivity in a systematic way.12

Catalyst scaffolds derived from tethers A and B exhibit high

selectivity. These were used in a second stage of catalyst

optimization focusing on varying the shape of the TADDOL

ligating group by employing different aryl substituents.13 Entries

1–4 in Table 2 use tetherAwith each of the TADDOL-phosphites

a–d. The 3,5-dimethyl-derivative, TADDOL b (entry 2), did not

significantly impact enantioselectivity but did lower regioselectivity

(see ESIz). The 4-methylphenyl derivative, TADDOL c (entry 3),

exhibits the high regioselectivity seen for TADDOL a and improves

the enantioselectivity for 4 of the 5 substrates. The tert-butyl

derivative (TADDOL d, entry 4) gives only moderate enantio-

selectivity. Incorporating two different ligating groups into the SAL

can further tune catalyst performance. For example, the catalyst

derived from the heterocombination SAL Zn(
S
Ab,

R
Ac) (entry 5)

shows better performance than eitherZn(SAb,RAb) orZn(SAc,RAc)

and is effective at rather low catalyst loading (0.05 mol%, entry 6).

Combining different tethers can be effective. Diastereomeric

SALs Zn(SAc,RBc) and Zn(SBc,RAc) are particularly effective

for the methoxy-(3b) and trifluoromethyl-derivatives (3e). The

highest enantioselectivity for the fluoro-derivative (3d) is

obtained with the catalyst derived from Zn(SBc,RBc). Overall,

systematic changes in the structure of the TADDOL ligating

group permit fine tuning of the supramolecular catalyst to achieve

high enantioselectivity (94–97% ee) and high regioselectivity

(95–98%; see ESIz, Table S2 for details) across the series 3a–e.

As for the nature of the catalyst, several lines of evidence in

addition to those experiments discussed above in the context

of Table 1 suggest that 1 : 1 SAL :Rh chelated structures are

relevant. For example, there are major changes in the circular

dichroic (CD) spectra upon complexation to rhodium (Fig. 3).

The CD spectrum of SAL Zn(SBc,RAc) in dichloromethane

exhibits a bisignate couplet with a zero-crossing at around

316 nm. The bisignate couplet indicates exciton coupling

with negative chirality.14 In contrast, its rhodium complex

(i.e., [Zn(SBc,RAc)Rh(nbd)]BF4) shows a new negative Cotton

effect in the region around 243 nm15 but no bisignate CD is

apparent. In rigid systems, this type of negative bisignate

CD is associated with a negative absolute twist between the

electric transition moments of interacting chromophores.16

The disappearance of this signal indicates a loss of a helical

arrangement in conjunction with a conformational change

Table 1 Rhodium-catalyzed CAHB of 3a using SAL Zn(SAa,RAa)a

Entry RhX Ligand
% ee of 4a
(% a-isomer 4a)

1 BF4 Zn(SAa,RAa) 91 (98)
2b BF4

SAa + RAa 73 (90)
3c BF4 Zn(SAa,RD) 73 (85)
4c BF4 (TADDOL)POPh 70 (81)

a Reaction conditions: 2%Rh(nbd)2BF4, 2% SAL, 1.2 equiv. of Pin BH,

THF, rt, 14 h; yields are essentially quantitative. b Only subunits SAa and
RAa, no zinc present. c Two equivalents of monophosphite.

Fig. 2 Enantioselectivity (expressed in terms of DDGz) for CAHB

leading to (R)- and (S)-4a–e with 64 supramolecular catalysts.

Table 2 Subtle variation of the ligating group further optimizes the
(SAL)Rh-catalyzed CAHB of 3a–ea

SXn RXn 4a 4b 4c 4d 4e

1 Aa Aa 91 90 91 92 90
2 Ab Ab 91 90 90 91 91
3 Ac Ac 84 92 96 95 95
4 Ad Ad 57 70 75 78 83
5b Ab Ac 94 95 94 94 94
6c Ab Ac 94 93 94 93 93
7 Ac Bc 88 95 92 92 97
8 Bc Ac 90 95 92 90 95
9 Bc Bc 92 93 94 96 95
10 Bc Cc 88 90 90 90 90

a Screening conditions: 2%Rh(nbd)2BF4, 2.1% SAL, 1.2 PinBH, THF, rt,

14 h. Data reported as % ee of 4. b 0.8 mol% catalyst. c 1.0 mmol

substrate, 0.05% Rh(nbd)2BF4, 0.05% SAL, 1.2 PinBH, THF, rt, 5 h.

Fig. 3 CD spectra (230–350 nm in CH2Cl2) of SAL Zn(
S
Bc,

R
Ac)

(black trace) and [Zn(SBc,RAc)Rh(nbd)]BF4 (gray).
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in going from the free SAL, Zn(SBc,RAc), to the rhodium

complex, [Zn(SBc,RAc)Rh(nbd)]BF4.

The rhodium complex of Zn(
S
Bc,

R
Cc) (Table 2, entry 10),

while not as efficient as the Zn(SBc,RBc) catalyst, is amenable to

structural characterization. HRFAB mass spectrometry finds a

peak at 2363.8108 m/z, consistent with the heterobimetallic

complex, [Zn(SBc,RCc)Rh(nbd)]BF4 (calculated 2363.8009 m/z).

The 31P NMR spectrum of the complex is simple and clean,

exhibiting peaks at 107.7 and 113.6 ppm with Rh–P couplings of

249 and 254 Hz, respectively, and P–P coupling of 38.8 Hz.

DFT calculations at the B3LYP/6-31G (non-metal atoms) and

B3LYP/LanL2DZ (metal atoms) levels were carried out to explore

the possible conformations of cis-[Zn(SBc,RBc)Rh(cod)]+. Fig. 4

presents the predicted most stable conformer from among several

possible configurations (see ESIz). Its structure gives some

preliminary indications of ways in which the ligand/catalyst

scaffold and ligating group substituents influence the topography

around rhodium.

In summary, a series of SALs, each bearing the parent

TADDOL-derived ligating group, was used in the CAHB of

five meta-substituted styrenes varying in steric and electronic

character. The results show that enantioselectivity as a function

of catalyst scaffold varies similarly for all five substrates. This

suggests that enantioselectivity is not strongly correlated with the

nature of the substituent in this series. Scaffolds incorporating

tethers A and B prove to be among the most efficient catalysts.

These were further optimized by varying the aryl substituents on

the TADDOL moiety. In some cases, the most efficient catalyst

combines two different ligating groups in the SAL. Overall,

systematic changes in the structures of the scaffold and ligating

groups permit fine tuning of the supramolecular catalyst to

achieve high regioselectivity (95–98%) and high enantioselectivity

(94–97% ee) across the series of five substrates, 3a–e. The results

rival or exceed the best selectivity previously reported for

each substrate. Computational modelling gives a picture of the

presumed 1 : 1 chelated structure and provides a starting point for

probing structure activity relationships in future studies.
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