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propulsion, as a boiler feedwater deoxygenating
agent, and in the manufacture of foamed plastics,
pharmaceuticals, and biodegradable pesticides
and herbicides (38). However, with worldwide
production capacity estimated to be ~200,000
metric tons/year in 2007, the limited production
volume and limited applications make current
pricing less relevant. Hydrazine production
colocated with recycle plants would reduce the
transportation and storage costs and reduce the
cost of hydrazine further, although a more effi-
cient method for hydrazine synthesis would be of
greater benefit.

The overall reaction cycle, including the
production of hydrazine, is summarized in Fig. 3.
In this scheme, the N, released from the N,Hy
can be rehydrogenated to NH; and subsequently
converted to N,Hy. Although synthetic proce-
dures such as the Olin-Raschig process produce
hydrazine in high yields and great efficiency, we
can begin to look to the future and think about a
new route to hydrazine production. In conjunc-
tion with an AB-regeneration plant, in situ N,Hy
production from NHj does not require high con-
version rates to produce a N,H,/NHj feed for AB
regeneration. In this scheme, the only material
consumed is hydrogen, the production of which
is widely recognized as the second major tech-
nical challenge for the hydrogen economy.
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Dynamic Control of Chiral Space
in a Catalytic Asymmetric Reaction
Using a Molecular Motor

Jiaobing Wang and Ben L. Feringa*

Enzymes and synthetic chiral catalysts have found widespread application to produce single
enantiomers, but in situ switching of the chiral preference of a catalytic system is very difficult
to achieve. Here, we report on a light-driven molecular motor with integrated catalytic functions
in which the stepwise change in configuration during a 360° unidirectional rotary cycle governs
the catalyst performance both with respect to activity and absolute stereocontrol in an asymmetric
transformation. During one full rotary cycle, catalysts are formed that provide either racemic
(R,S) or preferentially the R or the S enantiomer of the chiral product of a conjugate addition
reaction. This catalytic system demonstrates how different molecular tasks can be performed in

a sequential manner, with the sequence controlled by the directionality of a rotary cycle.

he ease with which nature controls the
chirality of the product of an enzymatic
reaction has spurred and inspired the de-
velopment of synthetic compounds that enantio-

www.sciencemag.org SCIENCE VOL 331

selectively catalyze a myriad of asymmetric
transformations (/, 2). The precise spatial arrange-
ment of amino acid and cofactor subunits in a high-
ly dynamic setting is the key to enantioselectivity

achieved by enzymes, yet the chirality of the active
site environment is set by the inherent chirality of
the constituent amino acid building blocks. As a
result, it is very challenging to switch an enzyme’s
selectivity from favoring a product of one chiral
sense to favoring its enantiomer, although genetic
engineering and directed evolution approaches
can be brought to bear in certain cases (3). By
contrast, the comparative structural simplicity of
synthetic asymmetric catalysts often allows facile
preparation of both catalyst enantiomers, thereby
enabling preparation of each product enantiomer
individually (4). In addition, strategies that allow
for the formation of either product enantiomer
from a single enantiomer of a catalyst have also
been developed, for example, by changing the
reaction conditions, including solvent or temper-
ature, or by the addition of different Lewis acids
(5, 6). But can we go further; can we modulate
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the chiral sense of the space in which a catalyzed
reaction takes place in a dynamic and responsive
manner using an external stimulus?

Here, we show that an external signal, that is,
light, can be used to control the chiral space in
which a catalytic reaction takes place. In our design,
a single enantiomer of a molecular catalytic system
can be triggered in situ to produce a racemate, one
enantiomer, or the other enantiomer of a chiral
product on demand.

We demonstrate the basic principle of such a
chiral catalytic system by exploiting the unique
dynamic stereochemical features of unidirectional
rotary molecular motors (7—9). During the individ-
ual steps of a rotary cycle of a light-driven mo-
lecular motor, the stereochemistry changes several
times. This variability provides a scenario for the
design of a motor with integrated catalytic func-
tions in which the stereocontrol during the cata-
Iytic event can be alternated by light in a sequential
manner. The individual chiral stages during the
unidirectional rotary cycle dictate the ability of
the catalyst to induce a preferred handedness
in the product formed during an asymmetric
transformation.

The design principle, in which motor and
catalytic functions are integrated, is shown in
Fig. 1 (top). A light-driven molecular motor is
functionalized at the rotor and stator segments
with moieties A and B, respectively, which can
cooperate to form a bifunctional organocatalyst
(10, 11) when in proximity to each other. The he-
licity of the motor unit, which dictates the overall
chirality of the system, changes during the 360°
rotary cycle. Simultaneously, the precise posi-
tioning of the two catalytic moieties A and B in
space, both with respect to distance and helical
organization, is governed by rotor and stator ori-
entation at each stage of the rotary cycle. A and B
can be remote (stage 1), in close proximity with
M helicity (stage II), or in close proximity with
P helicity (stage III). As a consequence, the coop-
erative effect of A and B and the preferred chiral
sense induced in a transformation catalyzed by
the system is modulated by the rotary cycle.

In contrast to other light-gated systems (/2),
this adaptive chiral catalyst allows for exquisite
control over both catalytic activity and stereose-
lectivity in a concerted and fully reversible manner.

The structure of the molecular motor-based
catalyst is shown in Fig. 1 (bottom). The mole-
cule is a single enantiomer in which R denotes the
absolute configuration at the methyl-substituted
indanyl centers, P the helicity of the indane pair,
and trans the orientation of the two pendant func-
tional groups (A and B in Fig. 1) about the central
olefin. The design features a chiral overcrowded
alkene that can perform a unidirectional four-
stage rotation cycle fueled by light irradiation
(7, 13, 14). The catalytic moieties are modeled
after recently developed organocatalysts (/5—17)
and are connected to the motor via para-phenyl
spacers at the stator and rotor units of the motor.
They comprise a DMAP (dimethylaminopyridine)
Bronsted base (A) and a thiourea hydrogen-bonding
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donor group (B) to ensure cooperative action in
organocatalytic Michael additions (16, /7). How-
ever, before addressing the issue of control of
catalytic function, the proper operation of the uni-
directional rotary motor has to be established.
The syntheses of (2R,2'R)-(P,P)-trans-1 and its
enantiomer (2S,2'S)-(M,M)-trans-1 are detailed
in figs. S1 to S6 and notes S1 to S3. Unless indi-
cated otherwise, the (2R,2'R)-(P,P) enantiomer
was used to obtain the results that follow. Uni-
directional clockwise rotation of the rotor with re-
spect to the stator in motor 1 was confirmed by a
combination of ultraviolet-visible (UV-vis), circu-
lar dichroism (CD), and proton nuclear magnetic
resonance ('"H-NMR) spectroscopy and chiral
high-performance liquid chromatography (HPLC).
Upon exposure of enantiomerically pure (P,P)-
trans-1, dissolved in tetrahydrofuran (THF), to UV
irradiation (A" = 312 nm) at 20°C, the intensity of
the absorption band at 300 nm decreases in con-
cert with the emergence of a red-shifted absorp-
tion at 360 nm (Fig. 2A). The spectral change was
assigned to a (P,P)-trans-1 — (M,M)-cis-1 inter-
conversion (Fig. 2J) (®"° = 0.37) with a photo-
stationary state comprising >99% of (M,M)-cis-1.
The formation of (M,M)-cis-1 was also evident
from chiral HPLC (see fig. S7) and 'H-NMR
analysis (Fig. 2I) and the observed CD spectral
changes (Fig. 2E) typically associated with the PP
to M,M helix inversion (7). When the solution
of (M,M)-cis-1 was subsequently heated at 70°C
for 40 min, a thermal isomerization step (standard
Gibbs energy of activation A*G® = 104.1 kJ/mol;
for the kinetic data and analysis, see fig. S8)
resulted in the formation of (P,P)-cis-1 (Fig. 2J),
as indicated by the decrease in absorption at
360 nm (Fig. 2B). The concomitant helix inver-
sion of the cis isomer of 1 from M,M to PP is
supported by 'H-NMR (Fig. 2I), chiral HPLC
(see fig. S7), and CD (Fig. 2F) measurements.

Fig. 1. Schematic illus-
tration of an integrated
unidirectional light-driven
molecular motor and bi-
functional organocatalyst
(top) and the molecular
structure of (2R, 2'R)-(P,P)-
trans-1 (bottom). The mo-
tor comprises a rotor and
stator connected by an ]
alkene moiety that func-
tions as the axle. A and B
are DMAP and thiourea
catalytic groups, respec-
tively, that can cooperate
as Bransted base and hy-
drogen bond donor in an
organocatalytic conjugate
addition. Clockwise rota-
tion (seen from the stator

Quantitative analysis of these data revealed that
76% of (P,P)-cis-1 was obtained after this isom-
erization step. Two subsequent photochemical
and thermal isomerization steps, 3 and 4 (Fig. 2J),
of (P,P)-cis-1 resulted in the formation of the
original (P,P)-trans-1 isomer, completing the
four-stage cycle. In this final sequence, the pho-
tochemical (P,P)-cis-1 to (M,M)-trans-1 isomeri-
zation (A = 312 nm, —60°C, ®'*° = 0.18, 81%)
provides a highly unstable isomer that undergoes
rapid (-10°C, 100%) unidirectional thermal isom-
erization to the initial (P,P)-trans-1 isomer. Again
the structural changes and helix inversions during
these isomerization processes could be followed
by UV-vis (Fig. 2, C and D) and CD (Fig. 2, G
and H) spectroscopy and chiral HPLC (see fig. S7),
confirming that the initial (P,P)-trans-1 isomer
was formed after the complete cycle.

The UV-vis spectral changes during these
isomerizations show distinct isosbestic points (332
nm, step 1; 329 nm, step 2; 318 nm, step 3; 326 nm,
step 4), indicating selective unimolecular pro-
cesses. Each photoisomerization is accompanied
by a red-shifted absorption consistent with the
formation of a high-energy isomer due to enhanced
strain in the helical structure. The subsequent ener-
getically downhill thermal isomerization steps
result in a more relaxed structure and govern the
unidirectional nature of the entire rotary cycle.

Having established the four-step unidirection-
al rotary cycle of 1, we investigated its performance
as a chiral organocatalyst, using the enantioselective
Michael addition of 2-methoxy thiophenol 2 to
cyclohexenone 3 as a model reaction (Fig. 3A)
(17). Product formation was monitored by 'H-NMR
in CD,Cl, at —15°C with a catalyst loading as low
as 0.3 mole percent (mol %) (see note S4). The
enantiomeric ratio (e.r.) and absolute configura-
tion of product 4 were determined by chiral HPLC
(see Fig. 3, C to E). When the (P,P)-trans-1 isomer

step-3,4

e

step-1 . step-2
hv A

Il M-helicity Il P-helicity

(2R, 2'R)-(P,P)-trans-1

side) of the rotor around the axle, by photochemically and thermally induced steps, controls the position
and helical orientation of the catalytic groups A and B, providing sequentially catalysts I, Il, and Ill with
different activities and stereoselectivities. The last two isomerization steps [steps 3 and 4 of the 360°C
rotary cycle (see Fig. 2)] reset the catalyst to its initial stage I.
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(Fig. 2J) was used as a catalyst, racemic (R, S)-thiol
adduct 4 (Fig. 3C) was obtained in a slow re-
action (7% yield after 15 hours). The low activity
of the trans isomer of motor 1 is attributed to the
unfavorable orientation of the DMAP and thiourea
moieties on the motor scaffold, which precludes
the operation of cooperative bifunctional catalysis.
In sharp contrast, after photoisomerization, the
Michael addition proceeds significantly faster as
the (M,M)-cis-1 isomer [stable under the reaction
conditions without noticeable isomerization;
half-time () = 120 days at 0°C] provides ad-
duct 4 in 50% yield under the same conditions.

More remarkable is the selective formation of the
(S) enantiomer of adduct 4 with an e.r. of 75/25
(S/R) (Fig. 3D). The next isomer (P,P)-cis-1 ac-
celerates the addition reaction even more (83%
yield in 15 hours) and exhibits an inversion in
enantioselectivity, providing the (R) enantiomer
of 4 with an e.r. of 23/77 (S/R) (Fig. 3E). The rel-
ative rates of product formation for the three cata-
lysts (P,P)-trans-1, (M, M)-cis-1, and (P,P)-cis-1 are
displayed in Fig. 3B (see also fig. S9). The
asymmetric Michael addition can be switched on
in situ by irradiating the catalyst (P,P)-trans-1 at
312 nm [to form (M,M)-cis-1] in the presence

REPORTS I

of reactants 2 and 3, and a significant rate en-
hancement (40% yield in 15 hours) and compa-
rable stereocontrol (e.r., 74/26, S/R) are observed
(see fig. S10).

From these data, it is evident that the cis
isomers of motor 1 display a strongly enhanced
catalytic activity compared with frans-1. Stereo-
control is not observed at all for the trans isomer
of motor 1, in contrast to the cis isomers. This mo-
lecular motor—based organocatalyst has the dis-
tinct property that photoisomerization can be
used to modulate both catalytic activity and the
enantioselectivity. Based on mechanistic studies

A 184 B 15
1.24
(%] 1]
Q Qo
< <
064 52
1
\ \S2
332 "N
0.0 T T T 0.0 T T T 0.0 T T T 0.0 T T T
250 300 350 400 250 300 350 400 250 300 350 400 250 300 350 400
wavelength (nm) wavelength (nm) wavelength (nm) wavelength (nm)
step-1 step-4
E 7 F 1 H =
20 204 16
w w w
< < <
0 0 1
164
20 . . . - 27 . . . . 5 ; i q ; . , , ,
200 250 300 350 400 200 250 300 350 400 200 250 300 350 400 200 250 300 350 400
wavelength (nm) wavelength (nm) wavelength (nm) wavelength (nm)

bic
(P,P)-trans-1

Fig. 2. UV-vis (A to D) and CD (E to H) spectral changes of compound 1 (2.0 x
10> M) in each isomerization process of the four-step unidirectional rotary
cycle (J) fueled by UV irradiation and thermal energy. (A) UV-vis spectral
changes during step 1 upon irradiation at 312 nm (®*° = 0.37) in THF at
20°C; isosbestic points are indicated with circles. (B) UV-vis spectral changes
during step 2 on heating in THF/isopropanol at 70°C. (C) UV-vis spectral
changes during step 3 on irradiation at 312 nm (®*° = 0.18) in THF at —60°C.
(D) UV-vis spectral changes during step 4 (' = 57 min) in THF at —10°C. (E
to H) The corresponding CD spectral changes during each of the four isom-
erization steps, respectively. Spatial orientation of the catalytic groups is
controlled by the directional rotary motion of the molecular motor (J). Step 1:
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(M,M)-cis-1

(P,P)-cis-1

Starting from (P,P)-trans-1; a photoisomerization (A" = 312 nm) provides
(M,M)-cis-1 in which helix inversion (from P to M) has occurred and the two
catalytic groups are brought into close proximity. Step 2: A thermal helix
inversion (70°C) provides (P,P)-cis-1, and the two catalytic units remain in
close proximity while a helix inversion from M to P takes place. Steps 3 and
4: A photochemical step followed by thermal isomerization reset the original
structure (P,P)-trans-1 via the intermediacy of isomer (M, M)-trans-1, which
was not studied as a catalyst due to low thermal stability. The partial *H-NMR
(CD,CL,) spectra of compounds (P,P)-trans-1, (M,M)-cis-1, and (P,P)-cis-1 are
shown in (1) 1 to 3, respectively [for the assignment of the protons, see (J),
(P,P)-trans-1; singlet at 3.0 parts per million represents NMe; protons].
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Fig. 3. Catalytic performance of compound 1 for the Michael addition of 2 (0.2 M) to 3 (0.2 M) to give
chiral adduct 4. (A) Reaction scheme and conditions. (B) Reaction kinetics followed by measuring
product formation with in situ *H-NMR spectroscopy. (C to E) Chiral HPLC traces of the reaction product
4 using catalyst (P,P)-trans-1 (e.r., SIR, 49/51), (M,M)~cis-1 (e.r., SIR, 75/25), and (P,P)-cis-1 (e.r., SIR,

23/77), respectively.

A

Fig. 4. Proposed ternary complex (A) involved in the mechanism of thiol addition to enone catalyzed by
1 and the energy-minimized structures for the asymmetric Michael addition (B and C) obtained using
Hyperchem 8.0 (RM1). (B) Catalyst (2R,2'R)-(M,M)-cis-1; thiol addition to the Si face is favored (marked
with arrow) to give the product (S)-4. (C) Catalyst (2R,2'R)-(P,P)-cis-1; thiol addition to the Re face is
favored to give the product (R)-4. In the trans isomer (not shown), the catalytic units are pointed
antiparallel to each other, precluding bifunctional activation (see fig. S11).

of bifunctional organocatalysts for thiol addition
(10, 17, 18), it is proposed that this transformation
(Fig. 4A) involves an activation of the enone
through hydrogen bonding with the thiourea and
deprotonation of the thiol nucleophile (pK, = 6.6)
by DMAP (pK, =9.7). The experimental obser-
vations suggest that the motor rotation not only
controls the chirality of the entire system but also
gears the catalytically active units to cooperate. In
the trans isomer, due to the distant orientation of
the thiourea and DMAP groups, no cooperative
effect is possible, resulting in low catalytic activity.
Basic molecular modeling studies were performed
to rationalize the reversal in absolute stereo-
chemistry of product 4 on shifting from catalyst
(M ,M)-cis-1 to (P,P)-cis-1 (Fig. 4, B and C).

The energy-minimized structure (see note
S5) of the ternary complex comprising catalyst
(2R, 2'R)~(M,M)-cis-1, thiol 2, and enone 3 (Fig.

18 MARCH 2011

4B) shows that thiol addition to the Si face of
cyclohexenone is favored to give product 4 with
the (S) configuration in accordance with experi-
mental observation. Addition to the Re face is
hampered by severe steric hindrance along the
preferred Biirgi-Dunitz trajectory for conjugate ad-
dition (/9). In contrast, when the (2R,2'R)-(P,P)-
cis-1 catalyst is employed (Fig. 4C), thiol addition
to the Re face is more favorable, yielding product
4 with the (R)-absolute configuration.

It should be noted that the helicity (P or M) and
directionality (clockwise or counterclockwise) of
rotation of the molecular motor is governed by the
chirality of the stereogenic centers (R or S) in the
motor unit. The helicity (P or M) of the motor in
turn dictates the spatial orientation of the catalytic
groups and, as a consequence, the configuration
(R or S) of the newly formed stereogenic center
in the product 4 of the enantioselective catalytic
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event. This interdependence implies that on start-
ing with (2R,2'R)~(P,P)-trans-1 (Fig. 2), a clock-
wise rotary cycle provides sequentially racemic
(R,S)-, (S)-, and (R)-product 4 (Fig. 3, C to E) be-
fore returning to produce racemic product after
a full rotary cycle.

To further explore this delicate stereochemical
interplay, the enantiomer of molecular motor 1,
with the (25,2'S) configuration at the stereogenic
centers, was examined. Because the (2S,2'S)-
(M,M)-trans-1 motor is now the starting point, a
counterclockwise rotary cycle is induced upon
photochemical and thermal isomerization, pro-
viding sequentially racemic (R,S)-, (R)-, and (5)-
product 4 before returning to produce racemic
product after a full rotary cycle (see fig. S12).

Coupling of unidirectional switching to cat-
alytic function, as demonstrated here, may prove
to be a key design tool in the construction of future
catalysts that can perform multiple tasks in a se-
quential manner.

References and Notes
. V. Gotor, 1. Alfonso, E. Garcia-Urdiales, Eds., Asymmetric
Organic Synthesis with Enzymes (Wiley-VCH, Weinheim,
Germany, 2008).
. E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Eds., Comprehensive
Asymmetric Catalysis I-lll (Springer, Berlin, 1999).
3. T. M. Penning, ]. M. Jez, Chem. Rev. 101, 3027 (2001).
4. H. U. Blaser, E. Schmidt, Eds., Asymmetric Catalysis on
Industrial Scale (Wiley-VCH, Weinheim, Germany,
2004).
5. M. Sibi, M. Liu, Curr. Org. Chem. 5, 719 (2001).
6. Y. Sohtome, S. Tanaka, K. Takada, T. Yamaguchi, K. Nagasawa,
Angew. Chem. Int. Ed. 49, 9254 (2010).
7. N. Koumura, R. W. ]. Zijlstra, R. A. van Delden, N. Harada,
B. L. Feringa, Nature 401, 152 (1999).
8. R. Eelkema et al., Nature 440, 163 (2006).
9. M. Schliwa, Ed., Molecular Motors (Wiley-VCH, Weinheim,
Germany, 2003).
A. G. Doyle, E. N. Jacobsen, Chem. Rev. 107, 5713
(2007).
11. D. W. C. MacMillan, Nature 455, 304 (2008).
12. R. S. Stoll, S. Hecht, Angew. Chem. Int. Ed. 49, 5054
(2010).
13. M. M. Pollard, A. Meetsma, B. L. Feringa, Org. Biomol.
Chem. 6, 507 (2008).
14. ). Wang, A. Kulago, W. R. Browne, B. L. Feringa, J. Am.
Chem. Soc. 132, 4191 (2010).
15. T. Okino, Y. Hoashi, Y. Takemoto, J. Am. Chem. Soc. 125,
12672 (2003).
16. C. Rabalakos, W. D. Wulff, . Am. Chem. Soc. 130, 13524
(2008).
17. N. K. Rana, S. Selvakumar, V. K. Singh, J. Org. Chem. 75,
2089 (2010).
18. H. Hiemstra, H. Wynberg, J. Am. Chem. Soc. 103, 417
(1981).
19. E. V. Anslyn, D. A. Dougherty, Eds., Modern Physical
Organic Chemistry (University Science Books, Sausalito,
CA, 2006).
We thank G. Caroli for assistance with the molecular
modeling studies and W. R. Browne for discussion. This
project was supported by the Netherlands Organization for
Scientific Research (NWO-CW) and European Research
Council (ERC grant 227897).

s

]

10.

20.

Supporting Online Material
www.sciencemag.org/cgi/content/full/science.1199844/DC1
SOM Text

Figs. S1 to 512

References

1 November 2010; accepted 18 January 2011
Published online 10 February 2011;
10.1126/science.1199844

SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on June 8, 2012


http://www.sciencemag.org/

