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Abstract: In this paper we present the smallest artificial light-driven molecular motor consisting of only 28
carbon and 24 hydrogen atoms. The concept of controlling directionality of rotary movement at the molecular
level by introduction of a stereogenic center next to the central olefinic bond of a sterically overcrowded
alkene does not only hold for molecular motors with six-membered rings, but is also applicable to achieve
the unidirectional movement for molecular motors having five-membered rings. Although X-ray analyses
show that the five-membered rings in the cis- and trans-isomer of the new molecular motor are nearly flat,
the energy differences between the (pseudo-)diaxial and (pseudo-)diequatorial conformations of the methyl
substituents in both isomers are still large enough to direct the rotation of one-half of the molecule with
respect to the other half in a clockwise fashion. The full rotary cycle comprises four consecutive steps:
two photochemical isomerizations each followed by a thermal helix inversion. Both photochemical cis—
trans isomerizations proceed with a preference for the unstable diequatorial isomers over the stable diaxial
isomers. The thermal barriers for helix inversion of this motor molecule have decreased dramatically
compared to its six-membered ring analogue, the half-life of the fastest step being only 18 s at room
temperature.

Introduction A sophisticated synthetic system that mimics the behavior of

The bottom-up construction of molecular-level machines is naturally occurring processive enzymes has recently been
one of the most challenging tasks in the pursuit of nanotech- réported by Nolte et & Emphasis is currently shifting to
nology! Nature’s molecular machinery such as the ATP Mmultifunctional or organized molecules and systems that can
synthasé, kinesine and myosing,and flagellar motors in ~ Perform a certain task, for instance, by mounting them on a
bacteria serve as a major source of inspiration for the develop-surfacé” or inclusion in a liquid crystalline matri%® An
ment of artificial molecular devices such as molecular switéhes, €specially elegant example is the molecular machine by Gaub
motors56 shuttles’ scissors rotating module$,and muscle? et al.}* featuring a polymer consisting of azobenzenes which

- - - is stretched and contracted on application of external stimuli
(1) Sci. Am. Special Issue: Nanotech: The Science of Small Gets Down to . .
BusinessSept2001 (b) Feynman, R. P. IMiniturizatior; Gilbert H. D., and thus is able to perform work. A vital component of the

Ed.; Reinhold, New York; 1961. (c) Drexler, K. Banosystems: Molecular nanotechnology toolbox would be a molecule or molecular
Machinery, Manufacturing and Computatiowiley: New York, 1992. . .
(d) Astumian, R. DSci. Am.2001, 285 (1), 56—64. assembly that acts as a motor, driving (mechanical) processes

(2) (a) Yin, H.; Wang, M. D.; Svoboda, K.; Landick, R.; Block, S. M.; Gelles, H H i
3 "Stience1995 270, 16531657, (b) Walker, 3. EAngew. Ghem.. Int at the molecular level. The design of such a device has to fulfill

Ed. Engl.1998 37, 2309-2319. (c) Boyer, P. DAngew. Chem., Int. Ed. a number of requirements. The motor molecule has to escape
Engl. 1998 37, 2297-2307. . P

(3) Vale, R. D.; Milligan, R. A.Science2000 288 88-95 and references from the Brownian mptlop, its movement has to be controlled
therein. and needs to be unidirectiortabecond, the molecule has to be

(4) (a) Feringa, B. L.; van Delden, R. A.; ter Wiel, M. K. J. Molecular
SwitchesFeringa, B. L., Ed., Wiley-VCH: Weinheim, 2001; Chapter 5, able to perform the same cycle of movements a large number

pp 123-163. (b) Feringa, B. L.; van Delden, R. A.; Koumura, N.;  of times to function as a motor. Finally, the motor molecule
Geertsema, E. MChem. Re. 200Q 100, 1789-1816.
(5) (a) Feringa, B. LAcc. Chem. Re001, 34, 504-513. (b) Kelly, T. R. has to perform work and should therefore be able to convert

QC% C,\T;Tré Figggojoi“vlg(lﬁzg%l (b) Kelly, T. R.; De Silva, H.; Silva, one type of energy into another. Only a few systems have proven
(6) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Ahgew. Chem., to stand the challenge made by these deméhds.
Int. Ed.200Q 39, 3349-3391. (b) Leigh, D. A.; Wong, J. K. Y.; Dehez,
F.; Zerbetto, FNature 2003 424, 174-179.
(7) (a) Ballardini, R.; Balzani, V.; Credi, A.; Gandolfi, M. T.; Venturi, M. (10) Jimeez, M. C.; Dietrich-Buchecker, C.; Sauvage, JARgew. Chem., Int.

Acc. Chem. Re2001, 34, 445-455. (b) Pease, A. R.; Jeppesen, J. O.; Ed. 200Q 39, 3284-3287.
Stoddart, J. F.; Luo, Y.; Collier, C. P.; Heath, J.A&&c. Chem. Ref00], (11) Thordarson, P.; Bijsterveld, E. J. A.; Rowan, A. E.; Nolte, R. JNslture
34, 433-444. (c) Brouwer, A. M.; Frochot, C.; Gatti, F. G.; Leigh, D. A; 2003 424, 915-918.
Mottier, L.; Paolucci, F.; Roffia, S.; Wurpel, G. W. I$cience2001, 291, (12) Chia, S. Y.; Cao, J. G.; Stoddart, J. F.; Zink, JAhgew. Chem., Int. Ed.
2124-2128. 2001, 40, 2447-2451.

(8) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida, J. Am. Chem. So2003 (13) van Delden, R. A.; Koumura, N.; Harada, H.; Feringa, BPtoc. Nat.
125 5612-5613. Acad. Sci2002 99, 4945-4949.

(9) Tashiro, K.; Konishi, K.; Aida, TJ. Am. Chem. SoQ00Q 122, 7921— (14) Hugel, T.; Holland, N. B.; Cattani, A.; Moroder, L.; Seitz, M.; Gaub, H.
7926. E. Science2002 296, 1103-1106.
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Figure 1. First- and second-generation light-driven molecular moioasid2 and the new moto8.

Our design of nanomechanical motors has focused on thelarge influence on the overall geometry of the molecule and
light-driven unidirectional rotary movement found in sym- therefore on the thermal helix inversion steps involved in the
metrical overcrowded biphenanthrylidetgFigure 1) This rotary motion. By adapting the size of the atoms (X,Y) in both
was the first system capable of performing a unidirectionaP360 the upper and lower parts of this molecule, the thermal barrier
rotation, with one-half of the molecule rotating with respect to for helix inversion can be decreased substantigiy8 From
the other half of the molecule. Key features of this motor are these studies it is evident that a subtle balance of structural
the intrinsic helical shape, the photoisomerizable carlmambon parameters governs the rate of rotary motion. It appeared to us
double bond that acts as the axis of rotation, and two stereogenicdhat the size and the geometry of the rings connecting upper
centers, each in one-half of the molecule. The unidirectional and lower halves to the central carbecarbon double bond in
rotary motion of this system involves four consecutive steps: 1 might be an important factor in controlling the rotation speed.
two energetically uphill photochemical steps each followed by In the present paper a new motor molecule is presented,
an energetically downhill thermal step. In this process, fueled featuring five-membered instead of six-membered rings con-
by light energy, unidirectionality is achieved by the subtle nected to the central olefinic bond, which results in a drastic
interplay between the conformation of the six-membered ring enhancement of the speed of rotation.
and the orientations which the methyl substituents can adopt.

Due to the steric hindrance in these molecules, the (pseudo-)-Molecular Design

axial orientation is energetically preferred over the (pseudo-)-
equatorial orientation of the methyl substituent in bothdtse
andtransisomer of1.

Upon irradiation,trans—cis isomerization occurs and the
overall helicity of the molecule is inverted. Simultaneously, due
to a change in conformation of the six-membered ring, the
methyl substituents are forced to adopt a disfavored (pseudo-)-
equatorial orientation. Heating of the molecules in their less
stable conformations results in an inversion of helicity and the
methyl substituents adopt a favored (pseudo-)axial orientation
again. When doped in a liquid crystalline matrix, motor molecule
1 was able to drive a color change amplifying motion at the
molecular level to a macroscopically observable efféct.
However, this first-generation molecular motor still has a
substantial number of properties that need improvement in order
to further develop the concept of light-driven motors for future
nanomechanical applications. A drawback of this prototype
system is the high energy barrier to accomplish the thermally
driven helix inversion, which is a crucial factor in the control
of the speed of rotary motion. In one approach to overcome

this shortcoming, the so-called second-generation molecular i . . .
photochemical and thermal steps involved in the rotational

motor 2 was designed (Figure 1). These molecules consists of . . .
two entities: a rotor part with a single stereogenic center process have to be considered. The Iarggr S|.x-membered rngs
governing unidirectional rotation and a stator part where in 1 will push the two naphthalene moieties in the upper and

substituents can be introduced allowing functionalization to more lower halves of the molecule stronger toward each other than

elaborate motor systemslt has been shown that changing the would be the_ case fdﬁ_ contalqlng flye-membered fiNgs. T_he
steric hindrance around thiord region (Figure 1) can have a second consideration is the orientation of the methyl substituent

at the stereogenic center and the conformation of the ring to
(15) (a) Feringa, B. L.; Koumura, N.; van Delden, R. Appl. Phys. A2002, which it is attached. The highly distorted six-membered ring in
75, 301-308. (b) Feringa, B. L.; van Delden, R. A.; ter Wiel, M. K. J. i ; i i -
Pure Appl. Chem2003 75, 563-575. 1, w_hl_ch has a boatlike conformatlon, contaln_s threé sp
(16) (a) Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A; Harada, N.; Feringa, hybridized carbon atoms. The five-membered ring3imlso
B. L. Nature 1999 401, 152-155. (b) For commentary on both the i idi i
chemically and photochemically driven molecular motors, see: Davis, A. contains three §§hybr|d|zed ca_rbon atoms and_ IS _therefore
P. Nature1999 401, 120-121. expected to be close to planarity. A key question is whether
(17) (a) Koumura, N.; Geertsema, E. M.; Meetsma, A.; Feringa, B. lAm.
Chem. Soc200Q 122 12005-12006. (b) Koumura, N.; Geertsema, E.
M.; van Gelder, M. B.; Meetsma, A.; Feringa, B. I. Am. Chem. Soc. (18) Geertsema, E. M.; Koumura, N.; ter Wiel, M. K. J.; Meetsma, A.; Feringa,
2002 124, 50375051. B. L. Chem. Commur2002 2962-2963.

The rate-determining step for the 36fbtation around the
double bond for all motor molecules investigated so far is the
thermally driven helix inversion. Although improvements have
been made in the lowering of the barrier for this conversion,
the fastest molecular motor molecule still has a half-life of 2400
s for the thermal helix inversion at room temperattifeThe
challenge is to further decrease these barriers without affecting
the unidirectional rotation. Particularly important with respect
to new and improved designs of molecular motors based on
sterically overcrowded alkenes are the geometry and conforma-
tion around the central double bond and the steric hindrance
around thdjord region The molecular motors described so far
always contained one or two six-membered rings with stereo-
genic centers controlling the direction of rotation. Since these
six-membered rings introduce considerable steric hindrance into
the molecule, a pertinent question is whether the presence of a
smaller five-membered ring bearing a stereogenic center as in
3 (Figure 1) would allow a faster unidirectional 36fbtation.

Comparing the six- and five-membered ring systelhrand
3, a number of factors which are of importance for both the

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15077
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Scheme 1. Retrosynthesis of the New Motor Molecule 3
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Scheme 3. Asymmetric Synthesis Route toward Motor Molecules 3
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the conformational differences (pseudoaxial or pseudoequatorial)very low due to steric hindrané.Similar problems can be
of the methyl substituents at the stereogenic centef3 ane anticipated for the McMurry coupling of ketoresince the two
still large enough to force the movement around the double bond symmetric halves are now connected by a highly sterically
in a unidirectional fashion. A third consideration concerns the demanding double bond between two five-membered rings.
photochemical conversions and, in particular, the effect of To avoid overalkylation, the methyl substituent is introduced
structural features on the absorption spectra and excited-statepreferably in an early stage of the synthesis. Therefore, the
geometry. For six-membered ring systdmthe photoisomer- ketones used in the coupling reaction are to be derived from
izations have been shown to proceed with high stereoselectivity the 2-substituted naphthalene precufsdring closure of acid
due to distinct differences in absorption characteristics of the 5 by means of a FriedelCrafts acylation is supposed to take
isomerstéabut it remains to be seen if this also holds for five- place regioselectively at the 1-position of the naphthalene moiety
membered analogu@ to give 2-methyl-2,3-dihydroH-cyclopentag]naphthalen-1-one
4.
Synthesis The synthesis 08 is summarized in Scheme 2. The enolate
. L of methyl propionate, generated at low temperature using lithium

_The synthenc route toward the_t enV|S|0|f1ed molecular _motor diisopropylamide as a base, was allowed to react with 2-(bro-
3 is dominated by the most crucial step, i.e., the formation of ,omethyi)naphthalengto provide estef. Hydrolysis of ester
the s'FerlcaIIy crowded ceqtral olefinic bond via a reductive 7 in a mixture of potassium hydroxide in ethanol and water
coupling of two ketoned using a McMurry reaction (Scheme  gaye acids which was converted to the corresponding acid

1). The yields of t_ht_a McMurry cpupl?ri@ of the corre_sponding chloride 8 followed by ring closure using AlGlin dichloro-
ketones of the original motdt with six-membered rings were

(20) (a) Harada, N.; Koumura, N.; Feringa, B.1..Am. Chem. S0d997 119,
7256-7264. (b) ter Wiel, M. K. J.; Koumura, N.; van Delden, R. A;

(19) For a review on McMurry coupling using low-valent titanium species see: Meetsma, A.; Harada, N.; Feringa, B. Chirality 2000 12, 734-741. (c)
Firstner, A.; Bogdanovid. Angew. Chem., Int. Ed. Endl996 35, 2442- ter Wiel, M. K. J.; Koumura, N.; van Delden, R. A.; Meetsma, A.; Harada,
2469. N.; Feringa, B. L.Chirality 2001, 13, 336.
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Figure 2. PLUTO drawing of racemic ®*,2'R*)-(P*,P*)-(E)-(+)-2,2-dimethyl-2,2,3,3-tetrahydro-1, kbicyclopentafijnaphthalenyliden8. One enantiomer
shown; this structure does not express the absolute stereochemistry of the molecule.

ethane to provide ketoné in 86% vyield. Finally, reductive
coupling of4 using TiCl, and Zn provided the overcrowded
alkene3 as a mixture otis andtransisomers (ratio 5:2) in a
combined yield of 76%. By recrystallization of tlegs—trans
mixture of 3 from ethyl acetate, the purgans isomer was
isolated as slightly yellow crystals (mp 192:793.2°C) in 14%
yield. Purecis isomer (mp 178.6179.9°C) was obtained by
repeated recrystallizations from ethanol and ethyl acetate.
Two major differences in the synthesis®fompared to that
of the original motor molecule have to be mentioned at this
point2° First, the yield in the reductive coupling of the two

The asymmetric synthesis (Scheme 3) starts with chiral
oxazolidinone9 prepared by standard methodold§yGenera-
tion of the enolate 0® using LDA followed by quenching with
2-(bromomethyl)naphthalene givé8in moderate yield (54%).
Since it is possible to form two diastereomers, the reaction
mixture was carefully analyzed to ascertain the presence of a
diastereomerically pure product. Diastereomerically girevas
deprotected using standard conditions to afford carboxylic acid
(R)-5in high yield (90%). By derivatization of acidR}-5 to its
methyl ester R)-7 the enantiomeric excess oR)5 was
determined to be higher than 99% according to HPLC analysis

ketone moieties is drastically enhanced. Particularly remarkable (Daicel Chiralcel OB-H column, heptane:2-propans! 99:1).

is the preferred formation of theis isomer in the case d3.
For the original motor molecul&, no cis isomer was isolated
nor observed byH NMR after the McMurry reaction. This
could imply that thecis isomer of3 is more stable than the
trans isomer of 3. Apparently the stereoselectivity in the
formation of the cyclic intermediate during the reductive
coupling is affected by the ring size of the ketoAgs.

The alkenesrans-3 andcis-3 were prepared in their racemic

Ring closure of acidR)-4 by conversion to acid chloriddR{-8

and subsequent FriedeCrafts reaction with AlG afforded
chiral ketone R)-4 in good yield and with high enantiomeric
excess. It must be noted that this chiral ketoRg4 is prone

to racemization but can be obtained with arre®9% according

to HPLC analysis (Daicel Chiralcel GBH column, heptane:
2-propanok= 99:1) using neutral conditions during workup. In
the last step, a reductive coupling, using a low-valent titanium

forms, and enantioresolution was performed using preparativespecies generated by reduction of titanium tetrachloride with

chiral HPLC. Separation of the enantiomers oftitams-3 alkene
proved to be possible on a Daicel Chiralcel OD-column using
a highly apolar eluent (heptane:2-propar99.9:0.1). HPLC
separation of the enantiomers of this-3 was accomplished
using heptane:2-propansi 99.5:0.5 as an eluent on a Daicel
Chiralcel OD-column. The configuration of the first eluted
fraction of cis-3 was assigned to be R2'R)-(P,P) by com-
parison with CD data of related compounds (vide infra).

To develop an alternative method to optically acti8ge
avoiding time-consuming chromatographic resolution, it was

zinc powder, provided® as acis—trans mixture (ratio 5:2).
Chiral HPLC analysis revealed that both isomers3oivere
obtained as racemates. Unfortunately, under the reaction condi-
tions used, the chiral ketoneR¥4 racemized completely
rendering this elegant route, aiming at an asymmetric synthesis
of thecisandtransalkenes, useless for stereoselective formation
of enantiomerically pureis andtrans-3.

Structural Analysis
From theH and13C NMR spectra otis-3 andtrans-3 the

decided to introduce the methyl substituent via an asymmetric Co-symmetric nature of both isomers is immediately evident

synthetic route. In combination with CD spectroscopy this would
provide valuable information about the absolute configuration

and all NMR data are in complete agreement with the structures
of the isomers. The signals in thd NMR spectra otis-3 and

of these molecules. A number of methods have been developedrans-3 were assigned individually by COSY and NOESY

for the stereoselective introduction of an alkyl group next to a

experiments. In the aromatic region, tH¢ NMR spectra of

carbonyl functional group and for our purpose the methodologies the alkenesis-3 andtrans-3, with a five-membered ring, closely

developed by Endetsand Evan& are particularly relevant. It

resemble théH NMR absorptions of the corresponding isomers

was decided to use the Evans oxazolidinone protocol which of six-membered alkeng.
makes use of a less sterically demanding acid derivative and The proton absorptions in the aromatic regiortrahs-3 are
provides methodology that has already proven its value in the found at values betweeh7.4 and 8.3 ppm. A confirmation of

synthesis of the six-membered ring analogifés.

(21) Enders, D.; Kipphardt, H.; Fey, P. @rganic SynthesjsVedejs, E., Ed.;
John Wiley & Sons: New York, 1987; Vol. 65, pp 18202.

(22) (a) Evans, D. A.; Ennis, M. D.; Mathre, D. J. Am. Chem. Sod.982
104, 1737-1739. (b) Evans, D. A.; Takacs, J. M.; McGee, L. R.; Ennis,
M. D.; Mathre, D. J.; Bartroli, JPure Appl. Chem1981, 53, 1109-1127.

thetrans-geometry of the latter molecule is the observation of
a NOE interaction between Me2 and 'Hthd between H2 and
H9' (for the numbering otrans-3, see Figure 2). Indicative

(23) Gage, J. R.; Evans, D. A. forganic Synthesjsreeman, J. P., Ed.; John
Wiley & Sons: New York, 1995; Coll. Vol. VIII, pp 528531.
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Figure 3. PLUTO drawing of racemic ®&*,2'R¥)-(P*, P*)-(2)-(+)-2,2-dimethyl-2,2,3,3-tetrahydro-1,tbicyclopentafinaphthalenyliden8. One enantiomer
shown; this structure does not express the absolute stereochemistry of the molecule.

for thecis-3 isomer are the arene proton absorptions as high assquares plane of the atoms €21-C9b—C9b—C1—-C2 is
0 6.4 ppm. The reason for tHel NMR absorption at relatively ~ on average 42% a value that is also reflected in the torsion
high field in cis-3 is the aromatic ring current anisotropy angle CEtC1—C9b—C9a, which is on average 44.%or both
experienced by the close proximity of the naphthalene moiety halves oftrans-3. The five-membered ring itself is remarkably
in the opposite half of the molecule. The upfield shift of the flat, and the ring deviates only slightly from the least-squares
arene protons is in accordance with data of ¢ieeisomer of plane through the atoms €L2—-C3—C3a-C9b. The atoms
the six-membered overcrowded alkene described previdlsly. C2 and C2(average 0.220 A) and C1 and 'Qaverage 0.200
In the NOESY spectrum ofis-3 no interaction between the  A) show the largest deviations from this plane. Nevertheless,
Me2 or H2 and H9was found (for the numbering afs-3, see the methyl substituent at the stereogenic center clearly adopts
Figure 3). a (pseudo-)axial orientation (EC1'—C2 —Me2ax is—116.2

To unequivocally prove the molecular geometry and to (average)), and the most stable conformatiotrarfis3 shows
determine the preferred conformation of the stable forms of thesea similar helicity as found fotrans-1.
moleculesfrans3 was recrystallized from ethyl acetate to afford  gyjitable crystals for the X-ray structure determination of the
crystals suitable for X-ray analysis (Figure 2). The crystal used racemiccis-3 isomer were obtained by recrystallization from
was found to be orthorhombic with space grata(No. 61)  ethanol. The crystal used was found to be monoclinic with space
and contained one molecule wans3 in the asymmetric unit  groupP2; (No. 4) and contained two enantiomersai$-3 in
cell24 The structure of the compound is slightly distorted due he asymmetric unit cel! The two residues (from hereon
to crystal packing effects but can be regarded ps&lido-  arpjtrarily named enantiomer 1 and 2) are, apart from minor

symmetric. The most important structural featuresrahs3 distortions due to crystal packing effects, enantiomers of each
in the solid state are the overall double helical shape and theyiper.

(pseudo-)axial orientation of both methyl substituents at the
stereogenic centers. As is apparent from Figure 2, the naph-
thalene moiety and the methyl substituent in one-half of the
molecule are pointing in the same direction.

The central double bond itrans3 was found to be only
slightly elongated: 1.3497 A compared to the literature value
of 1.33 A for a common olefinic bonf. The bond angles around
C1 and Clare as follows: C2C1-C9b=104.7°, C2—C1—

Cl =126.0, and C9b-C1-C1 = 127.£, making the average
total angle around C1 and C357.5 (values are an average of
the values found in the two parts of the residue since the
structure is being regarded as pse@esymmetric). Remark-
ably, in trans-3 the central olefinic bond is more twisted
compared to its six-membered analodu€elhe values for the
torsion angles around the double bond are-C2—C1—C2
=—162.2, C9b-C1-CI'-C9b=155.8, and C2-C1-CI—
C9b = —3.2° (average). The angle between the least-squares
planes of the atoms in both naphthalene moieties (3512
trans-3 shows a close to perpendicular geometry. The twist of
the naphthalene moiety itself irans-3 with respect to the least-

Similar to trans-3, the structure otis-3 is C,-symmetric at
first sight, but both residues are slightly distorted. Clearly, the
helical shape and the (pseudo-)axial orientation of the methyl
substituents at the stereogenic centers can be seen from the
structure depicted in Figure 3. Both the naphthalene moiety and
the methyl substituent in each half are pointing in the same
direction, implying that this geometry is the most stablecisr
3. The central double bonds in both enantiomersief3 (1.365
and 1.352 A) were found to be more elongated and flatter than
the central double bond imans-3 (1.3497 A). The bond angles
around C1 and Clin enantiomer 1 are as follows: €Z1—
C9b = 105.0, C2-C1-C1 = 121.6, and C9b-C1-C1 =
133.2 (average total angle around C1 and' &1359.8); in
enantiomer 2 they are as follows: €21-C9b= 104.6, C2—
C1-C1 = 122.0, and C9b-C1-C1 = 133.3 (average total
angle around C1 and C% 359.9) (values are an average of
the values found in the two parts of the residue since the
structure is pseud@,-symmetric). The values for the torsion
angles around the double bond are as follows—C2—C1 —
C2=11.0,C95-C1-CI-C9b= —3.2°,and C2-C1-C1—

(24) X-ray crystallographic data and details of the structure determination are C9b = —176.T (average) for enantiomer 1 and €21-C1'—
listed in Table 1 in the Supporting Information. The numbering of the atoms C2=-10.9, C9b-C1-C1—C9b = 1.4°, and C2-C1-C1'—

adopted in both X-ray structures is according to IUPAC rules in this paper. . X Lo
Since this numbering is different in the cif file, tables in the Supporting C9b = 175.3 for enantiomer 2. This means that the deviation

Information are included to convert the labels used. ; e i
(25) CRC Handbook of Chemistry and Physics 199994 Lide, D. R, Ed;  [10M planarity of the central double bond fois-3 is smaller
CRC Press: Boca Raton, FL, 1993; Vol. 74, pp® than was found for bottrans-1 andtrans-3. In cis-3 the angle
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Figure 4. (a) UV—vis spectraif-hexane) of the stable olefingis-3 (dotted line) andrans-3 (solid line); (b) CD spectranthexane) of the stable olefins:
(2R,2R)-(P,P)-cis-3 (dotted line) and (R,2'R)-(P,P)-trans-3 (solid line).

between the least-squares planes of the atoms in both naphthagjﬁﬁg%gbo Bﬂfgﬁggg&'g?kﬁg& %e;g]g | Isomerization Processes

lene moieties (average 3%)sas much smaller than forans-3

(85.2). This is reflected in the torsion angles in both enanti- step 1
omers between C%1C1-C9b—C9a which are 3133 and 5280 nm
—32.7, respectively, incis-3. Again, the five-membered ring S a——
itself is remarkably flat and its atoms deviate only slightly from -40°C

the plane through C1C2—C3—C3a-C9b in both moieties; the
largest deviations are associated with the atoms C1, C2, C1
and C2. However, the five-membered ring @is-3 is even more
planar than that ofrans3, the average deviation of C1 and stable 2R2'R)-(P,P)-cis-3 unstable (2A,2'R)-(M,M)-trans-3
C1 in both residues being 0.172 A and of C2 and @485 A.

Also, for cis-3, it is clear that the methyl substituents at the

stereogenic center adopt a (pseudo-)axial orientatior- (11— step 4 ‘ 20°C step 2 -10°C
C2—Me2ax are on average96.4 and 96.9).

Photochemical Experiments

Enantiomerically pure ®2R)-(P,P)-cis-3, obtained by >280 nm
preparative chiral HPLC, was irradiated-a40 °C in n-hexane i e—
and subsequently heated at room-temperature resulting in a -40°C
mixture of (R,2R)-(P,P)-cis-3 and (R 2R)-(P,P)-trans-3 (vide step 3

infra). These two isomers were readily separated by chiral HPLC
on a preparative Daicel Chiralcel OD-column (heptane: unstable 2R2'R)-(M,M)-cis-3 stable (2R,2'R)-(P,P)-trans-3
propanol= 99.9:0.1). The UV-vis spectra of pureis-3 and
trans-3 are shown in Figure 4a, and the circular dichroism (CD) (P,P)-trans-3 (step 2). A second energetically uphill photo-
spectra of enantiomerically pureR2'R)-(P,P)-cis-3 and (R 2R)- isomerization (step 3) followed by a thermal helix inversion
(P,P)-trans-3 are shown in Figure 4b. The absolute configuration (step 4) should complete a four-step 36@idirectional rotation.
of (2R,2R)-(P,P)-cis-3 and (R,2R)-(P,P)-trans-3 could be Photoisomerization of a sample ofR2'R)-(P,P)-cis-3 in
assigned by comparison of CD data with the CD spectra of n-hexane by irradiation withi = 280 nm at—40 °C was
(3R,3R)-(P,P)-cis-1 and (R,3 R)-(P,P)-trans-1.16a20The ori- monitored by UV-~vis (Figure 5a) and CD spectroscopy (Figure
entation of methyl substituent at the stereogenic centers wassb). The major band in the CD spectrum shifted from 270.0
confirmed to be (pseudo-)axial, as was apparent by X-ray nm for the initial (R 2R)-(P,P)-cis-3 to 263.2 nm at the
structural analysis ofis-3 andtrans-3 (vide supra). photostationary state (PSS) and changed sign fkers —172.2

The anticipated four-step unidirectional rotation 8fis to Ae = 13.1 (Figure 5b). The change in sign of the CD signal
depicted in Scheme 4. On the basis of our experience With is indicative for the helix inversion of the molecule going from
and related molecular motors, irradiation of the stabRZR)- a overall P)-helicity in (2R,2’R)-(P,P)-cis-3 to an (M)-helicity
(P,P)-cis-3 is expected to result in the formation of the in the newly formed isomer, anticipated to be the energetically
energetically unfavored R2'R)-(M,M)-trans-3 isomer where unstable (R 2 R)-(M,M)-trans-3 isomer with both methyl sub-
the methyl substituents are forced to adopt a (pseudo-)equatoriaktituents in an equatorial orientation (step 1, Scheme 4). The
orientation (step 1). Heating of R2'R)-(M,M)-trans-3 should exact nature of this unstabteansisomer was confirmed by
induce a thermal helix inversion to form the stabl®@2R)- low-temperaturéH NMR. A solution of racemic stableis-3
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Figure 5. UV-vis (n-hexane) (a) and CD spectra-ijexane) (b) of the first half of the rotary cycle: pureR(2R)-(P,P)-cis-3 (dotted line), after step 1

(dashed line), and after step 2 (solid line) (cf. Scheme 4).
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Figure 6. CD absorptions monitored in time for the two thermal helix
conversions in the rotary process: (a) conversion BfZR)-(M,M)-trans-3

to (2R, 2R)-(P,P)-trans-3 (Ae at 230 nm—10 °C, n-hexane); (b) conversion
of (2R,2'R)-(M,M)-cis-3 to (2R 2R)-(P,P)-cis-3 (Ae at 279 nm, 20°C,
n-hexane).
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(toluenedg), with methyl groups in an axial orientation, was
irradiated overnight at78°C (1 = 280 nm). Upon irradiation,
the signals of the methyl protons of stabls-3ato 1.17-1.18
ppm shifted to higher field ab 0.68-0.69 ppm as a result of
the diequatorial orientation of the methyl groups in unstable
trans3 formed. In the aromatic part of the spectrum, signals
appeared at lower field, 7.#¥.72 and 7.957.97 ppm,
indicative of the formation of a molecule with #&ans

converted to stable R2R)-(P,P)-trans3 (step 2, Scheme 4).

In (2R,2 R)-(P,P)-trans-3 the methyl substituents of the molecule
are back in their favored (pseudo-)axial conformation. From
the change in CD monitored in time, the rate constagtat
various temperatures was determined and subsequently used to
calculate the Gibbs free energy of activatiax@’* = 80+ 1
kJmol™1) using the Eyring equation. This means that the
conversion of (R, 2R)-(M,M)-trans-3 to (2R, 2’ R)-(P,P)-trans-3

has a half-life of only 18 s at room temperature (293.15 K).

Due to the low stability of (R,2'R)-(M,M)-trans-3, the PSS
ratio of the first photoequilibrium could not be determined
directly. After the thermal conversion ofR2'R)-(M,M)-trans-3
to (2R,2R)-(P,P)-trans-3, the amount of stable R2'R)-(P,P)-
trans-3 formed reflects the amount of unstablél(2 R)-(M,M)-
trans-3 at the PSS. Using chiral HPLC analysis, the ratio of
(2R 2R)-(P,P)-cis-3 and (R,2R)-(M,M)-trans-3 at the PSS
mixture was determined to be 22:78. The formation & 2R)-
(P,P)-trans-3 was confirmed by comparison with racemic and
enantiomerically pure R 2 R)-(P,P)-trans-3. From these data,
the CD and U\ vis spectra of unstable 2'R)-(M,M)-trans-3
could be calculated (Figure 7).

The mixture of (R2R)-(P,P)-cis-3 and (R,2R)-(P,P)-
trans-3 (22:78 ratio) obtained after irradiation and heating of
the original sample was used for further experiments. Irradiation
of this sample{ = 280 nm at—40 °C), resulted in a change of
the sign of the CD signal and the major band in the CD spectrum
shifted from 258.4 to 279.0 nm and changed sign fraen=
—135.6 toAe = 59.1 (Figure 8). This is indicative of the helix
inversion taking place upon irradiation o2 R)-(P,P)-trans-3
and (R 2R)-(P,P)-cis-3to (2R,2R)-(M,M)-cis-3 and (R,2R)-

conformation. Heating of this sample showed a clean conversion(M,M)-trans-3, respectively. Due to low stability of the diequa-

of unstabletrans-3, with equatorial methyl groups, to stable
trans-3, with axial methyl groups.

Subsequently the irradiatedhexane solution, containing the
photostationary state mixture off2 R)-(P,P)-cis-3 and (R 2R)-
(M,M)-trans-3, was kept at-10 °C and the CD signal at 230

torial compounds the ratio of the four forms present in the
mixture could not be determined directly. Confirmation of the
structure of the racemic unstahtes-3 with equatorial methyl
groups was also performed by low-temperatiifeNMR. A
sample of racemic stabteans-3 with methyl groups in an axial

nm was monitored in time. An inversion of the CD spectrum orientation, dissolved in toluerd; was irradiated overnight at
was observed after complete conversion, indicating the overall =78 °C (A = 280 nm). Due to a diequatorial orientation of the
inversion of helicity of the molecule (Figure 5b and Figure 6, methyl groups in the unstableis-3 formed, a new doublet
trace a). This indicates that unstabl®2R)-(M,M)-trans-3 was appeared at lower fieldd(1.46-1.47 ppm) compared to the
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Figure 7. Calculated UV~vis (n-hexane) (a) and CD spectnafiexane) (b) of (R,2'R)-(M,M)-trans-3 (dashed line) and R2R)-(M,M)-cis-3 (thick solid
line).
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Figure 8. UV—vis (n-hexane) (a) and CD spectra-lfexane) (b) of the second half of the rotary cycle: after step 2 (solid line), step 3 (thick solid line),
and step 4 (short dotted line).

signals of the protons of the methyl groups of stabéas-3 (6 and UV—vis spectra of unstable Z2'R)-(M,M)-cis-3 could be
1.26-1.27 ppm). In the aromatic region of the spectrum, calculated (Figure 7).

absorptions appeared at higher fiefd6.49-6.52 and 6.75 The CD spectra of ®2R)-(P,P)-cis-3 (Figure 4b) and
6.78 ppm, which is indicative for the shielded protons due to (2R,2'R)-(M,M)-cis-3 (Figure 7b) and (R,2'R)-(P,P)-trans-3

the anisotropic ring current in a compound witis conforma- (Figure 4b) and (R 2 R)-(M,M)-trans-3 (Figure 7b) nicely show
tion. After heating of this sample, a clean conversion of the the pseudoenantiomeric relation between the stable and less
unstablecis-3 with equatorial methyl groups to the staloie-3 stable forms of bottcis-3 and trans-3. Comparing the CD
with axial methyl groups was observed. spectra of both forms of theis-3 andtrans-3 isomers, there is

After the photoirradiation the CD signal of the sample was a net inversion of the major absorptions. However, the stepwise
monitored in time at 279 nm at 2C during which an inversion inversions of the CD signals in the rotary cycle of the five-
of the CD signal was observed due to thermal helix inversion membered ring motor molecule are less pronounced than was
taking place (Figure 6, trace b). The equilibrium ratio of the case for the six-membered ring motor molecule. Although
(2R,2R)-(P,P)-cis-3 and (R,2R)-(P,P)-trans3was determined  the intensity and the shape of the CD spectra of all four isomers
by HPLC to be 67:33. Taking into account the ratio established is sufficiently different to show the helix inversion in each step,
for the first photoequilibrium, for the second photoequilibrium as shown in Figures 5b and 8b, the effect is less pronounced

can be calculated a PSS ratio ofR2 R)-(P,P)-trans-3 and due to the less favorable photoequilibria for the motor system
(2R, 2R)-(M,M)-cis-3 of 21:79. From time-dependent CD mea- 3.

surements, the rate constak{of the first-order process were The ratios of the PSS of the first step of the molecular motor
obtained at various temperatures. These data were used td, going from stabldrans-1 to unstablecis-1, and for the third
calculate both the Gibbs free energy of activationG(* = 93 step, going from stableis-1 to unstabldrans-1, were 5:95 and

+ 1 kImol~1) and the half-life of this helix inversion at room  10:90, respectivel§f2The corresponding ratios of the molecular
temperaturet{, = 74 min, 293.15K). Using these data, the CD motor 3 are 22:78 for the first step, going from stalgis-3 to
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unstabletrans-3, and 21:79 for the third step in the rotary presented motadB is considerably faster, and only one second-
process, going from stabteans-3 to unstablecis-3. It should generation molecular motor with a six-membered ring can keep
be emphasized that the slightly lower selectivity does not affect up with the present molecular system. Because of the low
the unidirectional rotation as long as light energy is supplied thermal isomerization barriers, molecular motoR@R)-3 is

and the temperature is sufficiently high to ensure thermal helix capable of a continuous rotation in a net clockwise fashion upon
inversion. The thermal barriers, which are the rate-determining irradiation at room temperature. The slightly lower selectivity
steps in the rotary process, have decreased considerably, andf both photoisomerizations does not affect the unidirectional
molecular motoB can perform its 360rotation readily at room rotary motion since the two thermal inversion steps shift both
temperature. This is a significant improvement compared to the photoequilibria under conditions of continuous irradiation. The
first-generation molecular motdr which has to be heated at presented findings offer important guidelines for the design of
60 °C before a significant conversion of the unstabigns more advanced rotary motors.

form to the stabldransform takes place. Even compared to
most of the so-called second-generation molecular métbrs,
where the speed of rotation could be tuned by synthetic  General Procedure.!H NMR spectra were recorded on a Varian
modification, the newly presented motor molec8iis very fast. Gemini VXR-300 (300 MHz) or on a Varian Unity Plus (500 MHz).
There is only one molecule of the nonsymmetric six-membered **C NMR spectra were recorded on a Varian Gemini-200 or a Varian
ring molecular motors which can keep up with the speed of the VXR-300 operating at 50.32 or 75.48 MHz, respectively. Chemical
current symmetrical five-membered motor molec@le The shifts are denoted in-unit (ppm) relative to CDGI(7.26 ppm) and
unstable form of the fastest rotating second-generation motor ©uéneds (2.08 ppm). The splitting parameters are designated as
molecule has an half-life of 40 min at room temperature, which follows: ‘s (singlet), d (doublet), t (triplet), g (quartet), m (multiplex),
L . and b (broad) fotH NMR. For3C NMR, the carbon atoms are assigned
is slightly faster than the slowest step going from unstals&

. — ) as g (primary carbon), t (secondary carbon), d (tertiary carbon), s
to stablecis-3 (ti2 = 74 min) but much slower than the fastest (quaternary carbon). Melting points were taken on a Mettler FP-2

step going from unstableans-3 to stabletrans3 (ti, = 18 s). melting point apparatus, equipped with a Mettler FP-21 microscope
The fact that the symmetrical five-membered motor molecule and are uncorrected. Optical rotations were measured with a Perkin-
3 shows much faster rotary motion than the (symmetrical) six- Eimer 241 Polarimeter. UV measurements were performed on a
membered molecule$ and 2 in the thermally driven helix Hewlett-Packard HP 8453 FT spectrophotometer, and CD spectra were
inversions is promising for the further development of even recorded on a JASCO J-715 spectropolarimeter using Uvasol-grade
faster, new generations of motor molecules. Moreover, it is solvents (Merck). MS (El) and HRMS (EI) spectra were obtained with
highly surprising that compoun8, which has two nearly flat aJEQ_L JMS-600 spectrometer. Column chromatography was performed
five-membered rings, can have two energetically distinct ©" Silica gel (Aldrich 60, 238400 mesh). HPLC analyses were
conformations and that the apparently rather small differences performed on Shimadzu HPLC system equipped with two LC-10AD

. ) . fi hvl substi bl L th solvent delivery systems, a DGU-14A degasser, a SIL-1GAD
In orientation of its methyl substituents are able to control the autosampler, a SPD-M10A UWis photodiode array detector, a CTO-

unidirectional rotation process. 10Aup column oven, and a SCL-10/ controller unit using Chiralcel
Conclusions OD (Daicel) and Chiralcel OB-H (Daicel) columns. Preparative HPLC
. was performed on a Gilson HPLC system consisting of a 231XL
The new molecular motoB presented here has a five-  sampjing injector, a 306 (10SC) pump, an 811C dynamic mixer, a 805
membered ring in both the upper and lower halves connectedmanometric module, with a 119 Uwis detector, and a 202 fraction
by an olefinic bond, a structural feature distinct from all light-  collector, using the Chiralcel OD (Daicel) column. Elution speed was
driven molecular motors reported so far which contain either 1 mL/min. Solvents were distilled and dried before use by standard
one or two six-membered rings. The new molecular m8tisr methodology. Chemicals were used as received from Acros, Aldrich,
far more efficiently synthesized as yields of up to 76% have Fluka, or Merck. Irradiation experiments were performed with a 180
been reached in the coupling reaction. A remarkable finding is W Oriel Hg-lamp using a Pyrex filter. Photostationary states were
that, in contrast to the synthesis of the symmetrical molecular €"sured by monitoring composition changes in time by taking UV
motor 1, bothcis andtransisomers of3 are obtained. Theis- spectra at distinct intervals until no changes were observed. Thermal

isomer of3 is even obtained in excess. whereas during the helix inversions were monitored by CD spectroscopy using the
. ) Y apparatus described above and a JASCO PFD-350S/350L Peltier-type
preparationl no trace amount of aisdsomer was found.

. L . : . FDCD attachment with a temperature control.
Photoisomerization studies wirevealed that the photochemi- (2R* 2'R*)-(P*, P*)-(E)-(£)- and (2R* 2'R*)-(P*, P*)-(2)-(4)-2,2-

cel equil_ibria are less fevorable compered to mol_ecular MOtOrS pimethyl-2,2,3,3-tetrahydro-1,1'-bicyclopentafa]naphthalenyli-
with a six-membered ring. Both the five- and six-membered dene 3.To a stirred suspension of zinc powder (1.34 g, 20.5 mmol) in
molecular motors have a similar geometry as far as the overall THF (6 mL) was added slowly at 8C TiCl, (1.14 mL, 10.3 mmol).
helicity and stereochemistry of the molecule is concerned. X-ray The resulting black slurry was then heated at reflux for 2 h. A solution
crystallographic analysis showed that the atoms in the five- of ketone4 (1.01 g, 5.15 mmol) in THF (4 mL) was added, and the
membered ring have only a slight deviation of the least-squaresheating was continued for 3 days. The reaction mixture was poured
plane through the five-membered ring. As a result there are only INt© @ saturated agueous solution of X#(100 mL) and was extracted
small conformation differences between the methyl substituents ith thyl acetate (3« 75 mL). The combined organic layers were
. - - . - - dried (MgSQ), and the solvents were removed under reduced pressure
in a (pseudo-)axial and in a (pseudo-)equatorial orientation, but, "~ X : e

. . ) to yield the impure product as a brown oil. Further purification was
surprisingly the energy differences are still large enough to

. o . . performed by column chromatography (Sieptane,R = 0.31),
enable the molecule to rotate in a unidirectional fashion. The yielding the desired olefins as a yellowish oil (605 mg, 1.96 mmol,

unidirectionality of the rotation has been proven by CD 76%) as a mixture ofis-3 andtrans3 in an approximate ratio of 5:2.
spectroscopy anéH NMR at low temperature. Compared to  Thetrans-3 olefin could be recrystallized from ethyl acetate to provide
the symmetric first-generation molecular mothrthe newly beige crystals in 14% yield (mp 192:293.2°C). For the purification

Experimental Section
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of the cis-3 olefin, multiple recrystallizations from ethyl acetate and
ethanol were required before obtaining it pure as slightly yellow crystals
(mp 178.6-179.9°C); m/z (El, %) = 360 M*, 100). HRMS (El):
calcd. for GgH24 360.1878, found 360.1866. Resolutionaé-3 was
performed by chiral HPLC using a Daicel Chiralcel OD column as the
stationary phase and a mixture of heptane:2-propanol in a ratio of 99.5:
0.5 as the eluent at a rate of 1 mL/min. The first eluted fractton (
4.89 min) of cis-3 contained (R 2R)-(P,P)-(2)-3, and the second
fraction ¢ = 6.12 min) contained @2'S)-(M,M)-(2)-3. Both trans-3
isomers have the same retention tinhe=(5.54 min) using heptane:
2-propanol in a ratio of 99.5:0.5 as the eluent. Tla@s-3 isomer could

the ratio of both compounds and hence their concentrations were
determined (HPLC, isosbestic point: 273 nm). Since both concentra-
tions and the: of the stablerans compound are known, the UWis
spectrum of the unstabtgs compound can be calculated according to
A = €staple rarstable trard T Eunstable ctCunstable ¢ . The UV—vis spectrum

of the unstabléranscompound was obtained in a similar wayR(ZR)-
(M,M)-cis-3: UV—vis (calculatedh-hexane)imad€): 221 (80 700),

264 (27 100), 305 (8800), 317 (10 400), 397 (16 900R ZR)-(M,M)-
trans3: UV-—vis (calculated,n-hexane):Amad{€) 218 (95 600), 260

(27 900), 392 (23 400). The CD spectra of the unstable compounds
have been calculated in a similar fashion as the-W\¢ spectra. A

be separated using a Chiralcel OD column as the stationary phase angample of known concentration of the stalbtans compound was

a mixture of heptane:2-propanol in a ratio of 99.9:0.1 as the eluent at
a rate of 1 mL/min. The retention times of the enantiomers wete
12.2 and 14.4 min, respectively. The first eluted fractiortrahs-3
contained (R 2'R)-(P,P)-(E)-3, and the second fraction contained
(252'9-(M,M)-(E)-3. By irradiation of an enantiomerically pure
solution of (R, 2'R)-(P,P)-(2)-3 in n-hexane at-40 °C and subsequent
heating, a mixture of ®2'R)-(P,P)-(2)-3 and (R,2R)-(P,P)-(E)-3 was
obtained, which was separated using preparative HPLC (Daicel
Chiralcel OD column as the stationary phase and a mixture of heptane:
2-propanol in a ratio of 99.9:0.1 as the eluent at a rate of 1 mL/min)
into the individual compoundfacemic stable trans: *H NMR (300
MHz, CDCk) 6: 1.29-1.32 (d,J = 6.2 Hz, 6H, Me2ax), 2.322.37

(d, 3 = 14.7 Hz, 2H, H3eq), 2.933.00 (dd,J = 14.7, 5.5 Hz, 2H,
H3ax), 3.03-3.09 (m, 2H, H2eq), 7.397.42 (d,J = 8.1 Hz, 2H, H4),
7.44-7.49 (m, 2H, H7), 7.527.57 (m, 2H, H8), 7.757.78 (d,J =

8.1 Hz, 2H, H5), 7.967.93 (d,J = 8.4 Hz, 2H, H6), 8.258.27 (d,J

= 8.4 Hz, 2H, H9).!H NMR (500 MHz, GDs, —20 °C) 0: 1.26—
1.27 (d,J = 6.4 Hz, 6H), 2.042.07 (d,J = 14.6 Hz, 2H), 2.722.76
(dd,J = 14.6, 5.6 Hz, 2H), 3.0¢3.10 (m, 2H), 7.187.20 (d,J = 8.2

Hz, 2H), 7.36-7.33 (m, 2H), 7.387.41 (m, 2H), 7.567.58 (d,J =

8.1 Hz, 2H), 7.727.74 (d,J = 8.1, 2H), 8.38-8.39 (d,J = 8.1 Hz,
2H). 23C NMR (50.32 MHz, CDGJ) 6: 19.3 (q), 41.3 (1), 43.1 (d),
124.1 (d), 124.7 (d), 125.0 (d), 126.7 (d), 127.7 (d), 128.4 (d), 130.2
(s), 132.9 (s), 138.5 (s), 141.4 (s), 141.8 (s). s (n-hexane)
Ama€): 217 (103 600), 245 (42 900), 352 (28 700), 368 (29 000).
Racemic stable ci8: *H NMR (300 MHz, CDC}) ¢: 1.22-1.24 (d,
J=6.6 Hz, 6H, Me2ax), 2.662.71 (d,J = 14.7 Hz, 2H, H3eq), 3.56
3.65 (m, 4H, H2eq, H3ax), 6.346.39 (m, 2H, H8), 6.576.60 (d,J

= 8.4 Hz, 2H, H9), 6.946.99 (m, 2H, H7), 7.477.50 (d,J = 8.1

Hz, 2H, H4), 7.64-7.66 (d,J = 8.1 Hz, 2H, H6), 7.76-7.72 (d,J =

8.1 Hz, 2H, H5).*H NMR (500 MHz, GDs, —20°C) §: 1.17-1.18
(d,J= 6.5 Hz, 6H), 2.46-2.49 (d,J = 15.0 Hz, 2H), 3.38-3.42 (dd,
J=15.0, 6.0 Hz, 2H), 3.453.48 (m, 2H), 6.356.38 (m, 2H), 6.86-

6.83 (m, 2H), 7.347.36 (d,J = 8.1 Hz, 2H), 7.56-7.51 (d,J = 8.1

Hz, 2H), 7.57%7.59 (d,J = 7.7 Hz, 2H); one aromatic (d) was not
observed due to overlap with the solvefiC NMR (75.48 MHz,
CDCls) 6: 20.7 (q), 40.6 (t), 42.2 (d), 123.5 (d), 124.0 (2xd), 126.7
(d), 127.6 (d), 128.4 (d), 129.9 (s), 132.2 (s), 136.9 (s), 140.0 (s), 144.0
(). UV—vis (n-hexane)lmal€): 222 (91 900), 255 (36 000), 294 (8100),
306 (10 100), 332 (8600), 370 (19 60®acemic unstable trar&*H
NMR (500 MHz, GDg, —20 °C) 6: 0.68-0.69 (d,J = 6.0 Hz, 6H),
2.76-2.81 (dd,J = 15.0, 7.7 Hz, 2H), 2.942.98 (dd,J = 15.0, 7.7

Hz, 2H), 3.45-3.48 (m, 2H), 7.247.26 (d,J = 7.7 Hz, 2H), 7.28

7.31 (m, 2H), 7.367.38 (m, 2H), 7.597.61 (d,J = 8.1 Hz, 2H),
7.71-7.73 (d,J = 7.7 Hz, 2H), 7.95-7.97 (d,J = 8.6 Hz, 2H).Racemic
unstable cis3: *H NMR (500 MHz, GDg, —20°C) 6: 1.46-1.47 (d,

J = 6.0 Hz, 6H), 2.93-2.97 (dd,J = 15.6, 7.2 Hz, 2H), 3.073.14

(m, 2H), 3.58-3.63 (m, 2H), 6.49-6.52 (m, 2H), 6.756.78 (m, 2H),
7.26-7.29 (m, 4H), 7.4%+7.43 (d,J = 8.1 Hz, 2H), 7.52-7.53 (d,J

= 8.1 Hz, 2H). A sample of known concentration of the stabdms
compound was irradiated at40 °C with A = 280 nm. The UV-vis
spectrum taken after the irradiation is the sum of the absorption of the
stabletranscompound and the unstaldiss compound. After conversion

of the unstableis compound to the stables compound, vide supra,

irradiated at—40 °C with 1 = 280 nm. The CD spectrum taken after
the irradiation is the sum of the CD signal of the statbdescompound
and the unstableis compound. After conversion of the unstalsis
compound to the stableis compound vide supra, the ratio of both
compounds and hence their concentrations can be determined (HPLC,
isosbestic point: 273 nm). Since both concentrations andAthef
the stabléranscompound are known, the CD spectrum of the unstable
cis compound can be calculated according@o= (3.3 x 10° x
Aé€stable trantCstable tran'sl)/M + (33 x 10°P x Aé€unstable ciCunstable CFJ)/M The
CD spectrum of the unstableanscompound was obtained in a similar
way. (R,2R)-(P,P)-cis-3: CD (n-hexane)l (A¢): 209.4 (30.4), 214.8
(65.6), 224.6 {28.4), 231.4 (99.5), 269.8172.5), 373.0 £7.3).
(2R,2R)-(M,M)-cis-3: CD (calculatedn-hexanef (Ae): 222.2 (133.8),
231.8 (-161.9), 251.2¢48.5), 259.8 1 78.6), 279.2 (96.4), 343.4 (0.9),
395.8 (11.7). (R2R)-(P,P)-trans3: CD (n-hexane)l (A¢): 214.0
(—156.4), 220.6 (36.0), 226.8-(154.8), 236.6 (13.0), 248.4-85.7),
251.6 (-59.1), 258.0 £236.5), 266.4 (8.5), 280.8—12.1), 285.8
(—8.9), 298.2 ¢15.3), 330.0 (10.6), 351.8 (21.5), 366.6 (20.6).
(2R, 2R)-(M,M)-trans3: CD (calculated,n-hexane)i (Ae): 215.6
(106.0), 221.2¢18.1), 230.4 (98.6), 247.610.4), 253.4 (20.9), 258.0
(5.8), 269.2 (55.7), 297.63.9), 317.2 {0.3), 388.4 {-24.2).
2-Methyl-2,3-dihydro-1H-cyclopentafg]naphthalen-1-one 4.Ke-
tone4 was prepared in a similar fashion as that decribed below for the
enantiomerically pure keton&)-4 from acid chlorideB. However, for
the Friedet-Crafts reaction toluene was used instead of dichloroethane
as the solvent.
(2R)-2-Methyl-2,3-dihydro-1H-cyclopentag]naphthalen-1-one R)-
4. A mixture of acid R)-5 (0.55 g, 2.6 mmol) in a solution of SOLI
(1.3 mL), DMF (2 drops), and C¥l, (50 mL) was refluxed for 1 h.
The volatiles were removed under reduced pressure, and the remaining
yellow oil was dissolved in dichloroethane (100 mL) and the solution
cooled to 0°C. There was added quickly Al€(0.69 g, 5.2 mmol, 2
equiv), and the reaction mixture was stirred for 45 min. Quenching
with a saturated aqueous solution of NaHOQ@00 mL), extraction
with CHxCl, (3 x 50 mL), and drying over MgSfgave the ketone
(R)-4 as a slighly yellow oil (0.44 g, 2.2 mmol, 86%). HPLC: ee
99%. [o]p?® = —95.7 (c = 0.65, CHC}). *H NMR (300 MHz, CDC})
0: 1.37-1.39 (d,J = 7.0 Hz, 3H), 2.772.87 (m, 2H), 3.443.53
(dd,J=16.0, 8.1 Hz, 1H), 7.497.52 (d,J = 8.4 Hz, 1H), 7.53-7.58
(m, 1H), 7.65-7.70 (m, 1H), 7.887.91 (d,J = 8.1 Hz, 1H), 8.03
8.06 (d,J = 8.4 Hz, 1H), 9.149.17 (d,J = 8.4 Hz, 1H).13C NMR
(75.48 MHz, CDCY)) 6: 16.1 (q), 34.7 (t), 41.8 (d), 123.38 (d), 123.43
(d), 126.0 (d), 127.6 (d), 128.2 (d), 129.0 (s), 129.5 (s), 132.1 (s), 135.1
(d), 156.1 (s), 209.2 (sj'z (El, %) = 196 (M*, 100), 181 (83). HRMS
(El): calcd. for G4H1,0 196.0888, found 196.0898. Determination of
ee by HPLC using a Daicel Chiralcel GB1 column, heptané:
propanol= 99:1, te(9-4: 19.3 min,te(R)-4: 22.1 min.
2-Methyl-3-naphthalen-2-yl-propionic Acid 5. A mixture of ester
7(1.72 g, 7.5 mmol), KOH (6.0 g), EtOH (30 mL), and water (30 mL)
was heated at reflux overnight. Acidification of the reaction mixture
with 30% HCI and extraction with ED (3 x 100 mL), washing of the
combined organic layers with water £3100 mL), followed by drying
over MgSQ gave after removal of the solvent the a&idis a white
solid (1.4 g, 6.5 mmol, 87%). mp 87488.4°C.
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(2R)-2-Methyl-3-naphthalen-2-yl-propionic Acid (R)-5. In a mix-
ture of THF and water (4:1, 125 mL) was dissolvE@ (6.20 g, 16.6

found 228.1141. Determination of ee by HPLC using a Daicel Chiralcel
OB—H column, heptanépropanol= 99:1,t(R)-7: 23.6 min,t.e(9-

mmol). To the stirred ice-cooled solution was then added dropwise at 7: 26.3 min.

0 °C H;0O; (30% aqueous solution, 7.0 mL, 70 mmol). After 5 min, a
solution of LiOH (0.65 g, 27 mmol) in water (5 mL) was added slowly
and the reaction mixture was subsequently stirred for 90 min. A solution
of N&S0; (9.0 g, 69 mmol) in water (25 mL) was added, and stirring
was continued for 45 min at room temperature. The major part of the

2-Methyl-3-naphthalen-2-yl-propionyl Chloride 8. A mixture of
acid5 (0.51 g, 2.4 mmol), SOE(2.0 mL), DMF (2 drops), and Ci€l»
(20 mL) was refluxed for 1 h. All volatiles were distilled off under
reduced pressure, giving the acid chlor8las a yellow oil (0.55 g,
2.4 mmol, 98%), which was used immediately in the subsequent

THF was removed under reduced pressure, and the basic solution waseaction.*H NMR (300 MHz, CDC}) ¢: 1.31-1.33 (d,J = 6.6 Hz,

extracted with CHCI; (3 x 100 mL) to remove the chiral auxiliary.
Acidification with 10% HCI and extraction with Ci&l, (3 x 100 mL)
gave after drying over N8O, and removal of the organic solvents the
acid (R)-5 as a white solid (3.24 g, 15.1 mmol, 90%), mp 82838.8
°C. [0]p® = —26.1° (c = 1.75, CHCH). 'H NMR (300 MHz, CDC})

0: 1.21-1.24 (d,J= 7.0 Hz, 3H), 2.8%+2.93 (m, 2H), 3.23-3.29 (m,
1H), 7.32-7.35 (dd,J = 8.4, 1.5 Hz, 1H), 7.427.50 (m, 2H), 7.65
(s, 1H), 7.777.84 (m, 3H);2*C NMR (75.48 MHz, CDGJ): ¢ 16.5
(g), 39.3 (1), 41.1 (d), 125.4 (d), 126.0 (d), 127.3 (d), 127.4 (d), 127.5
(d), 127.6 (d), 128.0 (d), 132.2 (s), 133.4 (s), 136.5 (s), 182.81(3).
(El, %) = 214 M+, 58), 141 (100). HRMS (EI): calcd. for:GH140;
214.0994, found 214.1010.

2-Methyl-3-naphthalen-2-yl-propionic Acid Methyl Ester 7. A
LDA solution in THF (100 mL) was prepared at50 °C by adding
n-BuLi (10 mL, 16 mmol) to diisopropylamine (2.25 mL, 16 mmol)
followed by stirring for 15 min at—50 °C. Subsequently, methyl
propionate (1.53 mL, 16 mmol) was added dropwise-80 °C and
the resulting mixture was stirred fd h atapproximately—60 °C.
The bromide6?® (3.9 g, 17.6 mmol) dissolved in THF (20 mL) was
added slowly, and the reaction mixture was allowed to warm overnight
to room temperature. Addition of a saturated aqueous solution gENH
(200 mL) and extraction with ED (2 x 100 mL), drying of the organic
layers (MgSQ), and evaporation of the solvent gave a yellow oil.
Purification by column chromatography (SiCheptane:ethyl acetate
= 16:1,R = 0.4) provided ester as a colorless oil (1.75 g, 7.6 mmol,
48%).

(2R)-2-Methyl-3-naphthalen-2-yl-propionic Acid Methyl Ester
(R)-7. A mixture of acid R)-5 (15 mg, 70umol), iodomethane (0.25
mL, 4.0 mmol), and KCO; (110 mg, 0.80 mmol) in DMF (2 mL) was
stirred overnight at room temperature. After addition of ether (25 mL),
the reaction mixture was washed with water{25 mL). The organic
layer was dried (MgSg) and the solvent removed under reduced
pressure to give the esteR)(7 as a colorless oil (14 mg, 6imol,
87%). HPLC: ee> 99%.H NMR (300 MHz, CDC}) §: 1.18-1.20
(d, J=6.2 Hz, 3H), 2.79-2.89 (m, 2H), 3.16:3.19 (m, 1H), 3.64 (s,
3H), 7.29-7.32 (d,J = 8.4 Hz, 1H), 7.42-7.48 (m, 2H), 7.61 (s, 1H),
7.73-7.79 (m, 3H);*3C NMR (75.48 MHz, CDCJ) 6: 16.6 (q), 39.6
(), 41.1 (d), 51.3 (q), 125.1 (d), 125.7 (d), 127.1 (2xd), 127.3 (d), 127.4
(d), 127.8 (d), 132.0 (s), 133.3 (s), 136.6 (s), 176.11t¥2.(El, %) =
228 (T, 38), 141 (100). HRMS (El): calcd. for&H:60, 228.1150,

(26) Adcock, W.; Dewar, M. J. S.; Golden, R.; Zeb, M. A.Am. Chem. Soc.
1975 97, 2198-2205.
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3H), 2.89-2.96 (dddJ = 13.6, 6.3, 1.8 Hz, 1H), 3.233.39 (m, 2H),
7.30-7.33 (dd,J = 8.4, 1.8 Hz, 1H), 7.437.49 (m, 2H); 7.65 (s,
1H), 7.79-7.84 (m, 3H).
(49)-4-Benzyl-3-((R)-2-methyl-3-naphthalen-2-yl-propionyl)-ox-
azolidin-2-one 10.Freshly prepared LDA (44 mmol) in THF (150 mL)
was cooled to—80 °C. A solution of9 (8.85 g, 39.7 mmol) in THF
(50 mL) was slowly added at80 °C, and the mixture was kept at this
temperature for 2 h. The temperature was then slowly raised®@, 0
bromide 626 (20 g, 90 mmol) dissolved in THF (50 mL) added, and
the reaction mixture allowed to stir overnight. After quenching with a
saturated aqueous solution of MH (300 mL), the reaction mixture
was extracted with EO (2 x 100 mL), the combined organic layers
were dried (MgS@), and the solvents removed under reduced pressure.
The crude product was purified by flash column chromatography,(SiO
first with a mixture of heptane:ethyl acetatel6:1 to remove the excess
bromide and then with a heptane:ethyl acetate8:1 mixture. The
resulting colorless solid was recrystallized from a heptane:ethyl acetate
mixture, giving the desired produt0 diastereomerically pure as white
fluffy crystals (7.95 g, 21.3 mmol, 54%), mp 134:935.1°C. [a]p?
= +15.4 (c = 4.05, CHC}). *H NMR (300 MHz, CDC}) 6: 1.22—
1.24 (d,J = 7.0 Hz, 3H), 2.46-2.49 (ddJ = 13.6, 9.2 Hz, 1H), 2.80
2.87 (dd,J = 13.2, 7.7 Hz, 1H), 3.063.11 (dd,J = 13.6, 3.3 Hz,
1H), 3.30-3.37 (dd,J = 13.2, 7.3 Hz, 1H), 4.064.28 (m, 3H), 4.64
4.72 (m, 1H), 6.967.00 (m, 2H), 7.187.21 (m, 3H), 7.46-7.49 (m,
3H), 7.72 (s, 1H), 7.787.82 (m, 3H).:3C NMR (75.48 MHz, CDGJ)
o: 16.6 (q), 37.5 (1), 39.4 (d), 39.9 (t), 54.9 (d), 65.7 (t), 125.3 (d),
125.8 (d), 127.1 (d), 127.4 (d), 127.5 (d), 127.6 (d), 127.7 (d), 127.8
(d), 128.6 (d), 129.1 (d), 132.1 (s), 133.3 (s), 134.9 (s), 136.6 (s), 152.9
(s), 176.3 (s)m/z (El, %) = 373 (M*, 93), 168 (93), 141 (100). HRMS
(El): calcd. for G4H23NO3 373.1678, found 373.1675.

Supporting Information Available: H NMR and APT of

all reported compounds, crystallographic information files (CIF),
crystallographic details, a table to convert the labels in both
X-ray structures used in the paper and the cif files, and Eyring
plots for both thermal helix inversion steps. This material is
available free of charge via the Internet at http://pubs.acs.org.
See any current masthead page for ordering information and
Web access instructions.
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