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Abstract: To investigate the unidirectional rotation of chiral overcrowded biphenanthrylidenes in more detail,
the size of the substituent next to the double bond responsible for the unidirectionality of rotation was
varied. The thermal and photochemical isomerization of three sterically overcrowded alkenes is described.
The behavior of the biphenanthrylidenes with methyl and ethyl substituents is rather similar, and these
compounds undergo a unidirectional 360° rotation around the central double bond in a four-step sequence
involving two photochemical cis—trans isomerizations and two thermal helix inversions. The only difference
between these two true molecular motors was a small entropic effect, which causes the ethyl substituted
molecular motor to rotate slightly faster. The behavior of the i-propyl substituted compound differs significantly
from that of the other two. Although not all different isomers of the i-propyl substituted molecular motor
were detected spectroscopically, experimental data led to the conclusion that this compound can also be
considered as a molecular motor and is capable of performing a 360° unidirectional rotation. *H NMR and
X-ray analysis show a meso-like form as an intermediate in the unidirectional rotation, which proves that
the thermal helix inversion is a stepwise process.

ment within the molecules or triggers changes in shape or
organizatiorf—8 Among these systems are molecular propeflers,

. . . 10 11 i 12 i 13 14 15
controlled translational or rotational motion can be accom- "Otors:” brakes: switches;* tumnstiles; ratchets* shuttles;

plished, offers a formidable contemporary challenge. Controlled €levators® musclesy’ scissors? processive artificial enzymés,
motion is at the heart of the plethora of machinery our society 2"d catalytic self-propelled micro- and nano-rédis. -
depends on, and it is evident that there will be a key role for To be able t_o const.ruct a molecular rotary motor, We envision
molecular motors in the development of nanotechnology aheadthat three basic requirements need to be fulfilled: (i) repetitive
of us2 The fascinating molecular motors present in biological 369 rotary motion; (ij) consumption of energy; and (i)
system&such as the kinase linear motand the ATP-ase rotary unidirectional rotation. I_n the flrs_t artificial molecular rc_)tary
motoF offer a great source of inspiration for the design of Motor systems!?2a crucial factor is the control of the delicate

synthetic motorsin which a controllable motor function is (8) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Ahgew. Chem.,
present Int. Ed.200Q 39, 3348-3391. (b) Feringa, B. L.; Koumura, N.; van Delden,

. R. A.; ter Wiel, M. K. J.Appl. Phys. A2002 75, 301-308.
In synthetic approaches to construct molecular machinery ((g% I(w)amura, H.; Misrl10w, K.Acc. Chem. Re€988 2(31' S%75&18'(2_ )
10) (a) For a comprehensive review, see: Kottas, G. S.; Clarke, L. I.; Horinek,
as part _of the_ nanotechnology toolpox, systems ha\_/e been*™ 4~ Michl, J. Chem. Re. 2005 105 1281-1376. (b) Schoevaars, A. M.;
devised in which an external chemical, electrochemical, or Kruizinga, W.; Zijlstra, R. W. J.; Veldman, N.; Spek, A. L.; Feringa, B. L.

. . . G J. Org. Chem1997 62, 4943-4948. (c) Dominguez, Z.; Dang, H.; Strouse,
photochemical stimulus induces a switching process or move- M. J.; Garcia-Garibay, M. AJ. Am. Chem. So@002 124 2398-2399.

(d) Godlinez, C. E.; Zepada, G.; Garcia-Garibay, MJAAmM. ChemSoc.

Introduction
The bottom-up construction of molecular motéiig, which

(1) Feynman, R. P. “There’s plenty of room at the botter#n invitation to
enter a new field of physicsEng. Sci.196Q February Issue.

(2) (a)Encyclopedia of Nanoscience and Nanotechnal&jygh, N. H., Ed.;
American Scientific Publishers: Stevenson Ranch, CA, 200N dbptech,
The Science of the Small Gets Down to Busin&ssentific American
Special Issue; September, 2004.

(3) Molecular Motors Schliwa, M., Ed.; Wiley-VCH: Weinheim, 2003.

(4) Vale, R. D.; Milligan, R. A.Science200Q 88, 88—94.

(5) (a) Boyer, P. DAngew. Chem., Int. EA998 37, 2296-2307. (b) Walker,
J. E.Angew. Chem., Int. EA.998 37, 2308-2319.

(6) (a)Molecular Catenanes, Rotaxanes, and Kn&suvage, J.-P., Dietrich-
Buchecker, C., Eds.; Wiley-VCH: Weinheim, 1999. (b) Balzani, V.;
Gomez-Lpez, M.; Stoddart, J. FAcc. Chem. Resl99§ 31, 405-414.
(c) “Molecular Machines.” Stoddart, J. F., Ed.; Special Is#se. Chem.
Res.200Q 100, 409-522.

(7) (a) Venturi, M.; Credi, A.; Balzani, VMolecular Dejices and Machines
— A Journey into the NanoworjdWiley-VCH: Weinheim, 2003. (b)
Sauvage, J.-FStruct. Bond2001, 99, 55-78.
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2002 124, 4701-4707. (e) Dominguez, Z.; Dang, H.; Strouse, M. J.;
Garcia-Garibay, M. AJ. Am. ChemSoc. 2002 124, 7719-7727. (f)
Dominguez, Z.; Khuong, T.-A. V.; Dang, H.; Sanrame, C. N.;"RznJ.
E.; Garcia-Garibay, M. AJ. Am. Chem. So2003 125, 8827-8837. (g)
Kuwatani, Y.; Yamamoto, G.; lyoda, MDrg. Lett.2003 5, 3371-3374.
(h) Carella, A.; Rapenne, G.; Launey, J.Neew J. Chem2005 29, 288~
290. (i) Hawthorne, M. F.; Zink, J. I.; Skelton, J. M.; Bayer, M. J.; Liu,
C.; Livshits, E.; Baer, R.; Neuhauser, Bcience2004 303 1848-1851.

(11) Kelly, T. R.; Bowyer, M. C.; Bhaskar, K. V.; Bebbington, D.; Garcia, A.;
Lang, F.; Kim, M. H.; Jette, M. PJ. Am. Chem. S0d.994 116, 3657
3658.

(12) (a)Molecular SwitchesFeringa, B. L., Ed.; Wiley-VCH: Weinheim, 2001.
(b) “Photochromism: Memories and Switctidsie, M., Ed.; Special Issue.
Chem. Re. 200Q 100, 1683-1890.

(13) Bedard, T. C.; Moore, J. 8. Am. Chem. Sod.995 117, 10662-10671.

(14) (a) Kelly, T. R.; Sestelo, J. P.; Tellitu,J. Org. Chem1998 63, 3655~
3665. (b) Harrington, L. E.; Cabhill, L. S.; McGlinchey, M. Organome-
tallics 2004 23, 2884-2891.
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Figure 1. (a) Structures of the designed molecular motors. (b) Schematic
representation of the 36@nidirectional rotation.

dynamic molecular chirality. This allowed repetitive unidirec-
tional rotary motion (36%) powered by light as demonstrated
in our laboratoried and chemical driven unidirectional rotation
(120°) as shown by Kelly et &2 in a triptycene based motor.
Leigh et al’® demonstrated unidirectional rotation in an
ingenious mechanically interlocked molecular motor system, and
they were able to demonstrate reversal of the rotary mdtion.
Other recent approaches include an electronically controllable,
surface bound rotét and a laser-induced aldehyde rofbit
was also shown that the light-driven molecular motor was able
to perform work” and that the rotary motion could be
accelerated by structural modificatiéh.

The first light-driven unidirectional rotary motor is based on
chiral overcrowded alkene R3'R)-(P,P)-trans-1 (Figure 1ay!
The design features two halves, one of which can be considere
the stator part and the other the rotor part connected by a central
olefinic moiety that functions as the axis of rotation. A full 360
rotation cycle of the rotor with respect to the stator part involves
four distinct stages (Figure 1b). Examining the structurd,of
it is evident that both a stereocenter, which has a fixed

(15) For examples of various molecular shuttles, see: (a) Steuermann, D. W.;
Tseng, H.-R.; Peters, A. J.; Flood, A. H.; Jeppesen, J. O.; Nielsen, K. A;
Stoddart, J. F.; Heath, J. Rngew. Chem., Int. EQ004 43, 6486-6491.
(b) Tseng, H.-R.; Vignon, S. A.; Stoddart, J. &ngew. Chem., Int. Ed.
2003 42, 1491-1495. (c) Huang, T. J.; Tseng, H.-R.; Sha, L.; Lu, W.;
Brough, B.; Flood, A. H.; Yu, B.-D.; Celestre, P. C.; Chang, J. P.; Stoddart,
J. F.; Ho, C.-MNano Lett2004 4, 2065-2071. (d) Ashton, P. R.; Baldoni,
V.; Balzani, V.; Credi, A.; Hoffmann, H. D. A.; Mamiez-Diaz, M.-V.;
Raymo, F. M.; Stoddart, J. F.; Venturi, NChem.-Eur. J2001, 7, 3482—
3493. (e) Bottari, G.; Leigh, D. A.; Rez, E. M.J. Am. Chem. So2003
125 13360-13361. (f) Da Ros, T.; Guldi, D. M.; Farran Morales, A.; Leigh,
D. A.; Prato, M.; Turco, ROrg. Lett.2003 5, 689-691. (g) Chang, S.-
Y.; Jeong, K.-SJ. Org. Chem2003 68, 4041-4049. (h) Altieri, A.; Gatti,

F. G.; Kay, E. R.; Leigh, D. A.; Martel, D.; Paolucci, F.; Slawin, A. M. Z.;
Wong, J. K. Y.J. Am. Chem. So@003 125 8644-8654. (i) Brouwer, A.
M.; Frochot, C.; Gatti, F. G.; Leigh, D. A.; Mottier, L.; Paolucci, F.; Roffia,
S.; Wurpel, G. W. HScience2001, 291, 2124-2128. (j) Jimenez-Molero,
M. C.; Dietrich-Buchecker, C.; Sauvage, J&hem.-Eur. J2002 8, 1456~
1466.

(16) Badijig J. D.; Balzani, V.; Credi, A.; Silvi, S.; Stoddart, J.$cience2004
303 1845-1849.

(17) Jimeez, M. C.; Dietrich-Buchecker, C.; Sauvage, JARgew. Chem., Int.
Ed. 200Q 39, 3284-3287.

(18) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida, I.Am. Chem. So2003
125 5612-5613.

(19) Thordarson, P.; Bijsterveld, E. J. A.; Rowan, A. E.; Nolte, R. JNslture
2003 424, 915-918.

(20) (a) Ismagilov, R. F.; Schwartz, A.; Bowden, N.; Whitesides, GAMgew.
Chem., Int. Ed2002 41, 652-654. (b) Paxton, W. F.; Kistler, K. C;
Olmeda, C. C.; Sen, A.; St. Angelo, S. K.; Coa, Y.; Mallouk, T. E.;
Lammert, P. E.; Crespi, V. H. Am. Chem. So2004 126, 13424-13431.
(c) Kline, T. R.; Paxton, W. F.; Mallouk, T. E.; Sen, Angew. Chem.,
Int. Ed.2005 44, 744-746. (d) Catchmark, J. M.; Subramanian, S.; Sen,
A. Small 2005 1, 202-206. (e) Fournier-Bidoz, S.; Arsenault, A. C;
Manners, |.; Ozin, G. AChem. Commur2005 441-443.

(21) Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Feringa, BNature
1999 401, 152-155.

(22) Kelly, T. R.; De Silva, H.; Silva, R. ANature 1999 401, 150-152.

(23) Leigh, D. A.; Wong, J. K. Y.; Dehez, F.; Zerbetto, [Rature 2003 424
174-179.

(24) Herrnadez, J. V.; Kay, E. R.; Leigh, D. AScience2004 306, 1532~

(25) Zheng, X.; Mulcahy, M. E.; Horinek, D.; Galeotti, F.; Magnera, T. F.; Michl,
J.J. Am. Chem. So@004 126, 4540-4542.

(26) Hoki, K.; Yamaki, M.; Fujimura, Y.Angew. Chem., Int. EQR003 43,
2976-2978.

(27) van Delden, R. A.; Koumura, N.; Harada, N.; Feringa, BPtoc. Natl.
Acad. Sci. U.S.A2002 99, 4945-4949.

(28) ter Wiel, M. K. J.; van Delden, R. A.; Meetsma, A.; Feringa, BJLAm.
Chem. Soc2003 125, 15076-10586.

(3R,3'R)-(P,P)-trans-1

(3R,3'R)-(M.M)-trans-1

stable form unstable form

two axial methyl groups two equatorial methyl groups

AE = 0.0 kJ-mol”! AE = +39.5 kJ-mol™!

Figure 2. Relative stabilities of the stable and unstatsensisomers of
1

stereochemistry, and a helical structure, the helicity of which
can be changed by transis photoisomerization, are present
in the same molecule. An important feature is that the methyl
substituents inl can adopt two distinct orientations, that is,
(pseudo-)axial and (pseudo-)equatorial, which results in two
distinct forms shown fotrans-1 in Figure 2. In the more stable
(3R, 3R)-(P,P)-trans-1, the methyl substituents adopt (pseudo-

d)axial orientations, whereas in the less stablg 33R)-(M,M)-

fransl the methyl substituents adopt (pseudo-)equatorial ori-
entations. MOPAC93-AM1 calculations showed that the
difference in stability of 35.9 kJ mot is due to steric hindrance
of the methyl groups in the unfavorable equatorial orientation.
For the correspondingjs-isomers, a similar situation exists with

a difference in stability of 46.0 kJ mo! for the stable and
unstable forms.

The combination of two photochemical steps and two thermal
isomerization steps completes the four-stage® 36fary motion
around the central double bond Ihwhereas the difference in
energy between the axial and equatorial orientations of the
methyl substituents governs the unidirectionality. Because the
photochemical steps are equilibria, the absolute stereochemistry
of the motor molecules and the thermal processes fully account
for the directionality of rotation around the central double bond.
It should be noted that the thermal isomerization steps are also
equilibria, but the equilibria are completely 99%) on the side
of the thermodynamically more stable isomers. The unstable
forms of moleculel, generated photochemically, have their
methyl substituents in the energetically unfavorable equatorial
conformation. When these unstable molecules are heated, a
thermal helix inversion occurs and simultaneously the methyl
substituents adopt again their preferred, energetically more
stable, axial orientation. This holds both for ttnens- and for
the cis-isomers. Although the presence of a substituent at the
stereogenic center is not the only factor that contributes to the
unidirectionality of the rotary movement, its preference for an
axial conformation governs the direction of the two thermal steps
in the rotation process and hence the direction of the rotary
motion.

We report here a detailed study of the structural, stereochem-
ical, and dynamic aspects associated with first generation rotary
motors. It was decided to introduce substituents of different sizes
at the stereogenic centers and study their effect on the delicate
balance between conformational and steric effects with the
intention to gain more insight into structural features that govern
the photochemical and thermal isomerization processes. The
behavior of the synthesized molecules might be rationalized
beforehand in terms of steric hindrance during the thermal

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14209
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Scheme 1.

5

Synthesis of the Ketones 7, 13, and 14

OH ppA, 110°C O‘
—_—
T

6

a) LDA, THF, -60°
_

[¢] b) Mel, 97%

i MeOH, H,S04, A, 96%

R EtOH, H,0,
OMe a) LDA, THF, -60°C OMe  KOH, A,
-, -
OO o b) Etl, 82% / i-Prl, 60% OO o R= Et/ i-Pr:
98% /97%
8 9 R=Et
10 R= i-Pr

a) PClg, toluene, RT
on ) SnCla, 0°C,

(Y

13R=Et
14 R= i-Pr

R

11 R=Et
12 R=i-Pr

R=Et/i-Pr:

°© 74% | 65%

isomerization steps. It is expected that substituentsoR
increasing size next to the central alkene moiety impose more
steric hindrance onto the molecule in going from the methyl

to the ethyl3 and thei-propyl 4 substituted compounds (Figure
1).2° It must be noted, however, that it is our experience that it
is difficult to predict what the effects of structural modifications
will be on the ground states and on the excited states of the
molecules®® A particular pertinent question is related to the
mechanism of the rate-determining thermal helix inversion in

Scheme 2. Synthesis of the Molecular Motors 2, 3, and 4

TiCly, Zn,

THF, A,

—_—

R= Me, 9.0%

R= Et, 7.2%
7 R= Me R=i-Pr, 0.41%
13 R= Et (B3R 3R)-(P P2 R=Me
14 R=i-Pr (BR 3R)-(PP)-3 R=Et

(38 ,3'S")-(P P)-4 R=iPr

lene was converted in two steps to the carboxylic agid
Subsequent cyclization using PPA gave keténghich then
could be methylated in th&-position to provide? in good yield

by deprotonation with LDA and subsequent reaction with methyl
iodide at—60 °C in THF. Two ketones were then coupled
using a McMurry protocol in which a combination of TiGind

Zn powder in THF was used to give the racemate of the desired
motor molecule (B*,3'R*)-(P* P*)-2, albeit in low yield
(Scheme 2§23 Employing previously developed methodology
involving an asymmetric methylation stépenantiomerically
pure (539—(M,M)-2 was synthesized and used for the
photochemical and thermal experiments which are described
below.

these molecules, as this knowledge might also assist in the For the synthesis of the eth@ andi-propyl 4 substituted

design of faster motors. If the molecular motors are to be used
for further applications, they require additional functionalization,
either at the naphthalene ring or at the aliphatic part of the
molecule, without affecting the unidirectionality of rotation. The
extra methyl substituent built into these molecule3 {RMe),

at the 7-position of the naphthalene rings, is not only present

for synthetic convenience, but also to examine whether these

positions (providing the possibility to induce a large spatial
change upon rotation) can be used to attach functionalities
needed for future applications. Model studies indicate that a
substituent in this position does not play a role in the rotary
behavior, as it is remote from the “fjord-region” of the molecule.

Synthesis and Structural Analysis

The key step in the synthesis of chiral overcrowded bi-
phenanthrylidene2—4 is the final step in the synthetic route
in which two ketones are reductively coupled in a McMurry
reaction (Scheme P}.This reaction often results in low yields
due to the severe steric hindrance that is introduced into the
overcrowded product during the coupling.

The ketone precursoi 13, and14, however, can be readily
obtained following straightforward methodology (Scheme 1).
According to a protocol by Haworth et & 8-methylnaphtha-

(29) The overall conformation of thiepropyl substituted alkené is identical
to that of the methyR and ethylI3 substituted alkenes. However, due to an
extra carbon present in thepropyl substituent, the priority of the

substituents attached to the stereogenic center alters. Therefore, the stable

transisomer of4 consists of the (83 9-(P,P)-trans-4 and (R,3R)-(M,M)-
trans4 enantiomers and not of the§3 9-(M,M)-transand (R 3R)-(P,P)-
transenantiomers as is the case with staidss-isomers of methyP and
ethyl 3 substituted alkenes.

(30) (a) van Delden, R. A.; ter Wiel, M. K. J.; de Jong, H.; Meetsma, A.; Feringa,
B. L. Org. Biomol. Chem2004 2, 1531-1541. (b) Geertsema, E. M.;
Koumura, N.; ter Wiel, M. K. J.; Meetsma, A.; Feringa, B. Chem.
Commun2002 2962-2963.

(31) (a) Fustner, A.; BogdanovicB. Angew. Chem., Int Ed. Engl996 35,
2442-2469. (b) Lectka, T. IPActive Metals; Chapter 3: The McMurry
Reaction Firstner, A., Ed.; VCH: Weinheim, 1996; pp 8331. (c)
McMurry, J. E.Chem. Re. 1989 89, 1513-1524. (d) McMurry, J. E.
Acc. Chem. Red983 16, 405-411.

(32) Haworth, R. D.; Letsky, B. M.; Mavin, C. Ml. Chem. Soc1932 1784—
1792.
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analogues, it may appear that direct alkylation of the enolate of
6 with ethyl iodide ori-propyl iodide would readily provide
the desired substituted ketones. This strategy, however, proved
to be less convenient due to dialkylation at thecarbon.
Therefore, a route was preferred in which the alkyl substituents
were introduced in an earlier stage of the synthesis. The ester
enolate of8 was generated with LDA and quenched with the
appropriate alkyl halide to provide the ett®/andi-propyl 10
substituted esters in 82% and 60% yield, respectively. Hydroly-
sis of the ester§ and10to the corresponding acidsl and12

was followed by reaction with P€to provide the acyl chlorides.
These acyl chlorides were not isolated, but directly used in the
following ring closure using Snglwhich gave phenanthrenones
13 and 14 in good yields (Scheme 1). With these ketones in
hand, the stage was set for the most delicate reaction of the
entire sequence: the coupling of two ketone moieties to form
the overcrowded alkene in one step using the McMurry reaction.
Although numerous sterically hindered alkenes have successfully
been made using the McMurry reaction, the increased steric
demand in the molecular motoBs-4 resulted in decreasing
yield going from a methyl substituent to &propyl substituent.
Various combinations of Zn and Ti reagents were employed in
the reaction, but eventually the combination of Ti@hd Zn
powder proved to be the most reliable and providedtthps-

(33) The use of an asterisk (*) throughout this paper denotes the use of racemic
compounds and is used to clarify the relation between the helicity of the
molecule and the absolute configuration of the carbon atom of the
stereogenic center. For example, for an alkene with a methyl substituent,
(3'R*,3'R¥)-(P*,P¥)-trans means that the alkene is a racemic mixture of
two enantiomers, @ 3'R)-(P,P)-transand (353 9-(M,M)-trans, of a stable
transisomer, whereas for the same alken&*(3'R*)-(M*, M*)-transwould
indicate that the molecule is a racemic mixture of an unstaatesisomer
consisting of the (B,3R)-(M,M)-transand (B3 9-(P,P)-transenantiomers.
From this example, it is important to note that a combination of the absolute
configuration at the stereogenic carbon atéhol S) and the overall helicity
of the molecule P or M) is only valid for certain combinations, because
different isomers, stable or unstable, can be meant.
(34) (a) ter Wiel, M. K. J.; Koumura, N.; van Delden, R. A.; Meetsma, A.;
Harada, N.; Feringa, B. LChirality 200Q 12, 734-741. (b) ter Wiel, M.
K. J.; Koumura, N.; van Delden, R. A.; Meetsma, A.; Harada, N.; Feringa,
B. L. Chirality 2001, 13, 336.
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Scheme 3. Photosynthesis of the cis-lsomers of 2 and 3

a) hv, 2> 280 nm,
n-hexane

b) A

’, (3R 3'R)-(P"P)-2 R=Me
(3R"3'R)-

(3R 3'R)-(P'P)-2 R=Me
(3R"3'R)-(P'P)-3 R=Et

(P’ P)-3 R=Et
alkenes2, -3, and 4 in 9.0%, 7.0%, and 0.41% yield,
respectively (Scheme 2§. Especially in case of olefird,
purification was severely complicated by the formation of apolar
side-product$? It is difficult to account for the sole formation

of transisomers in all three cases, as the mechanistic picture

for the McMurry reaction is quite complicated. Besides the
generally accepted mechanism, coupling of two ketyl radicals
followed by elimination of the titanium oxo-species, recent

experiments suggest that titanium alkylidene species might be

involved in the reactioR®

Another remarkable feature is that, during the reaction, a
diastereomerically pure mixture oRR)- and §9)-olefins is
formed. Because racemic ketones are used, the resultant olefi
would be expected to be a statistical mixture BfR), (S9),
(SR), and RS coupled products, but theR(S- and SR)-

racemization does not occur during the McMurry reaction of
six-membered cyclic ketoné$.However, it remains to be

established which mechanism accounts for the observed selec

tivity in the formation of the alkenes.

To obtain the stableis-isomers of the compounds studied,
n-hexane solutions of the corresponding pia@sisomers were
irradiated £ > 280 nm, at low temperaturd, = —40 °C; for
more details on photochemistry,
of the sample and heating at 8Q for 2 h with exclusion of
light, '"H NMR analysis revealed the formation of new isomeric
products that were separated by preparative HPLC (silica,
heptane) and proved to be the stablseisomers of2 and 3
(Scheme 3). Nais-isomer of4 was isolated due to reasons
that will be explained later.

From the'H and3C NMR spectra, th€,-symmetric nature
in solution is evident for all three new mototsans-=2, -3, and
-4. The transgeometry of the molecule was assigned by
comparison of théH NMR with the original motor moleculé
and was thoroughly established Bi# NMR, COSY, and
NOESY spectra (cf., Figure 4). Indicative for thans-geometry

see below). After irradiation !

trans-2

Figure 3. Numbering scheme adopted for thians (left) andcis-isomers
(right) of the molecular motors described in this paper; here, methyl
substituted? is depicted.

(35,3'SY)-(P*, P*)-trans-4 to obtain definitive information about
the geometry of the molecules, but most important to elucidate
the crucial conformation of the substituents at the stereogenic
centers Gand G in 2—4.3537 Although the investigated crystal

of (3s,3'S)-(P*,P*)-trans4 contained two residues with a
slightly different conformation and opposite absolute configu-
ration, all three structures wef&-symmetric in the solid state

fike the structures observed in solution. As is exemplified with

the Pluto structures of &3'9-(M,M)-trans2, (3R*,3'R*)-
(P*,P*)-trans-3, and (&,3'S)-(P* P*)-trans4 depicted in

isomers are not formed. Previous observations showed that™igures 5-7, common features of these alkenes are their helical

shape due to the steric crowding around the central double bond
and the axial orientation of the methyl, ethyl, angropyl
substituents. In all three structures, the naphthalene moiety and
the alkyl substituent point in the same direction with respect to
the central double bond. The conformation of the cyclohexene
ring is, as predicted, severely twisted. For all compounds, this
cyclohexene ring adopts a semi boatlike conformation. At this
point, it should be emphasized that the structure of the molecule
in the solid state does not necessarily give the correct structure
of the motor molecules in solution, as small deviations can be
expected with respect to the orientation around the double bond
and the angle between the two naphthalene moieties.

The length of the central olefinic bond ranging from 1.341
to 1.355 A intrans-2, -3, and 4 deviates only slightly from the
length of a normal olefinic bond of 1.33 & Not surprisingly,
the length of the central double bond in the most sterically
hindered olefin, the-propyl substituted compourd is found
to have the largest value (1.355 A) of the three olefins.
Nevertheless, the central olefinic bond is not severely twisted
as can be seen from the angles around C3—C4—Cys

of the molecules are the NOE interactions observed between(111.22), Ca—Cs—Cs (122.76), and Ga—Cs—Cy (123.18);

Hs and Hy in the aromatic region ai 8.3 ppm, on one hand,
and the protons at the stereogenic carbon atognar@ G and
present in the methyl substituentsz{&and Gay) attached to

the stereogenic centers, on the other hand, for all three trans®

molecular motor2, 3, and4 (Figure 3).

Because of the complicatédl NMR spectra of the molecu-
lar motors, X-ray analyses were performed on single crystals
of (3539-(M,M)-trans2, (3R*,3'R*)-(P*, P*)-trans-3, and

(35) See the Supporting Information for more detailed information.

(36) (a) Villiers, C.; Vandais, A.; Ephritikhine, Ml. Organomet. Chen2001,
617—-618 744-747. (b) Villiers, C.; Ephritikhine, MChem.-Eur. J2001,
7, 3043-3051. (c) Villiers, C.; Ephritikhine, MAngew. Chem., Int. Ed.
Engl. 1997, 36, 2380-2382.

and the torsion angles around the central double bonrd, C
C4—C4s—Cs (_146.48), C3—C4—C4s—Cya (12.80), and Ca—
C4—C4—Cy4,(172.02). It is difficult to deduce directly the twist
f the central olefinic bond from the torsion angles, but the
Newman projections depicted in Figure 8 are particularly
illustrative.

Like the transisomers of the molecules, the preferrég
symmetry ofcis-2 andcis-3 in solution is immediately apparent
from the 'H NMR spectra of the molecules. TH&l NMR

(37) See ref 34; the crystal structure 0§@9-(M,M)-trans-2 has been published
previously and is included here for comparison.

(38) CRC Handbook of Chemistry and Physit&e, D. R., Ed.; CRC Press:
Boca Raton, FL, 1993; Vol. 74, p 9-4.
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Figure 4. The aromatic region of thtH NMR spectra oftrans-2 (left) andcis-2 (right).

3 158.3° 186.4°
9.8° Fo 80 e 48 ..
4’a 4a 41° 3
182.1° 3 165.4°
trans-2 trans-3
188.0°
> 4
3 g “12.8°
Figure 5. Pluto drawings of (8,3 9-(M,M)-trans-2 seen perpendicular to T3 136.4° 3
the central double bond (a) and along the central double bond (b). tmn's 4
Figure 8. Newman projections of the central double bondrafs-=2, -3,

and 4.

Figure 6. Pluto drawings of (B*,3'R¥)-(P*, P*)-trans-3 seen perpendicular
to the central double bond (a) and along the central double bond (b). The
structures do not express the absolute stereochemistry of the molecule.

Figure 9. Pluto drawings of (B*,3'R*)-(P*, P*)-cis-2 seen perpendicular
to the central double bond (a) and along the central double bond (b). The
structures do not express the absolute stereochemistry of the molecule.

and Heg) On one side and a proton in the naphthalene moiety
of the molecule (H and Hy) on the other side (Figure 3).
Figure 7. Pluto drawings of (8¢,3'S")-(P*, P*)-trans4 seen perpendicular Unfortunately, NMR experiments did not give conclusive
to the central double bond (a) and along the central double bond (b). The information about the geometry of the molecule. This is due to
structures do not express the absolute stereochemistry of the molecule. the highly complex splitting pattern in the aliphatic part of the
molecule as well as the unusual conformation of the cyclohexene
ring, for which the Karplus equation is of limited u&e.
Therefore, X-ray analyses of methyl substituted statg#e and
ethyl substituted stableis-3 were performed?®

The first impression from the X-ray structure olR'33'R*)-
(P*,P*)-cis-2 and (R*,3'R*)-(P*, P*)-cis-3 (Figures 9 and 10)
is that both compounds af&-symmetric in the solid state, as
was shown in solution by NMR. However, detailed analysis of
the X-ray data of botleis-2 andcis-3 revealed in the solid state
small distortions from the preferrégh-symmetry (attributed to
crystal packing effects). Common features of the two structures

spectrum ofcis-2 is depicted in Figure 4. Absorptions of the
aromatic protons are observed at relatively high field, at
approximatelyd 6.5 ppm for bottris-2 andcis-3, which is the
result of the ring current anisotropy experienced by these protons
due to the close proximity of the naphthalene moiety in the
other half of the molecule. A similar trend in the chemical shift
of the aromatic protons was found ftE® Furthermore, NOE
interactions were no longer observed between the protons of
the substituent at the-position (Gaxand Gy and the proton

in the equatorial position of the stereogenic carbon atogaq(H

(39) Harada, N.; Koumura, N.; Feringa, B. I. Am. Chem. Sod997, 119,
7256-7264. (40) Karplus, M.J. Am. Chem. S0d.963 85, 2870-2871.
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Scheme 4. Photochemical and Thermal Isomerization Processes
during the 360° Unidirectional Rotary Cycle for the Molecular
Motors 2, 3, and 4

stable trans

) 7 ) ] diaxial methyl groups )
Figure 10. Pluto drawings of (B*,3'R*)-(P*, P*)-cis-3 seen perpendicular unstable cis
to the central double bond (a) and along the central double bond (b). The diequatorial methyl groups
structures depicted do not express the absolute stereochemistry of the
molecule.
step 4 60°C 20°C | step 2
, 177.5° , 176.2°
3 4’a 3 4’a
5.5° 0.2° 45° L7°
3 4a 3 v 4a
176.7° 177.5°
cis-2 cis-3

Figure 11. Newman projections of the central double boncciz2 and
-3.

are the helical shape of the molecule due to the steric hindrance,,  ..uie trans

the axial orientation of the alkyl substituents at the stereogenic diequatorial methy! groups stable cis

carbon center, as well as that these substituents and the diaxial methy! groups
naphthalene moieties point in the same direction with respect 2R=Me

to the central double bond. Also, the cyclohexene ring in both R

structures adopts a semi boatlike conformation. Like irtridues

isomers, the central double bond in both tiemethyl2 (1.347 molecule takes place, which converts the unstaigdsomer

A) and thecis-ethyl substituted olefir8 (1.352 A) was found i its (pseudo-)equatorial substituents to a stafisdsomer

to be slightly elongated as compared to the average value of it the substituents in a (pseudo-)axial orientation. In the third
1.33 A38 Most remarkable is that unlike all three stable trans step of the rotary process, a second energetically uphi cis

forms of2, 3, and4, the central double bond is hardly twisted, ang photoisomerization takes place. During the photoisomer-

as is apparent from the torsion anglescig2: Cs—Ca—Cy— ization, the stableis-isomer, with the substituents in a (pseudo-
Cy (5.9), Ca=Cs=Cs—Csa (—176.9), CS’_C4’_C4_C{13 )axial position, undergoes a helix inversion and is converted to
(—177.8), and Ga—Cs—Cs—Csa (—0.2). Only small devia-  he ynstablaransisomer with its substituents in a (pseudo-)-
tions from planarity were found for the stallisisomers o2 eqyatorial orientation. This isomer is again less stable due to
and3, as can be seen more clearly from the Newman projectionshe (pseudo-)equatorial orientation of the substituents. The
in Figure 11. unstabletransisomer is converted upon heating to the stable
Rotation Expefiments transisomer, which has the substituents in the energetically

) i favored (pseudo-)axial orientation. After the second thermal step,
Based on our experience with the prototype molecular motor \yhich s the fourth step in the entire rotary scheme, the stable
1, the anticipated 360rotation around the central double bond  ansisomer is obtained again. In a four-step process, with light

of the new motor molecules takes place in four steps, as iS 55 the source of energy and by control of directionality via the
depicted in Scheme 4. o _ changes in the orientation of the substituents, a unidirectional
In the first step of the 360unidirectional rotation, the stable  otation around the central double bond has been accomplished.
trans-isomer of the molecular motors, with both substituents in Rotation Cycle for the Methyl Substituted Molecular
a (pseudo-)axial orientation, is irradiated at low temperature. Motor. To establish whethe?. 3. and4 are indeed able to
_Dunng_thl; energetically uphill process, a tr&ms_photo- .. perform a unidirectional rotation around their central double
isomerization of the alkene takes place to yield an isomer with bond, photochemical studies, similar to those of the original
acis-geometry. The photochemical isomerization is reversible, moto’r moleculel. 2L were pen,‘ormed The Uwvis and CD

and the composition of the photostationary states (ratio of stable ; . ,
. " spectra of enantiomerically pure§3'S-(M,M)-trans-2, pre-
and unstable isomers), which depends on the structures of the P y pure$3 9-( ) P

tors. is di oy h motor furth A pared as describéd, are depicted in Figures 12 and 13,
MOTOTS, IS dISCUSSEd for each motor further on. Consequencerespectively“.l The UV—vis and CD characteristics of $3'S)-
of the photoisomerization is that the orientation of the methyl

bstituents ch f d ial orientation in th (M,M)-trans-2 are very similar to those of the original motor
substituents changes irom a (pseu o-)a>l<|a orientation n e(3R,3’R)-(P,P)-tran:“rl. The most important features in the CD
stabletransisomer to a (pseudo-)equatorial orientation in the

newly formedcis-isomer. Due to the enhanced steric constraints, ! ) ) ) ;

. . . . . " (41) The absolute configuration of the enantiomerically pure alkeS8 &-
the (pseudo-)equatorial orientation of the substituent is energeti- * (M,M)-trans2 was assigned on the basis of the stereochemical control
cally unfavorable and thesgs-isomers are kinetically labile excerted by the Evans’ auxiliary. The assigned configuration was confirmed

i L . by comparison of the CD spectra 0f§3'9-(M,M)-trans2 and (R 3 R)-
In the second step, a thermally induced helix inversion of the (P,P)-trans-1 and the CD spectra of the parent ketones.
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sign of the CD spectrum is indicative for the helix inversion of
1004 & the molecule going from an overaM{-helix in (353'S)-(M,M)-
trans-2 to an overall P)-helix in the new isomer formed upon
irradiation. From the UV-vis and CD data, it was concluded
that this new isomer is the anticipated unstablg3®)-(P,P)-
cis-2, which has both methyl substituents in a (pseudo-)-
equatorial orientation and has an opposite helicity as compared
to (83539-(M,M)-trans-2 (Scheme 4). Due to the thermal
instability of (353 9-(P,P)-cis-2, the ratio between §39-
(M,M)-trans-2 and (53 9)-(P,P)-cis-2 at the PSS could not be
determined directly (vide infra). The sample was therefore
heated in the dark at 20C while the change of the CD
absorption at 218 nm was monitored in time. When no further
y changes were observed, BVis and CD spectra were recorded.
200 280 300 350 400 450 500 In the UV—vis spectrum, relatively small differences were seen,
2 (nm) but the overa}ll shape of the CD spectum was largely inverted
Figure 12. UV —vis spectraif-hexane) observed during the rotary cycle and showed intense Cotton effects at 225.4 Am+£ __367'5)
2. (3$39-(M,M)-trans2 (thin solid); (353 9-(P,P)-cis-2 (thick solid); and 240.2 nmAe = +264.3). The overall change in sign of
(3839)-(M,M)-cis-2 (dashed); (3,39-(P,P)-trans-2 (dotted). the CD spectrum is indicative for the helix inversion taking place
upon heating. It was concluded that the unstab&3(9)-(P,P)-
cis-2 had been converted to the stabl&®9)-(M,M)-cis-2, in
which the substituents have regained their energetically favor-
able (pseudo-)axial orientation. The conclusion that stable
(3539-(M,M)-cis-2 has been formed was confirmed by HPLC
andH NMR analysis by comparison with material obtained
from the synthesis described above. As already indicated, the
composition of the mixture consisting of 3 S)-(P,P)-cis-2
and (B39-(M,M)-trans2 at the first PSS could not be
determined directly. After heating, however, the thermally stable
(3539-(M,M)-trans-2 has been unaffected, while the unstable
(3539-(P,P)-cis2 is completely converted to the stable
300 i (3539-(M,M)-cis-2. The ratio of isomers was determined by
1 i HPLC to be 85:15 and directly reflects the composition of the
-400 mixture of (353'9-(P,P)-cis-2 and (B3 9-(M,M)-trans-2 at
Figure 13. CD spectraif-hexane) observed during the rotary cycle2of the PSS. The conversion of unstables®S)-(P,P)-cis-2 to
(353 9-(M,M)-trans2 (thin solid); (539-(P,P)-cis-2 (thick solid); stable (%,3'9-(M,M)-cis-2 was monitored by CD spectroscopy
(3539-(MM)-cis2 (dashed); (339-(P,P)-trans2 (dotted). in time at various temperatures. The Eyring equation, a plot of
In(k-h)/(kg-T) versus (1T), allows the determination of various
spectrum of ($,39-(M,M)-trans-2 are the intense Cotton effects ~ parameters for the activation barrier of the thermal helix
at 218, 229, and 240 nm. Photoisomerization of a solution in inversion3 For the conversion of unstable$3'S)-(P,P)-cis-2
n-hexane of the stable §8'9-(M,M)-trans-2 (1 = 280 nm,T to stable (839)-(M,M)-cis-2, the Gibbs energy of activation
= —60 °C) was monitored by UVvis (Figure 12) and CD  (A*G? = 914 3 kJ mol?), the enthalpy of activationA*H? =
spectroscopy (Figure 13). The irradiation of the sample was 69 & 3 kJ mof%), and the entropy of activatiom\fs’ = —74
continued until the photostationary state (PSS) had been= 11 J K™ mol™) could be determined. The half-life of the
reached? In the UV—vis spectrum for the major absorptions process was calculated from the Gibbs energy of activation and
at 221 and 233 nm, a small hypsochromic shift was observed was determined to be 32 min at room temperature (293.15 K).
and the two major absorption bands were found at 207 and 226  The solution obtained after the first photoisomerization and
nm. The lowest energy absorption band showed a bathochromicthe subsequent thermal helix inversion, containing a mixture
shift as far as 420 nm. The photoisomerization could easily be of stable (%,39-(M,M)-cis-2 and a small amount of stable
followed, because the sample developed a yellow color during (353 9-(M,M)-trans-2, was subjected to a second photochemi-
the irradiation. In the CD spectrum, an inversion in sign of most cal isomerization. The sample was therefore irradiated at low
absorptions was observed, as well as a drastic increase in theemperature A > 280 nm,T = —60 °C), and the conversion
value of theAe. The values forAe were as high a$470.5 at was followed by UV-vis. When the PSS was reached, 9V
227.2 nm and—195.5 at 251.0 nm. The overall inversion in vis and CD Spectra were recorded. In the BW's Spectrum, a
(42) A chemoselective photoisomerization takes place as is evident from NMR large increase in intensity was observed for the absorption band
analysis and the observation of clear isosbestic points iy and CD at 367 nm £ = 15 300). In the CD spectrum, the absorption of
measurements during the photochemical steps. The quantum yields for the gtgp|e ($3’S)-(M,M)-cis-2 at 225.4 nm 4(35 = —367.5) was

photochemical steps of moto8s-4 have not been determined yet. For ) g .
molecular switches based on structurally related sterically overcrowded inverted to give a positive Cotton effect at 219.4 nie (=

80 -
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& (10° dm’mol’cm™)
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alkenes, quantum yields for photoisomerization in the range of-0®&5, ; i i in indicati
depending on the structure and solvent used, were found (Jager, W. F. +151.0). The |r_1ver3|_o_n of the CD SpeCtrum_ is again indicative
Ph.D. Thesis, University of Groningen, 1994). for the change in helicity of the molecule going from an overall
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(M)-helicity in the stable (33'S)-(M,M)-cis-2 to an overall P)-
helicity in the newly formed isomer. From the WWis and 100
CD data and by comparison with HPLC a#d NMR data, it

was concluded that this newly formed isomer was the anticipated ~ 80,

unstable ($,3S)-(P,P)-trans2. The (F3S)-(P,P)-trans-2 iso- 5
mer appeared to be relatively stable at room temperature, s ;
because no change in the CD signal at°®0was observed ng 60 -
after several hours. The ratio between unstab&3(9)-(P,P)- o 3
trans2 and stable (839-(M,M)-cis-2 of 92:8 was directly e 0

@

determined independently by HPLC by irradiation of a sample
of pure (F39-(M,M)-cis-2 in n-hexane { = 280 nm,T =
—60 °C). Finally, the solution was heated in the dark at’60 20 4
and the change in CD absorption was monitored at 218 nm.
When no further changes were observed, ‘N6 and CD
spectra were recorded. These spectra indicated that a thermal
helix inversion has taken place and that the molecule was
converted into the original &39-(M,M)-trans2 isomer,
demonstrating the unidirectional rotation around the central

0 : — — ; ey T —— ,
200 250 300 350 400 450 500
A (nm)

| Figure 14. UV —vis spectraif-hexane) observed during the rotary cycle
of 3: (3R,3R)-(P,P)-trans-3 (thin solid); (R,3 R)-(M,M)-cis-3 (thick solid);

double bond in four consecutive steps. (3R3R)-(P,P)-cis-3 (dashed); (& 3R)-(M,M)-trans3 (dotted).
During the second thermal helix conversion, going from

unstable ($,3S)-(P,P)-trans-2 to stable (%,3S)-(M,M)-trans- 4004

2, no thermodynamic data were acquirednimexane due to 300

the relatively low rate of the process at 8D and the volatility ;

of n-hexane'® The thermodynamic parameters were therefore 2004

obtained by using a solution of pureS3'S)-(M,M)-cis-2 in 100

dodecane. A solution of §3'9-(M,M)-cis-2 was irradiated to I

form (353 S)-(P,P)-trans-2 until no more change in the UY 017

vis spectrum could be observetl £ 280 nm,T = —20 °C). ¥ 00df

By monitoring the change of the CD signal at 256 nm in time 1

at various temperatures, the Gibbs enery§Q® = 107+ 4 kJ -200 4

mol~2), the enthalpy A*H? = 86 + 4 kJ mot1), and the entropy 3004

(A'Y = —73 4+ 16 J K1 mol™Y) of activation could be

determined by making use of the Eyring equafidithe half-

life of the unstable (83'9-(P,P)-trans-2 was calculated to be 500

439 h a,t room temperature (293'1,5 K). Figure 15. CD spectraif-hexane) observed during the rotary cycle3of
Rotation Cycle for the Ethyl Substituted Molecular Motor. (3R3R)-(P,P)-trans3 (thin solid); (R3IR)-(M,M)-cis-3 (thick solid);

The racemate of the ethyl substituted molecular motef, BR*)- (3R,3R)-(P,P)-cis-3 (dashed); (B3 R)-(M,M)-trans-3 (dotted).

(P*,P*)-trans-3 was resolved into its enantiomers by preparative

HPLC (Chiralpack ODn-hexand:propanol= 99.9:0.1). The complete conversion of the unstaldis-3, the ratio between

absolute configuration of the isomer in the first eluted fraction the stabletrans-3 and stablecis-3, reflecting the composition

was assigned to be RBB'R)-(P,P)-trans-3 by comparison of the  at the PSS, was determined by HPLC and proved to be 3:97.

CD spectrum with those of the methyl substituted molecular By monitoring the thermal helix inversion at various temper-

motors (R,3R)-(P,P)-trans-1 and (J,3'9-(M,M)-trans-2. The atures, the activation parameters of the process could be

pseudo-enantiomeric relation betweelR@R)-(P,P)-trans-3 determined A*G? = 91 & 2 kJ mol%, A*H? = 794+ 1 kJ mof?,

and (339-(M,M)-trans-2 can be seen clearly by comparison and A*¥ = —35 + 2 J K1 mol™1).35 The half-life of the

of the CD spectra of the molecules (Figures 13 and 15), which conversion of (R 3 R)-(M,M)-cis-3 to (3R,3 R)-(P,P)-cis-3 was

-400 4

are nearly mirror images. then calculated from the Gibbs energy of activation and proved
Although the barriers for the two thermal helix inversion steps to pe 18 min at room temperature (293.15 K). A second
are somewhat different for motd8 than for motor2, the irradiation resulted in the formation of the unstabl®@R)-

unidirectional 360 rotary processes are identical. The YV (M,M)-trans-3. The ratio at the PSS of K3 R)-(P,P)-cis-3 and
vis and CD spectra of the four isomers are depicted in Figures (3R3R)-(M,M)-trans-3 (stablecis-3:unstabletrans-3 = 5:95)

14 and 15. The rotary cycle starts with irradiation OR’(:'BB)' was determined independently by irradiation of a sample of pure
(P,P)-trans3 at low temperatureA(= 280 nm,T = —60 °C) (3R3R)-(P,P)-cis3 (A = 280 nm,T = —60 °C). Because

ton ftorgr tihenl]mrstrablelt%?;r:?)-(tﬂn,I\/II);Cls-S.nVH(:aitlrrl]gt Oihth'st bl unstabldrans-3 is relatively stable as compared to unstatite
unstable 1Somer resuite compiete conversion o he Sta e3, the ratio could be determined directly by HPLC analysis.

(3R,3'R)-(P,P)-cis-3, as was apparent frott NMR, UV —vis, . . n
CD, and HPLC data. After the sample was warmed to ensure Experiments performed in dodecane allowed the determination
' of the thermodynamic parameters*G? = 107 + 1 kJ mol?,

(43) The photochemical properties 03 9)-(M,M)-cis-2 and (R 3 R)-(P,P)- A*H? = 91 + 3 kJ mol%, andA*S = —53+ 8 J K™ mol™?)
cis-3 are expected to be identical in dodecane a#ftexane. The higher i iz ati -
boiling point of dodecane (18%C) is, however, suitable to determine the for the subsequent thermal |somer|zat|0n_ to stable3IK)
rate of the thermal helix inversion. (P,P)-trans-3.8 From these data, the half-life of the unstable
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100 Scheme 5. Observed Isomerization upon Irradiation of
(35,3'S)-(P,P)-trans-4

80

60+

& (10° dm’mol’cm™)

401/} (3S,3'S)-(P,P)-trans-4 (38,3'S)-(M,M)-trans-4

HPLC analysis indicated that the stabl§®9)-(P,P)-trans-4
had been completely converted to a new isomer. Upon heating
at 60 °C or subsequent irradiation with light of different

. . S wavelengthsA = 256, 313, 343, and 436 nm ér> 280 nm),
200 250 300 350 400 450 500 no change in UV-vis or CD signals could be observed. On the
4 (nm) basis of comparison with data obtained for molecular mators

Figure 16. UV —vis spectra of all thre¢ransisomers of4: (3%,3'S)- and3, the UV—vis and CD suggested that irradiation of stable
(P*,P*)-trans-4 (solid line); (35¢,3'S)-(M*,M*)-trans4 (dotted line); (3539-(P,P)-trans4 led directly to (H39-(M,M)-trans4

20}

0

(38+,3'S")-(P*,M*)-trans4 (thick solid line). (Scheme 5), because the observed spectra closely resemble that
of the unstabléransisomers of bott2 and 3.
200 - This is also the reason that$3'S)-(M,M)-cis-4 could not

be formed by irradiation of @39)-(P,P)-trans4. Extensive

IH NMR studies were performed to establish that the structure
of the new isomer was correctly assigned aS3®)-(M,M)-
trans-4.** Irradiation of stable (8¢,3'S")-(P*,P*)-trans4 in both
benzeneds and tolueneds gave complete conversion to the new
isomer of trans4. Judging from the'H NMR spectra, and
especially the absorptions betwe&r8.0 and 9.0 ppm, it was
concluded that the new isomer had indedthas-geometry. A
cis-geometry could be excluded, because protorgsatomers

of these overcrowded alkenes generally have absorptions

150
100

50",

-1004 between 6.0 and 7.0 ppm. Light yellow, block-shaped crystals
_150_' ¥ of the unstable (8¢,3'S)-(M*,M*)-trans-43545 suitable for
] X-ray analysis were obtained by recrystallization from heptane.
200 4 It was difficult to obtain reliable data from these crystals.
Figure 17. CD spectra for (33 9-(P,P)-trans4 (solid) and (3 9- Measurement of the crystals at low temperature (100 K) failed.
(M,M)-trans-4 (dotted) inn-hexane. Although the X-ray structure determination at room temperature

was thwarted by multiple reflection spots, a structure was found
trans-3 isomer was calculated to be 317 h at room temperature that fitted the experimental data. These results show that the

(T = 293.15 K). structure had correctly been assigned &&,@S¥)-(M*, M*)-
Photochemical and Thermal Behavior of thei-Propyl trans-4 (Figure 18). This newransisomer of4 was found to
Substituted Molecular Motor. The photochemical and thermal — be pseuddsz-symmetric, because small deviations in the solid
behavior of thei-propyl substituted molecular motot is state are found as compared to the id&€isymmetry in
remarkably different from that of motor® and 3. The solution. The substituents are in the (pseudo-)equatorial, unstable
enantiomers of thie propyl substituted motor molecufecould orientation. As a consequence, the naphthalene moiety and the

be resolved by preparative chiral HPLC (Chiralpack OD, i-propyl substituent are on opposite sides with respect to the
n-hexane:propanol= 99.9:0.1). The UV~vis spectrum (Figure  central double bond. In contrast to the structures of the stable

16) of (3539-(P,P)-trans4 is similar to that of the motor  transisomers o, 3, and4, the central double bond is elongated
molecule2 and3. The shape and intensity of the CD spectrum (1.366 A) and twisted to a considerable extent as is obvious
of (3539-(P,P)-trans4, depicted in Figure 17, closely resemble from the Newman projection depicted in Figure 18. A similar
those of the (339-(M,M)-trans-2 and (R,3R)-(P,P)-trans twist in the alkene moiety was found for the structure of the
3. By comparison of these three spectra, the first eluted fraction Unstabletransisomer of1.4¢ This twist might account for the

of the stabldrans-4 was assigned to be $8 9)-(P,P)-trans-4. yellow color of the compound in which a partial polarization
To perform a rotary cycle analogously to the other molecular over the central double bond has taken pfice.

motors, a solution of the stable $3'9-(P,P)-trans4 in

(44) Because irradiation of solutions of these alkenes in GDE4uently leads

n-hexane was irradiated at low temperatutex(280 nm,T = to significant product decomposition and formation of numerous side-
— ° i i ift i i products, experiments were performed in benzéand tolueneds.

60 °C). This resulted in a red shift in the Uwis of the (45) Throughout this paper, £83'S-(M* M*)-trans4 and (- 3'Re)-( P, P*)-
longest wavelength band from 320 to 370 nm (Figure 16). In trans-4 are referred to as unstable isomers. However, tthissisomer of

the CD spectrum, the major absorption band at approximately glﬁysgt‘b;%s;{ggTetrﬁg“eﬂg[ﬁﬁg;e and is converted to the tihesisomers

220 nm was largely inverted\¢ = —134.2). (46) Koumura, N.; Harada, NChem. Lett1998 1151-1152.
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isomer failed due to the very small amounts formed. This new
isomer is, however, a thermally stable compound, because
prolonged heating did not lead to conversion to the stable
(38%+,3'SY)-(P*, P*)-trans-4 or another isomer. Upon prolonged
irradition for 2 h of thesample, all of the presumagisisomer

of 4 was completely converted to $33'St)-(M*, M*)-trans-4.

The sample was then heatetl € 110 °C), and the decay in
the signals of the unstable $33'S)-(M*,M*)-trans4 was
monitored. Surprisingly, during heating, signals belonging to
yet another isomer appeared.

The isomerization process is therefore not a simple unimo-
lecular process. The sample used for tHeNMR experiment
contained three isomers tfans4, and there was significant
overlap with the absorption of the toluedgin the aromatic
region, which complicated the interpretation of the spectrum.
However, the most interesting absorptions originating from the
methyl groups at €and G-, the proton signals of Hand H,
and from the methyl groups of thepropyl at the stereogenic
center could be observed separately. For the stale3(&)-

4 (P*,P*)-trans-4, these doublet signals can be found &t.42—
Figure 18. Pluto drawings of the unstableR8 3'R*)-(P*,P*)-trans4 seen 0.44, 0'97_0'9,9’ and 8.728.74. After irradiation, these dou-
perpendicular (a) and along the central double bond (b). The structure doesPl€ts have shifted té 0.19-0.21, 0.74-0.76, and 8.668.62

not express the absolute stereochemistry of the molecule. Newman projectionppm and were assigned toa¥33'S)-(M*, M*)-trans-4. Heating

of the configuration around the central double bond viewed alongihe C  of the less stable &,3'S")-(M*,M*)-trans-4 gave rise to a
Ca axis (c) and the numbering scheme employed for the molecule (d). doubling of the absorptions in the entire spectrum relative to
the number of absorptions of $33'S")-(M*,M*)-trans-4 or
(35,3'SY)-(P*,P*)-trans4. Interestingly, the new absorptions

more detailed investigations following the fluorescence of both n t_he_ spectrum appear to be_ pairs having the same |ntegr§t|on.
This is clearly seen from Figure 19, where the absorptions

isomers fex = 344 nm) revealed that the conversion is not a originating from H and Hy are shown during the thermal

first-order process and that intermediate structures are involved.. .
. interconversion process. These data suggested that these absorp-
These measurements could be performed readily due to the

distinct difference in emission wavelengths o&@)-(P.P)- tions originated from a single isomer 4f which is no longer
trans-4 (lom = 374 nm) and (33 9-(M,M)-trans4 (om= 1568 Co-symmetric. Most striking is that the original three doublet
nm) usinénj[he same wavelength of e>’<citatidng;((: SZZ Am)3s signals seem to have split into three pairs of two absorptions at

This outcome of the photochemical reaction contrasts with the 0 0.29-0.30, 0.32:0.34, 0.56-0.51, 0.67, 8.278.29, and

. Q. i ) 8.53-8.55 ppm, of which all are doublets except the broad
?sr;?ytlroarnc?;erved for both$2'9-(MM)-trans:2and (R3R) singlet signal at 0.67 ppm. Upon continued heating, the intensity

Althouah th . ' 9)-(M.M 4 bl of the new absorptions gradually decreased and the signals of
¢ t outg the ntew |s.:)mer(;83$-( t' t)-(;rgns&Dwas stable tthe original stable (8¢,3'S")-(P*, P*)-trans-4 reappeared slowly
at room temperature, it was demonstrated by measuremen ?Figure 19). Decisive evidence for the structure of this inter-

performed in dodecane that§33'S)-(M,M)-trans4 was con- mediate form in the thermal helix inversion of ¥33'S)-
verted slowly to (8,3'S)-(P,P)-trans-4 at elevated temperatures (M*, M*)-trans 4 to (35",3'S")-(P*, P*)- trans4 was obtained by

(T= 11_0 °C)- o ] ) X-ray analysis® This intermediate form turns out to berese
The isomerization processes were also investigatedHby  |ike isomer: (3,3'S)-(P*, M*)-trans-4. In the absence of the

Although it appeared that upon irradiation direct conversion
of (353 9-(P,P)-trans4 to (353 9-(M,M)-trans4 occurred,

NMR. A sample of stable &,3'S)-(P*, oP*)—tran§4 in toluene- stereogenic centers, this isomer would beesecompound and
dg was irradiated/ > 2,80 nm,T = 20°C), which resulted in pence not chiraf® The orientation of thé-propyl substituents
full conversion to (&,3'S)-(M*, M*)-trans-4. Carefully moni- can clearly be distinguished (Figure 20): one of theropyl

toring the sample byH NMR during irradiation showed that g psituents has a (pseudo-)axial orientation, and the other has
during the initial 30 min of the irradiation a small amount of 5 (pseudo-)equatorial orientation. One of the substituents is

anoth*er isomer was formt?d, clea*rly Eistinct from th&(3'S)- therefore on the same side as the naphthalene with respect to
(P*,P)-trans-4 and (3,3'S)-(M*,M*)-trans4 isomers. This  the central double bond; the other one is not. Remarkable is
new isomer had not been seen while performing the-Wig that the central double bond, which is not elongated to a large

and CD experiments, which is due to the very small amount gyient (1.344 A), shows only significant deviation from planarity
(<1%) of the isomer formed during the photochemical experi- 4t the side where thépropyl substituent has a (pseudo-)-
ments. Aromatic absorptions originating from this new isomer equatorial orientation. @,3'S)-(P*,M*)-4 is Ci-symmetric

appeared in théH NMR as low as) 6.6 ppm, and other new  \yhich accounts for the fact that the signals observed irftthe
signals were identified ai 0.80-0.81 (d) and 1.0%1.02 (d)

and 1.96 (S) ppm. These S'gnals were tentatlvely aSS|gned a%48) For numbering convenience, the carbon atom of the double bond in the
originating from acis-isomer of4. Attempts to isolate this new half of the molecule with the &)-(P*) relative chirality is arbitrarily

assigned to be £ The other carbon atom of the double bond in the half
with the relative (3)-(M*) stereochemistry is arbitrarily assigned to be
(47) Sandstim, J. Top. Stereocheni983 14, 83—181. Cy.
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Figure 19. Conversion in time af = 110 °C (chronologically from spectrum (a)= 0; (b) t = 0.85 h; (c)t = 6.0 h; (d) after 30 d) of the unstable
(35,3'SH)-(M*,M*)-trans-4 via the (3¢,3'S")-(P*,M*)-trans-4 to (3%%,3'S")-(P*,P*)-trans-4 measured byH NMR in toluenees.
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Figure 21. Conversion followed in time byH NMR in tolueneels (T =
X 110 °C) from (35,3'S")-(M*,M*)-trans via (3$,3'S")-(P*,M*)-trans to
(35,3'SY)-(P*, P*)-trans-4.

Figure 20. Pluto drawings of ($¢,3'S")-(P*, M*)-trans4 as seen perpen-
dicular (a) or along the central double bond (b). The Newman projection o ) )
(c) and the numbering scheme (d) adopted for the molecule are also depictedhelix inversion using the same methodology, a valuAGF =

131 kJ mot! at T = 383 K was found (Figure 28,

NMR have doubled as compared to those of @aesymmetric The UV—vis spectrum (Figure 16) of unstableX33'SH)-

(38,3'S")-(M*, M*)-trans-4 and (3*,3'S)-(P*, P*)-trans-4 iso- (P*,M*)-trans-4 is very similar to that of stable &,3'S")-

mers. (P*,P*)-trans4, as only a slight blue shift has taken place.
This demonstrates that the conversion & (3'S")-(M*, M*)- Because (8,3'S")-(P*,M*)-trans-4 is nearly anesecompound,

trans-4 to (3%+,3'SY)-(P*, PY)-trans4 is not a single step process. it would be interesting to obtain a CD spectrum. It is expected
The first thermal helix inversion (of one-half of the molecule) that the Cotton effects for this compound would be relatively
going from (3,3'S)-(M*, M*)-trans-4 to (35,3'S¥)-(P*, M*)- small. However, all attempts to resolveSZB’'S)-(P*, M*)-
trans-4 is relatively fast, while the second helix inversion going trans-4 into its enantiomers by chiral HPLC have so far been
from (3%¢,3'S)-(P*,M*)-trans-4 to (3S¢,3'S¥)-(P*, P*)-trans-4 unsuccessful.

proceeds much slower. The entire process was followed in time
(T = 110 °C) by H NMR spectroscopy in toluends. The
barrier for the first helix inversion obtained by a fitting procedure ~ The results for biphenanthryliden2sind3 clearly show that

was AG¥ = 124 kJ mot! at T = 383 K, and for the second  these molecules are molecular motors; that is, they are capable

Discussion
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Scheme 6. Rotary Scheme of Molecular Motor 4 is highly unstable due to severe steric hindrance, and as a

(35,3'S)-(P,P)-trans-4 (38.3'S)-(M,M)-cis-4 consequence a thermal helix inversion takes place almost
instantaneously at temperatures as low-&® °C to form the
observable stable ,3'S)-(P* P*)-cis-4. Upon continued
irradiation of (&¢,3'S)-(P*,P*)-cis-4 at the same wavelength,
(35,3'S)-(M*, M*)-trans-4 is formed, and, due to the very
favorable photoequilibrium between the former two compounds,
the equilibrium is shifted completely to $3'S)-(M*, M*)-
trans-4, which is stable at ambient temperatures. The thermal
helix inversion of this compound takes place in two steps,
involving (3s+,3'SY)-(P*, M*)-trans-4 as an intermediate as was
proven by!H NMR and X-ray analysis. We have already
predicted the interconversion between a molecule with,R){
helical structure and a molecule with,M)-helical structure,
based on extensive calculation, to proceed through an intermedi-
ate structure with aR,M)-helical structuré? Due to steric

(35,3 SH(P.P)-cis-4 crowding, the energy barrier for both processes initheopyl

substituted alkene described here has been increased to such

or o Step 3 an extent that in the two-step process the intermediate isomer
. could be identified. In conclusion, it is evident thatstill
' behaves like a molecular motor (Scheme 6). Experimental proof
(38,3 S)-(M,M)-trans-4 for each step in the rotary cycle is, however, hard to obtain due
to the instability of the (8*,3'SY)-(M*,M*)-cis-4 and the

of a 360 unidirectional rotation around their central double lete photochemical . 'SY-(P* PH)-cis 4
bond. Kinetic measurements revealed that the increased steri¢°MPI€t€ photochemical conversion 08(3'S)-(P*, P)-cis-

' _ * *\_ i
hindrance in the ethyl substituted molecular m@&ded to an to (SS:3ISk) (M M )-trans4. Alth°u9|h allkergje4 1S ;Ot
increased rate of both thermal helix inversions. This small, but plartlcuhary |r|1t(_erest|n_g a_s a mot?fr modecu_le,d _ue_t%t _e vr(]ery
significant, effect might be caused by a destabilization of the SIOW thermal isomerization it offers detailed insight in the

ground state of ethy3-as compared to methy-and hence to thermz;ll helix |s40rr_1rehr|zakt|on s;ep going fr_omhunstﬁtrm;]s4 |
a lowering of the activation energy. It was expected that to stabletrans4. The key observation Is that the therma

i-propyl4 would follow this trend, but it is clear from the data ?some.rization i,S a two-.step process ‘,Nith two consecutive helix

presented that the propertiesigiropy! substituted molecuk inversions. This stepwse isomerization process has never been
differ significantly from the methyl and ethyl substituted d€monstrated experimentally for any other overcrowded alkene,
molecular motors2 and 3. The anticipated isomerization and this stud_y offers therefore more detailed insights into the

pathways starting with G39-(P,P)-trans4 are shown in  otary behavior of these motor molecules.

Scheme 6. During irradiation experiments, evidence was found _

for the existence of (&,3'S")-(P*, P*)-cis-4. Unfortunately, Conclusion

unequivocal structure assignment is prevented because only
small amounts of thecisisomer 4 are formed. After the

formation of thecis-isomer of 4, a second photochemical

reaction takes place to form $33'S")-(M*, M*)-trans4. The . . . - -
, o . o substituents of increasing size going from methyl to ethyl and
presence of (8+,3'S")-(P*,P*)-cis-4 in the isomerization cycle . . . :

. . finally i-propyl. The consequence of the increased steric bulk
offers an acceptable explanation for the observed behavior ofi the parent ketone is a decrease in the vield for the ke
the alkene, because such behavior was never observed for othe M rrpr tion in which th verelyv hind ryd ntral d bly
related biphenanthrylidenes. Also, so far we have never observe ¢ du' yf eacg Thi IC _elze erely Ny eTI centra ?u Ie
for these molecules photochemical isomerizations that convert ond 1s formed. This low yleld was not in afl cases entirely

due to the low reactivity of the ketone, but also due to the

onetransisomer to another. Therefore, the alternative, direct ¢ . ¢ v simil id d h hard
photoexcitation of (3,3'SY)-(P*,P*)-trans4 to (3%,3'SY)- ormation of structurally similar side products that were har

(M*, M*)-trans-4 offers a less likely explanation for the observed to separate from the desired alkene. All three molecular motors
behavior. The fluorescence measurements also confirm the'Vere synthesized in an eight-step synthetic sequence. Both the
presence of an intermediate structure in the photochemical MEthY! and the ethyl substituted molecular mo®nd3 are
conversion of stable @,3'SY)-(P* P*)-trans4 to unstable able to perform a unidirectional rotation around their central

(3%,3'S")-(M*,M*)-trans-4. In view of the fact that all pho- double bonds in a four-stage process involving two photochemi-
toisomerizations of this class of olefins have resulted in trans €@ @nd two thermal isomerization steps. The differences between

cis isomerization, so far, the appearance of an isomer as evidenf€Se two motor molecules were found to be rather small. The
from IH NMR and fluorescence and the clean photochemical €thyl molecular motoB has a slightly higher speed of rotation
process, it is safe to assign &(3'St)-(P*, P*)- cis-4 structure than the methyl substituted analogue, which may be attributed
to this isomer. to the slightly increased instability of the isomers with equatorial

Therefore, it is proposed that in the first photochemical step,

' 1 . . . .
-(P* P*)- ; (49) Zijlstra, R. W. J.; Jager, W. F.; de Lange, B.; van Duijnen, P. Th.; Feringa,
the stable (8,3'S")-(P*, P*)-trans-4 is converted to the unstable B. L.; Goto, H.; Saito, A.; Koumura, N.; Harada, Bl. Org. Chem1999

(35,3'SY)-(M*,M*)-cis4 isomer (Scheme 6). This compound 64, 1667-1674.

(38,3'S)-(P.M)-trans-4

step 4 e

The thermal and photochemical behavior of new first genera-
tion molecular motors has been the main subject of this paper.
Three new molecular motor@—4 were synthesized with
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substituents. Although also thepropyl substituted molecular
motor is able to perform a unidirectional rotation, not all four

6 185 (q), 21.1 (q), 27.3 (), 31.2 (t), 33.8 (d), 125.7 (d), 125.8 (d),
126.6 (d), 127.2 (d), 127.9 (d), 130.6 (s), 132.4 (s), 134.1 (s), 134.6

isomers usually observed could be detected experimentally. The(s). 135.5 (s), 136.3 (sjz (El, %) = 418 (6), 417 (35), 416 (M

thermal isomerization of the unstabteans4 to the stable
trans4 is very slow. This allowed the observation of an
intermediate meselike form of trans-4, which demonstrates
for the first time that the thermal helix inversion is a stepwise
process involving two consecutive helix inversions.

Experimental Section

General. The high-resolution one- and two-dimensiofidl NMR
spectra were obtained using a Varian Gemini-200, Varian VXR-300,
Varian Mercury Plus, and a Varian Unity Plus Varian-500 operating
at 199.97, 299.97, 399.93, and 499.86 MHz, respectively, fotkthe
nucleus.’3C NMR spectra were recorded on a Varian Gemini-200,
Varian VXR-300, Varian Mercury Plus, and a Varian Unity Plus
Varian-500 operating at 50.29, 75.43, 100.57, and 125.70 MHz,
respectively. Chemical shifts are reporteddimnits (ppm) relative to
the residual deuterated solvent signals of CH&I NMR, ¢ 7.26 ppm;

BC NMR, 6 77.0 ppm), benzenéH NMR, ¢ 7.15 ppm;**C NMR, ¢
128.0 ppm), and toluenéH NMR, 6 2.08 ppm). The splitting patterns
are designated as follows: s (singlet), d (doublet), t (triplet), g (quartet),
m (multiplet), and br (broad). Melting points were taken on a Mettler
FP-2 melting point apparatus, equipped with a Mettler FP-21 micro-
scope. Optical rotations were measured with a Perkin-Elmer 241
polarimeter. UV-vis measurements were performed on a Hewlett-

100), 401 (12), 359 (10); HRMS (EI) calcd fogfEls,, 416.2504; found,
416.25172. Anal. Calcd (%): C, 92.46; H, 7.74. Found (%): C, 91.94;
H, 7.82. UV—vis and CD spectroscopic data for pur&@S)-(M,M)-
trans2: UV —vis (n-hexanelmax (€) 221 (83 500), 223 (67 400), 310
(14 800), 333 (13 300); Cn¢hexane).max (A€) 218.2 (-128.5), 222.8
(—83.8), 228.81167.0), 240.04¢97.4), 256.4 ¢ 21.7), 265.048.4),
272.0 (1.0), 309.4 ¢22.3). UV—vis and CD spectroscopic data
observed during the rotary cycle for§3'S)-(P,P)-cis-2: UV—vis (n-
hexane)max (€) 207 (68 500), 226 (63 300), 317 (8900); CbHexane)
Amax (A€) 227.2 (+470.5), 251.0 £195.5), 272.6 £32.1), 304.4
(—14.4), 362.8¢30.3). (B3S)-(M,M)-cis-2: UV—vis (n-hexanefmax

(€) 226 (77 400), 238 (54 800), 301 (13 700); ODdHexanelmax (A€)
225.4 (-367.5), 240.2264.3), 255.4(114.1), 279.0¢11.0), 329.4
(—20.6). (B39-(P,P)-trans2: UV-—vis (n-hexane)imax (€) 222
(100 900), 367 (15 300); CDhexane)max (A€) 219.4 (+151.0), 224.8
(—247.4), 244.0¢43.1), 369.8 {-28.8). For analytical purposes, the
resolution oftrans2 was performed by chiral HPLC using a Daicel
Chiralcel OD column as the stationary phase and a mixture of heptane:
i-propanol in a ratio of 99:1 as the eluent at a rate of 1 mLThifthe
first eluted fractiont{= 3.90 min) oftrans-2 contained (8,3 9-(M,M)-
trans2, and the second fractiont € 4.46 min) contained @B 3R)-
(P,P)-trans-2. The enantiomers dfans-2 can be separated also with
a mixture of heptanepropanol in a ratio of 99.5:0.5 as the eluent (first
fractiont = 4.75 min; second fractiotb= 6.23 min).

Packard HP 8453 FT spectrophotometer, and CD spectra were recorded (35,39)-(M,M)-cis-(+)-1,1,2,2,3,3,4,4-Octahydro-3,3,7,7-tet-

on a JASCO J-715 spectropolarimeter using Uvasol grade solvents

(Merck). MS (El) and HRMS (EI) spectra were obtained with a JEOL

JMS-600 spectrometer. Elemental analyses were performed in the

microanalytical department with a Foss-Heraeus CHN-O-Rapid or a
EuroVector Euro EA Elemental Analyzer. The average values of duplo

measurements are reported. Column chromatography was performecg

on silica gel (Aldrich 60, 236400 mesh). HPLC analyses were
performed on Shimadzu HPLC system equipped with two LC-1648D
solvent delivery systems, a DGU-14A degasser, a SIL-1GAD
autosampler, a SPD-M10A UV/vis photodiode array detector, a CTO-
10Avp column oven, and a SCL-1Q4 controller unit using Chiralcel
OD (Daicel), Chiralcel AD (Daicel), RR)-Whelk 01 (Regis), and
Chiralcel OB-H (Daicel) columns. Preparative HPLC was performed
on a Gilson HPLC system consisting of a 231XL sampling injector, a
306 (10SC) pump, an 811C dynamic mixer, a 805 manometric module,
with a 119 UV/vis detector and a 202 fraction collector, using the
Chiralcel OD (Daicel) column. The elution speed was 1 mL Thin

Solvents were distilled and dried before use by standard methodol-

ogy. Chemicals were used as received from Acros, Aldrich, Fluka, or
Merck. Irradiation experiments were performed with a 180 W Oriel
Hg-lamp using a Pyrex filter or filters of the appropriate wavelengths.

ramethyl-4,4'-biphenanthrylidene (2). Irradiation of a saturated
solution of the enantiomerically pure%3 9-(M,M)-trans-2 in n-hexane

at —65 °C overnight and subsequent heating a60during 4 h gave

a mixture of two isomeric compounds. These two isomers were
eparated by preparative HPLC using a Daicel Chiralcel OD column
s the stationary phase and a mixture of heptgrepanol= 99.5:0.5

as the eluent. The fraction collected with a retention timésf6.00

min contained the desired $3 9-(M,M)-cis-2, and this material was
obtained as a white solid with the following physical propertiéd:
(300 MHz, CDC}) ¢ 1.08-1.10 (d,J = 6.6 Hz, 6H), 1.171.26 (m,
2H), 2.16 (s, 6H), 2.462.53 (m, 2H), 2.8%+2.85 (m, 4H), 3.56:3.63

(m, 2H), 6.51-6.54 (d,J = 7.3 Hz, 2H), 6.87-6.90 (d,J = 8.4 Hz,
2H), 7.00 (s, 2H), 7.187.18 (m, 4H);13C (75 MHz, CDC}) 6 21.2

(9), 22.5 (), 30.3 (t), 31.9 (t), 32.1 (d), 124.5 (d), 125.6 (d), 125.7 (d),
125.8 (d), 126.3 (d), 128.6 (s), 132.0 (s), 132.6 (s), 134.7 (s), 135.6
(s), 137.9 (s); UV-vis and CD spectroscopic data for pure&s@9)-

(M, M)-cis-2: UV —vis (n-hexane)max (€) 225 (80 100), 236 (55 300),
301 (11 400), 319 (10 600), 334 (8300); CHexanelmax (Ae) 225.6
(—407.9), 240.0 (311.6), 255.8-(L36.5), 280.6 (10.9), 326.4-21.6).

(35*,3'SH)-(P*, P¥)-trans-()-1,1,2,2,3,3,4,4-Octahydro-3,3,7,7-

Photostationary states were ensured by monitoring composition changedetramethyl-4,4-biphenanthrylidene (2). A solution of stablecis-2

in time by taking U\~vis spectra at distinct intervals until no changes

dissolved in hexane was irradiated for several hours’& The hexane

were observed. Thermal helix inversions were monitored by CD was then removed under reduced pressure at room temperature, and
spectroscopy using the apparatus described above and a JASCahe slightly yellow solid was taken up in CDLCIThe sample consisted
PFD-350S/350L Peltier type FDCD attachment with a temperature of a mixture of stablecis-2 and unstablérans-2. The absorptions of
control. unstabletrans-2 were deduced by comparison with tAel NMR

(3S,39)-(M,M)-trans-(+)-1,1,2,2,3,3,4,4-Octahydro-3,3,7,7-tet- spectrum of pure stableis-2; *H (300 MHz, CDC}) 6 0.31-0.33 (d,
ramethyl-4,4'-biphenanthrylidene (2). The racemic (B*3'RY)- J = 6.6 Hz, 6H), 1.46-1.50 (m, 4H), 2.50 (s, 6H), 2.42.57 (m,
(P*,P¥)-trans(+)-2 was prepared according to the procedure below 2H), 2.67-2.77 (m, 2H), 3.08-3.05 (m, 2H), 7.257.31 (m, 4H), 7.63
for trans-3. The reaction was performed with ketofig600 mg, 2.7 (s, 2H), 7.65-7.68 (d,J = 8.1 Hz, 2H), 8.47-8.49 (d,J = 8.8 Hz,
mmol) and yielded after the reaction and purification racethas a 2H); *C (75 MHz, CDC#}) 6 19.9 (), 21.3 (g), 28.3 (1), 33.4 (t), 34.6
white solid (50 mg, 0.12 mmol, 9.0%}1 NMR (300 MHz, CDC}) 6 (d), 126.1 (d), 126.5 (d), 126.6 (d), 127.6 (d), 128.3 (d), 129.3 (s),
0.77-0.79 (d,J = 7.0 Hz, 6H), 1.2+1.31 (dtd,J = 13.2, 7.0, 3.3 Hz, 133.4 (s), 133.7 (s), 136.3 (s), 140.0 (s), 141.5 (s);-Wis and CD
2H), 1.82-1.93 (m, 2H), 2.55 (s, 6H), 2.632.68 (dtd,J = 13.2, 7.0, spectroscopic data for pure3'S-(P, P)-trans2: UV —vis (n-hexane)
3.3 Hz, 2H), 2.67-2.70 (d,J = 7.0 Hz, 4H), 7.26-7.29 (m, 2H), 7.37% Amax (€) 221 (100 700), 249 (36 900), 368 (17 500); GBhEexanelmax
7.40 (dd,J = 1.8, 8.8 Hz, 2H), 7.647.67 (d,J = 8.4 Hz, 2H), 7.65 (Ae) 219.8 (179.1), 224.6+360.7), 243.8 (68.5), 253.4 (35.7), 262
(s, 2H), 8.31-8.34 (d,J = 8.8 Hz, 2H);*3C NMR (75 MHz, CDC}) (54.0), 376.0¢37.4); the HPLC retention time of £8,3'S")-(P*, P*)-
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trans2 on a silica column as the stationary phase and using heptane7.18 (d,J = 8.1 Hz, 2H);*3C (75 MHz, CDC}) 6 12.3 (q), 21.2 (q),

as the eluent was 6.29 min.
(3R*,3'R*)-(P*,P*)-trans-(+)-1,1,2,2,3,3,4,4-Octahydro-3,3-di-
ethyl-7,7-dimethyl-4,4'-biphenanthrylidene (3).A black slurry of zinc
powder (4.16 g, 63.7 mmol) and TiX3.5 mL, 6.0 g, 31.5 mmol) in
the smallest amount of THF possible (15 mL) divided over four flasks
was refluxed for 1 h. Because the McMurry reaction has frequently

29.7 (1), 29.9 (1), 30.0 (t), 39.1 (t), 124.5 (d), 125.7x2A), 125.9 (d),
126.2 (d), 128.4 (s), 132.0 (s), 132.5 (s), 135.5 (s), 135.6 (s), 137.2
(s); the enantiomers afis-3 can be separated using a Daicel Chiralcel
OD column as the stationary phase and a mixture of heptpr@panol

in a ratio of 99.5:0.5 as the eluent. The first fractian=4.04 min)

was assigned to be RB'R)-(P,P)-cis-3, and the second fraction £

led to unpredictable results, the decision was made to perform the 4.48 min) was assigned to be§3'S)-(M,M)-cis-3.

coupling in multiple small flasks. Over the cooled solutions was then
divided by ratio of the amount of Zn/Ti¢the ketonel3(3.81 g, 16.0
mmol) in a small amount of THF (10 mL). The black slurry was then

(3R*,3'R¥)-(M*,M*)-trans-1,1,2,2,3,3,4,4-Octahydro-3,3-dieth-
yl-7,7-dimethyl-4,4'-biphenanthrylidene (3). A solution of stablecis-3
dissolved in hexane was irradiated for several hours’@t 0he hexane

refluxed for 1 week. The reaction mixtures were poured into a saturated was then removed under reduced pressure at room temperature, and

aqueous solution of NKLI (400 mL) and extracted with ethyl acetate
(2 x 250 mL) and CHCI; (3 x 250 mL). The combined organic layers
were dried (MgS@), and the solvent was removed under reduced

the slightly yellow solid was taken up in CDLIThe sample consisted
of a mixture of stablecis-3 and unstablérans3. The absorptions in
the *H NMR were deduced by comparison of tH¢ NMR spectrum

pressure to give a reddish tar. This tar was flushed over a silica column of pure stablecis-3. *H (300 MHz, CDC}) 6 0.02-0.07 (t,J = 7.3
with pure hexane. Removal of the hexane under reduced pressureHz, 6H), 0.52-0.73 (m, 4H), 0.79-0.95 (m, 4H), 2.49-2.75 (m, 6H),

provided a yellow oil, which was taken up in a small amount of hexane.
The yellowish crystals formed were thoroughly washed with hexane
yielding a small amount of white crystals (257 mg, 7.2%); mp 237.6
238.2°C; *H (300 MHz, CDC}) 6 0.51-0.56 (t,J = 7.3 Hz, 6H,
CHs3a), 0.71-0.85 (M, 2H, CHza), 1.32-1.43 (M, 2H, H), 1.45~
1.53 (M, 2H, CH3ay, 1.68-1.79 (M, 2H, H), 2.36-2.44 (m, 2H, HeJ),
2.54 (s, 6H, Mg), 2.68-2.72 (t,J = 7.3 Hz, 4H, H, Hy), 7.25-7.28
(d,J= 7.7 Hz, 2H, Hy), 7.36-7.39 (d,J = 8.4 Hz, 2H, R), 7.63 (s,
2H, Hg), 7.63-7.66 (d,J = 7.7 Hz, 2H, H), 8.32-8.35 (d,J = 8.4
Hz, 2H, Hs); 1°C (75 MHz, CDC}) 6 12.0 (q), 21.5 (q), 26.5 (t), 27.4
(t), 27.5 (t), 40.5 (d), 125.6 (x d), 126.5 (d), 127.2 (d), 127.8 (d),
130.3 (s), 132.4 (s), 134.1 (s), 135.4 (s), 135.6 (s), 136.21(2)(El,
%) = 444 (M, 100); HRMS (EI) calcd for €Hazs, 444.2817; found,
444.2816; Anal. Calcd (%): C, 91.84; H, 8.16. Found (%): C, 91.30;
H, 8.28. UV—vis and CD spectroscopic data for pur&’(3R)-(P,P)-
trans-3: UV —vis (n-hexanelmax (€) 222 (84 600), 236 (68 100), 310
(14 500), 333 (12 500); Cn¢hexane)max (A€) 217.4 (+145.8), 223.2
(+108.1), 228.0 4168.0), 240.2 £119.7), 252.8 428.2), 309.4
(—23.8). UV—vis and CD spectroscopic data observed during the rotary
cycle (R 3IR)-(M,M)-cis-3: UV —vis (n-hexane)max (€) 208 (68 200),
225 (61 400), 318 (7700), 379 (6800); CBHfexanelmax (A€) 227.8
(—455.2), 251.6(249.3), 282.0(32.8), 317.6427.7), 397.0{31.7).
(BR,3R)-(P,P)-cis-3: UV —vis (n-hexane)max (€) 225 (77 300), 303
(11 000); CD (-hexane)imax (A€) 226.0 (+361.3), 239.4 {274.1),
254.6 (+101.8), 279.2¢12.0), 324.8 419.7). (R3R)-(M,M)-trans-
3: UV—vis (n-hexane)imax (€) 223 (101 100), 249 (33 100), 371
(15 200); CD (-hexane)imax (A€) 219.6 (-127.5), 225.2 1282.2),
244.8 (-66.1), 372.4 £26.0). Resolution of racemitrans3 was
performed by chiral HPLC using a Daicel Chiralcel OD column as the
stationary phase and a mixture of heptapeopanol in a ratio of 99.9:
0.1 as the eluent at a rate of 1 mL minThe first eluted fractiont(=
6.44 min) contained @& 3 R)-(P,P)-trans-3, and the second fraction (
= 10.20 min) contained &3 S)-(M,M)-trans-3. For analytical purposes,
the enantiomers dfans-3 can be separated as well with a mixture of
heptand:propanol in a ratio of 99.5:0.5 as the eluent (first fraction
= 4.04 min; second fraction= 4.48 min).
(3R*,3'R*)-(P*,P*)-cis-1,1,2,2,3,3,4,4-Octahydro-3,3-diethyl-
7,7-dimethyl-4,4'-biphenanthrylidene (3). A solution of trans-3 in
hexane was irradiated fd h at—40 °C. The solution was then heated
for 4 h at 60°C, and a mixture of (B*,3'R*)-(P*,P*)-trans-3 and
(3R*,3'R*)-(P*,P*)-cis-3 was obtained. These two isomers were

2.50 (s, 6H), 7.247.35 (m, 4H), 7.627.65 (m, 4H), 8.46-8.42 (d,J
= 8.4 Hz, 2H);3C (75 MHz, CDC}) ¢ 12.5 (q), 21.3 (q), 26.1 (1),
28.4 (t), 28.8 (1), 42.4 (d), 126.2 (d), 126.5 (d), 126.9 (d), 127.5 (d),
128.3 (d), 129.0 (s), 133.6 (s), 133.6 (s), 136.0 (s), 139.0 (s), 140.9
(s); the HPLC retention time of &,3'R*)-(M*,M*)-trans-3 was 5.21
min using a silica column as the stationary phase and heptane as the
eluent.

(3s*,3'SY)-(P*, PY)-trans-1,1,2,2,3,3,4,4-Octahydro-3,3-di-i-pro-
pyl-7,7-dimethyl-4,4 -biphenanthrylidene (4). Carefully TiCly (1.6
mL, 14.6 mmol) was added by syringe to a suspension of zinc powder
(2.9 g, 29.1 mmol) in THF (5 mL) cooled to @ by an ice-bath. The
resulting brown/black slurry was refluxed for 1.5 h. The ketdde
(1.8 g, 7.1 mmol) was then added, and the mixture was heated at reflux
for 10 d. The reaction mixture was poured into a saturated aqueous
solution of NH,CI (200 mL) followed by extraction with ethyl acetate
(3 x 200 mL). The combined organic layers were dried (Mgs@nd
all volatiles were removed under reduced pressure. The resulting brown
oil was subjected to column chromatography. First, all apolar fractions
were separated by flash column chromatography {Si@ptane:ethyl
acetate= 50:1) and were then further purified by column chromatog-
raphy using pure heptane (Sideptane). The alkers®® (R = 0.54,
150 mg, 0.64 mmol, 8.9%) could be separated in this way fdom
16,3 and17% (R = 0.36). By repeated recrystallizations from heptane,
the hydrocarbond, 16, and17 could all be obtained pure4 (6.8 mg,
14.4 umol, 0.41%),16 (19.0 mg, 40.Qumol, 1.13%),17 (16.4 mg,
3.46 umol, 0.97%);'H (300 MHz, CDC}) ¢ 0.45-0.48 (d,J = 6.6
Hz, 6H), 0.82-0.84 (d,J = 7.0 Hz, 6H), 1.321.42 (m, 2H), 1.55
1.72 (m, 4H), 2.252.32 (m, 2H), 2.55 (s, 6H), 2.68.88 (m, 4H),
7.19-7.22 (d,J = 8.4 Hz, 2H), 7.36-7.40 (dd,J = 8.4, 1.4 Hz, 2H),
7.60 (s, 2H), 7.667.62 (d,J = 8.4 Hz, 2H), 8.478.50 (d,J = 8.4
Hz, 2H);H (300 MHz, GDg) 6 0.44-0.46 (d,J = 6.6 Hz, 6H), 1.03-
1.06 (d,J = 7.0 Hz, 6H), 1.53-1.71 (m, 6H), 2.30 (s, 6H), 2.552.66
(m, 4H), 2.74-2.83 (m, 2H), 7.157.17 (d,J = 8.4 Hz, 2H), 7.32
7.36 (dd,J = 8.6 Hz, 1.5 Hz, 2H), 7.49 (s, 2H), 7.56.59 (d,J = 8.4
Hz, 2H), 8.82-8.84 (d,J = 8.4 Hz, 2H);*H (400 MHz, GDg) 6 0.42—
0.44 (d,J = 6.6 Hz, 6H), 0.970.99 (d,J = 6.6 Hz, 6H), 1.33-1.69
(m, 6H), 2.31 (s, 6H), 2.492.54 (m, 2H), 2.572.65 (m, 2H), 2.75
2.82 (dddJ = 17.2, 8.8, 4.4 Hz, 2H), 7.347.13 (d,J = 8.4 Hz, 2H),
7.27-7.30 (dd,J = 8.4, 1.5 Hz, 2H), 7.42 (s, 2H), 7.5(.52 (d,J =
8.4 Hz, 2H), 8.72-8.74 (d,J = 8.4 Hz, 2H):13C (75 MHz, CDC}) &
20.1 (q), 21.6 (q), 22.7 (q), 26.0 (t), 26.3 (1), 28.9 (d), 46.2 (d), 125.5

separated by preparative HPLC using a silica column as the stationary(d), 126.95 (d), 127.00 (d), 127.04 (d), 127.6 (d), 129.8 (s), 132.4 (s),

phase and heptane as the eluent. The first eluted fradtien4.94
min) contained (B*,3'R*)-(P* P*)-trans-3, and the second eluted
fraction ¢ = 5.64 min) contained @&*,3'R*)-(P*,P*)-cis-3; H (300
MHz, CDCk) 6 0.94-0.99 (t,J = 7.5 Hz, 6H), 1.22-1.32 (m, 2H),
1.36-1.42 (m, 4H), 2.16 (s, 6H), 2.4£2.56 (m, 2H), 2.872.93 (m,
4H), 3.44-3.49 (m, 2H), 6.52-6.55 (d,J = 8.8 Hz, 2H), 6.946.97
(d, 8.8 Hz, 2H), 7.00 (s, 2H), 7.17.12 (d,J = 8.1 Hz, 2H), 7.16-

134.2 (s), 134.9 (s), 135.3 (s), 139.2 (s)z (El, %) = 473 (41), 472
(M*, 100), 429 (39), 359 (53); HRMS (EI) calcd fogdEl40, 472.3130;
found, 472.3134. Resolution of $3'S)-(P*, P*)-trans4 was per-
formed by chiral HPLC using a Chiralpack OD column as the stationary
phase and a mixture of heptanpropanol in a ratio of 99.9:0.1 as the
eluent at a rate of 1 mL mif. The first eluted fractiont(= 8.4 min)

of trans-4 contained (8,3'9-(P,P)-trans-4, and the second fraction (

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14221



ARTICLES

ter Wiel et al.

= 10.1 min) contained (3R R)-(M,M)-trans-4. Enantioresolution of
trans-4 was achieved by preparative HPLC using a Chiralpack OD
column as the stationary phase and a mixtur@-bexane:-propanol
in a ratio 99.95:0.05 as the eluentR3'R)-(P,P)-trans-4: UV —vis
(n-hexane)Amax (€) 222 (85 700), 236 (64 400), 312 (14 600), 338
(13 200); CD (-hexane)imax (A€) 218.0 (+154.9), 224.2 437.8),
228.6 (+82.2), 239.4{69.0), 252.682.1), 308.2 {16.2). Maximum
of fluorescence by irradiation dt= 344 nm: 1 = 374 nm.
(35%,3'S")-(M*,M*)-trans-1,1',2,2,3,3,4,4-Octahydro-3,3 -di-i-
propyl-7,7'-dimethyl-4,4 -biphenanthrylidene (4). A solution of stable
4 in benzeneds or tolueneds was irradiated overnight at 1 with a
Hg-lamp using wavelengthé > 280 nm. After irradiation, stable
trans-4 was found to be converted to the unstabiens4; *H (300
MHz, CDCk) 6 0.04-0.06 (d,J = 6.6 Hz, 6H), 0.62-0.64 (d,J =
6.6 Hz, 6H), 1.06-1.12 (m, 2H), 1.22-1.40 (m, 2H), 1.841.96 (m,
2H), 2.48 (s, 6H), 2.542.75 (m, 6H), 7.2%7.28 (m, 4H), 7.63 (s,
2H), 7.64-7.67 (d,J = 8.1 Hz, 2H), 8.35-8.38 (d,J = 8.8 Hz, 2H);
1H (300 MHz, GDeg) ¢ 0.23-0.25 (d,J = 7.0 Hz, 6H), 0.770.80 (d,
J = 7.0 Hz, 6H), 1.351.49 (m, 4H), 1.871.94 (m, 2H), 2.27 (s,
6H), 2.47-2.55 (m, 2H), 2.79-2.88 (m, 2H), 3.03-3.05 (m, 2H), 7.13
7.15 (d,J = 8.8 Hz, 2H), 7.26-7.22 (d,J = 8.1 Hz, 2H), 7.54 (s, 2H),
7.61-7.63 (d,J = 8.1 Hz, 2H), 8.68-8.71 (d,J = 8.8 Hz, 2H);H
(400 MHz, GDg) 6 0.19-0.21 (d,J = 7.0 Hz, 6H), 0.74-0.76 (d,J
= 7.0 Hz, 6H), 1.32-1.42 (m, 4H), 1.8#1.93 (m, 2H), 2.28 (s, 6H),
2.47-2.52 (dt,J = 14.6, 3.0 Hz, 2H), 2.772.85 (dt,J = 13.9, 3.0
Hz, 2H), 2.972.99 (d,J = 8.8 Hz, 2H), 7.1+7.14 (dd,J = 8.8, 1.5
Hz, 2H), 7.15-7.17 (d,J = 8.1 Hz, 2H), 7.48 (s, 2H), 7.557.57 (d,
J=8.1Hz, 2H), 8.66-8.62 (d,J = 8.8 Hz, 2H);**C (75 MHz, CDCH})
017.3(q), 21.2(q), 22.1 (q), 23.5 (t), 29.4 (d), 31.2 (t), 45.4 (d), 125.9
(d), 126.2 (d), 126.9 (d), 127.7 (d), 128.2 (d), 129.1 (s), 133.3 (s), 133.6
(s), 136.5 (s), 136.6 (s), 140.7 (S¥C (75 MHz, GDg) 6 17.6 (q),
21.2(q), 22.4 (9), 23.9 (t), 29.8 (d), 31.7 (t), 46.1 (d), 126.3 (d), 126.6

(400 MHz, CDC#) 6 0.32-0.34 (d,J = 6.2 Hz, 3H), 0.36-0.38 (d,J

= 6.6 Hz, 3H), 0.38-0.40 (d,J = 6.2 Hz, 3H), 0.56-0.52 (d,J= 6.2
Hz,3H), 0.62-0.74 (m, 1H), 0.88-0.99 (m, 1H), 1.181.25 (m, 1H),
1.66-1.74 (q,J = 11.5 Hz, 1H), 1.851.95 (m, 1H), 2.26-2.35 (m,
2H), 2.53 (s, 3H), 2.54 (s, 3H), 2.62.75 (m, 1H), 2.842.88 (dd,J

= 13.6, 4.0 Hz, 1H), 2.923.05 (m, 2H), 3.383.47 (m, 1H), 7.34
7.38 (m, 4H), 7.61 (s, 1H), 7.647.67 (m, 3H), 8.078.09 (d,J= 8.8

Hz, 1H), 8.34-8.36 (d,J = 8.4 Hz, 1H). The'H NMR data presented
for tolueneds were derived by comparison of a spectrum containing a
mixture of (3%,3'S)-(P*,P*)-trans4 and (&,3'S")-(P*,M*)-trans-4

with the spectra of (&,3'S)-(P*,P*)-trans4 and (3,3'S")-(M*,M*)-
trans-4. *H (400 MHz, toluenedg) 6 0.29-0.30 (d,J = 5.9 Hz, 3H),
0.32-0.34 (d,J = 6.6 Hz, 3H), 0.56-0.51 (d,J = 5.9 Hz, 3H), 0.67
(brs, 3H), 1.1#1.26 (m, 3H), 1.681.75 (q,J = 10.0 Hz, 1H), 1.78

1.92 (m, 1H), 2.28 (s, 3H), 2.32 (s, 3H), 2:32.49 (m, 2H), 2.75
2.81 (m, 1H), 2.86-2.91 (dd,J = 14.5, 7.9 Hz, 1H), 2.953.00 (m,
1H), 3.12-3.20 (dt,J = 13.4, 6.2 Hz, 1H), 3.543.63 (m, 1H), 7.26-

7.29 (m, 3H), 7.327.34 (m, 1H), 7.41 (s, 1H), 7.49 (s, 1H), 755
7.57 (d,J = 8.4 Hz, 1H), 7.58-7.60 (d,J = 8.4 Hz, 1H), 8.278.29

(d, J = 8.4 Hz, 1H), 8.53-8.55 (d,J = 8.4 Hz, 1H);*C (100 MHz,
CDCls) 6 20.3 (q), 21.4 (q), 21.50 (q), 21.55 (q), 21.7 (q), 22.6 (q),
26.0 (1), 27.4 (), 28.5 (d), 29.5 (t), 30.9 (t), 33.7 (d), 47.9 (d), 53.4 (d),
124.9 (d), 125.4 (d), 125.5 (d), 125.7 (d), 126.1 (d), 126.7 (d), 127.1
(s), 127.3 (d), 127.4 (d), 127.6 (d), 127.8 (d), 131.2 (s), 132.2 (s), 132.4
(s), 132.5 (s), 133.8 (s), 133.9 (s), 135.9 (s), 136.4 (s), 136.5 (s), 137.8
(s), 142.8 (s). UV-vis: (n-hexanelmax (€) 229 (83 500), 302 (12 900),
331 (7800).
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Supporting Information Available: Experimental procedures

(d), 128.7 (d), 129.9 (s), 133.8 (s), 134.1 (s), 137.0(s), 1371 (5), 141.04q; the synthesis and the physical properties of compounds

(s); two (d) were not observed due to overlap of the solveiR;3R)-
(M,M)-trans-4: UV —vis (n-hexane)max (€) 223 (82 800), 249 (25 800),
367 (11 000); CD1f-hexane)max (A€) 220.2 (-134.2), 226.24109.7),
244.6 (-38.5), 254.0410.8), 273.8¢22.0), 360.6¢26.4). Maximum
of fluorescence by irradiation dt= 344 nm: 1 = 568 nm.
(35%,3'S%)-(P*,M*)-trans-1,1',2,2,3,3,4,4-Octahydro-3,3 -di-i-
propyl-7,7'-dimethyl-4,4'-biphenanthrylidene (4). This isomer of4
was obtained pure by irradiation of the stablans4 in tolueneds.
When'H NMR indicated that the conversion was complete, the sample
was heated at 70C for 4 d, until the sample consisted of approximately
75% of the unstable &,3'S")-(P*,M*)-trans4. The tolueneds was

7—17, detailed data for the X-ray structures 0§53 9)-(M,M)-
trans-2, (3S539-(M,M)-cis-2, (3R*,3'R¥)-(P* P*)-trans3,
(3R*,3'R¥)-(P*,P*)-cis-3, (35,3'S)-(P*,P*)-trans4, (33,3'SY)-
(M*,M*)-trans-4, and (¥,3'S)-(P*,M*)-trans-4; crystallo-
graphic information files (CIF); Eyring plots of thermal helix
inversions of both theis- and thetransisomers of molecules

2 and 3; details for the rotary cycle of the ethyl substituted
molecular motor2; fluorescence spectra; mathematical fitting
of the thermal helix inversion observed for ttransisomers

of 4. This material is available free of charge via the Internet at

then removed under reduced pressure, and the light yellow solid was http://pubs.acs.org

recrystallized from heptane giving the33'SY)-(P*,M*)-trans-4 as
white crystals, suitable for X-ray analysis, in a very small amotkt;
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