COMMUNICATIONS

tural feature of these (TMPDO), TCNE arrays is rectangular
four-site O—C binding at the TCNE olefinic carbon atoms,
which appear to interact through their n* lobes. The topological
requirement for DA complexation at the N-oxide center is more
flexible, allowing the formation of both ladder and web (cross-
linked ladder) DA arrays in the (TMPDQO), TCNE crystals as
the N-O-C angle flexes.

Experimental Section

TMPDO (2.58 g, 69%, m.p. 498 K (493 K {22]) was prepared by treatment of
2,3,5,6-tetramethylpyrazine (2.95 g, Aldrich) in CH,Cl, (50 mL) with potassium
peroxomonosulfate (66.6 g, 5 equiv; OXONE, Aldrich) in H,0 (400 mL) with vig-
orous stirring at 298 K for 24 h. TCNE (Aldrich) was purified by multiple sublima-
tion (373 X, 0.05 mmHg) through activated charcoal. Conditions for the Benesi—
Hildebrand analysis: [TMPDO] =1.90mM; [TCNE] =18.7, 34.0, 51.1, 66.4, 75.7,
and 90.6mM. Purple crystals of (TMPDO), TCNE were prepared by cooling a mix-
ture of TMPDO (40 mm) and TCNE (20mm) in CH,CN to 253 K for 2-5h. Red
prismatic crystals of (TMPDO),TCNE were prepared analogously, after 2-3d
crystallization.

Crystal X-ray diffraction was performed on a Siemens SMART diffractometer with
CCD area detection at 293 (purple [11]) and 173 K (red [13]) with monochromatic
Moy, radiation (2 = 0.71073 A). Solution and refinement (against | F2|) were per-
formed with SHELXTL. No absorption correction was employed. Hydrogen atoms
were placed in calculated positions (0.95 A from the methyl carbon atom with
tetrahedral angles). They were given torsional freedom and their thermal parame-
ters were set to 1.2 x U, of the bonded carbon atom. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-100438. Copies of the data can be obtained free of charge on application
to The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: int.
code +(1223)336-033; e-mail: deposit@chemerys.cam.ac.uk). Powder Cuy, X-ray
spectra were obtained on a Rigaku powder diffractometer.
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In Search of Molecular Ratchets**

T. Ross Kelly,* Imanol Tellitu, and José Pérez Sestelo

The creation and the control of movement are fundamental
aspects of dynamics on both macroscopic and microscopic lev-
els. Much current interest is focused on constructing molecular
scale analogues of macroscopic devices, in part because of the
intellectual challenge, but also because of their potential appli-
cations in nanotechnology.'!! We now report the results of an
effort to synthesize the first molecular ratchets. The work was
undertaken partly as a result of a continuing™? interest in
molecular devices, but it also serves to demonstrate that macro-
mechanical principles do not al-
ways transfer to the molecular scale.

In their simplest form, ratchets
consist of three components (Fig-
ure 1): a) a toothed ratchet wheel,
b) a pawl that prevents unintended
rotation of the ratchet wheel, and
¢) a spring that holds the pawl in
place. Both the tension of the
spring and the contours of the
ratchet wheel and pawl determine
the ease (and direction) of rotation.

In the present instance a triptycene!® was chosen as the ratch-
et wheel and helicenes!® as the pawls and springs. The two
molecular “ratchets™ are 1141 and 2. Molecular modeling calcu-

Figure 1. A simple ratchet:
a) toothed wheel, b) pawl,

¢) spring.
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lations!™ indicated unexpectedly—at least to us—that the
[3]helicene spring and pawl in 1 present a greater barrier to
rotation (AH calculated to be 27 kcalmol™!) than the
[4]helicene in 2 (AH = 22 kcalmol ™).

Compound 1 was prepared from the known ketone 3
(Scheme 1).1%) Conversion of 3 to the enol triflate 4 and palladi-
um-catalyzed coupling with anthracenyl stannane 512 gave 6.!7)

o 1o SnBujy
) . ;
3 4
) :

Scheme 1. a) (F;CS0,),0, 2,6-lutidine, CH,Cl,, 0°C, 77%:; b) [Pd(PPh,),], LiCl,
dioxane, 120 °C, sealed tube, 3 d, 55%; ¢) benzyne, dioxane, reflux; d) 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), C,Hy, reflux, 53 % (overall yield for steps ¢
and d).

Addition of benzyne!® across the 9,10 positions of the an-
thracene in 6 generated the triptycene unit 7; dehydrogena-
tion!®! of 7 completed the synthesis.!*?!

Compound 2 was synthesized by the route in Scheme 2. Palla-
dium-catalyzed coupling of bromoaldehyde 81! with stannane
5 gave 9, which was converted into triptycene 10 by addition of
benzyne.!®! Wittig reaction of the aldehyde group in 10 with the
ylide from 11112 delivered an E/Z mixture of stilbenes 12. Irra-
diation® 13- 14 through Pyrex of a benzene solution of 12 with
a medium pressure {100 W) mercury lamp under argon in the
presence of I, (1 equiv) and excess propylene oxide generated

SnBua

Me

Cl
’L ’;o

10

Scheme 2. a) [Pd(PPh,),]Cl,, dioxane, 130 °C, sealed tube, 60 h, 60% ; b) benzyne,
dioxane, reflux, 68 % ; c¢) n-BuLi, THF, —78°C, 84%; d) hv, 54%.
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21351in 54 % yield. The methyl group blocks photocyclization in
the undesired, but otherwise less hindered direction.

The 'H NMR spectra of 1 and 2 indicate that at room temper-
ature rotation around the triptycene/helicene bond is frozen in
both compounds, but that the topology of the two is distinctly
different. In particular, the '"HNMR spectrum of 1 reveals a
plane of symmetry; two (but not all three) of the rings of the
triptycene unit are equivalent. The phenanthrene component of
1 is therefore either planar or exists as a rapidly racemizing
mixture of two helical enantiomers./*! Even at 160 °C, *"HNMR
spin polarization transfer experiments' 9! reveal no detectable
rotation within two seconds of polarization, which indicates a
barrier (AG*) to rotation in excess of 27 kcalmol ™

The *HNMR spectrum of 2 recorded at room temperature
reflects an absence of symmetry; all three rings of the triptycene
are nonequivalent. At 160°C, however, peak-broadening of
triptycene (but not helicene) resonances indicates slow rotation.
Extrapolation, based on analogy to our earlier work,!** sug-
gests a coalescence temperature of about 220 °C, which corre-
sponds to AG* ~25 kcalmol ™!, a value that is corroborated by
the studies described below, and which is reassuringly close to
the calculated barrier (AH* not AG*) of 22 kcalmol™*. We
suggest that the barrier to rotation in 2 is smaller than in 1
because in 2 the interaction between the one-ring-longer he-
licene and the blade of the triptycene prevents the molecule from
relaxing to as stable a ground state conformation (relative to the
energy maximum) as is accessible to 1.

The remaining question is whether 2 functions as a ratchet;
that is, whether rotation of the triptycene is uni- or bidirectional.
Given the helicity of the [4]helicene in 2, it is not surprising that
the calculated® energy diagram (Figure 2) for rotation around
the triptycene/[4]helicene bond in 2 is decidedly asymmetric.
Clockwise rotation (@ = 0 —120°) has a more gradual energetic
slope than counterclockwise rotation (a =120 — 0°).

240
1)
235 .
°
230 °
AH,/kcal mol~' 225 ¢ ®
®
220 ° bt
°
215 I i 1 i ° LI 34
40 80 120

al®—»
Figure 2. Calculated energy diagram (AM1[5]) for rotation around the triptycene/

[4]helicene bond. Clockwise rotation of the triptycene in 2 corresponds to a rotation
from o = 0 to a = 120°.

One should be able to establish the direction of rotation of the
triptycene in 2 by using isotopically labeled rotamers of 2, but
their synthesis, rotamer separation, and structure determination
would be very laborious. Fortunately, the spin polarization
transfer NMR technique!*®! affords the same information at a
small fraction of the effort. In short, if a system is conformation-
ally mobile, but that mobility is slow on the NMR time scale, the
spin of a slowly conformationally mobile atom can be polarized,
and after an appropriate time an assay will show where (if any-
where) that polarization has moved to.

In the present case in which a single rotamer has an experi-
mentally determined half-life of about 0.17 sec at 160°C, the
barrier (AG*) to rotation is approximately 24.5 kcalmol~
Thus, if one selectively polarizes one of the three H,, H,,and H,
protons (see 13 in Figure 3) and—after appropriate time de-
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Figure 3. Results of spin polarization transfer experiment in [DJDMSO at 160°C
(calibrated temperature). The resonances for H,, H,, and H, (see 13) appear at
& =7.6,7.1, and 6.9 (not necessarily respectively). The spin of the proton resonating
at d = 7.6 was polarized, arnd transfer of that polarization was monitored over time.

lays—assays for the location of that polarization, a clearcut
distinction between predominantly unidirectional rotation and
bidirectional rotation is available. In the first case, a dispropor-
tionate share of the polarization that has moved should be
transferred to a resonance for only one of the two other protons.
In the second case, the polarization that moves should be trans-
ferred equally to the remaining two resonances.

Spin polarization of one (see 13) of the three H, protons in 2
was achieved with a selective 180°-pulse—delay—observe se-
quence. Asis evident from Figure 3, the triptycene rotates clock-
wise and counterclockwise to the same extent. Control experi-
ments polarizing the spin of each of the other two H, protons
gave equivalent results.!!”) The asymmetry of the rotational en-
ergy curve in Figure 2 is thus deceptive: In contrast to mountain
climbing, it is only the height of the summit, not the steepness
of the terrain that matters. The chemical principle of microscop-
ic reversibility prevails.

The current study also provides experimental corroboration
of a theoretical, thermodynamic analysis of a ratchet and pawl
by the physicist Richard Feynman, /28

In conclusion, the synthesis of triptycene[4ihelicene 2 success-
fully incorporates into a single molecule the essential compo-
nents of a simple ratchet: the asymmetric combination of a
ratchet wheel, a pawl, and a spring. Tantalizing as models of 2
are, the experimental demonstration that 2 rotates equally in
both directions illustrates the perils of extrapolating from
macroscopic to molecular scales. It follows that molecular units
such as 2 cannot by themselves be used to induce unidirectional
rotation in an isothermal environment. Nonetheless, their abili-
ty to modulate the barrier to free rotation should make them
useful components of more complex systems such as molecular
motors and machines.
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