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ABSTRACT

A molecular gyroscope consisting of a 1,4-diethynylphenylene rotator linked to trityl and triptycyl groups (3) showed significantly improved
physical properties and faster rotational dynamics than analogous symmetric bis(trityl) (1) or bis(triptycyl) (2) structures. An activation energy

of 7.9 kcal/mol for 3 was determined by

2H NMR. This is ca. 4 =6 kcal/mol lower than that of compound 1. The different dynamics of the three

compounds can be qualitatively understood in terms of their different packing coefficients.

Recent interest in the field of artificial molecular machines

we have recently investigated a series of compounds with

has been focused on the creative design of molecularstructural attributes analogous to those of macroscopic
analogues to macroscopic objects. These systems have beegyroscopes. As illustrated in Figure 1, many of these

studied in solution$,on surfaceg,and in polymers. With
the purpose of engineering molecular motions in crystals,
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structures consist of para-diethynylphenylene acting as the
rotator and axle (shown in red) and two bulky triptycyl
(X = CH)® or triarylmethyl (X= H,H,H)” groups acting as
a shielding stator (shown in blu&).
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Figure 1. Molecules with structural attributes reminiscent of
macroscopic gyroscopes may be constructed with trityl X
H,H,H) and or triptycyl (X= CH) groups.

With studies centered on variations on the triptycyl or trityl

pound rotates by 180and flips at a rate of ca. 1.3 MHz at
65 ° C while the phenylene group of the bis(triptycyl)
analogue? is static.

Considering the remarkable differences in physical and
dynamic properties ol and2 and knowing that a hybrid
structure would severely compromise the packing motif of
either component, it was of interest to investigate molecular
gyroscope3 with a mixed trityl-triptycyl stator (Figure 2).

groups, we have shown that changes in the structure of the 1 3 2
stator may have a dramatic effect on the physical properties

and rotary dynamics. For example, the parent bis(tritl)) (

and bis(triptycyl) (2) structures (Scheme 1) have a tendency

Scheme 1
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—_—®» |
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>
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to crystallize with solvent, and having rigid, rod-shaped
structures, all molecules align in the same direction in low-
symmetry crystals. However, molecular gyroscopes
soluble in most organic solvents and melts at 3L&vhereas
compound?2 dissolves only in hot aromatic solvents (e.g.,

Figure 2. Molecular gyroscopes consisting of a 1,4-diethynylphen-
ylene rotator linked to trityl and triptycyl group8), symmetric
bis(trityl) (1), and bis(triptycyl) ) stators.

We reasoned that a hybrid structure could have the desirable
sturdiness of2, the good solubility ofl, and the rapid
dynamics potentially associated with a lower-density crystal.
The desired molecular gyroscopavas prepared in two
steps (Scheme 1) by Pd(0)-coupling reactions among di-
iodobenzene, 1,1,1-triphenylpropyfeand 9-triptycyl acet-
ylene6. We opted for two sequential coupling steps rather
than one to prevent a statistical mixture of products. To
minimize the formation ofl during the preparation of
compounds, 2 equiv of diiodobenzene was used per equiv
of 4. As expected, the hybrid structufe possessed the
solubility associated witt, being readily soluble in common
organic solvents such as methylene chloride, chloroform,
benzene, etc. ThiH and3C NMR spectra oB in solution
closely resemble a combination of the spectra from the two
symmetric structures, including a central phenylene charac-
terized by an AB, 'H spin system and four easily distin-
guishable alkyne carbons in thEC NMR. Molecular

xylenes and chlorobenzene) and forms crystals that decom-gyroscope3 formed crystals with a visually determined

pose without melting above 40C.
The crystal structures of and 2 also differ by their

melting point of 305°C, which is close to the melting point
of the bis(trityl) analogud of 316°C.” Although compound

packing coefficients, a measure of the amount of empty 3 has a tendency to form microcrystalline solids from several

volume in the structure. The packing coeffici€itis given
by the volume of all the molecules in the unit cell relative
to the total cell volume G« = Vmo/Veen).>° For organic

solvents, we were able to obtain X-ray quality single crystals
by slow evaporation from chloroform. These crystals turned
out to be a solvent clathrate (Figure 3), as it is commonly

compounds, they typically vary between 0.65 and 0.80. With observed for the structures of bathand2.# Thermogravi-

Cyk = 0.69 andCy = 0.85 for1 and2, respectively, it is not
surprising that the phenylene group of the bis(trityl) com-
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metric (TG) and differential scanning calorimetric (DSC)
analysis of the clathrate showed the gradual loss of chloro-
form between 50 and 108C followed by melting at 305
°C. The broad range of chloroform loss, extending to
temperatures well above its boiling point (8C), suggests
that solvent molecules are held tight within the crystal lattice.
The structure of the chloroform clathrate®ivas solved
in the triclinic space grougP1.l! The asymmetric unit
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includes one molecule &and one molecule of chloroform.
The diethynylphenylene 08 has a relatively sharp bend
(Figure 3), with an angle of 170.76rom the quaternary

Figure 3. ORTEP diagram of molecular gyroscop&ith thermal
ellipsoids shown at 50% probability.

carbon of the trityl group to the center of the phenylene to
the bridgehead carbon of the triptycene. As in the cask of
and2, molecular gyroscop@ packs in a parallel alignment,
as illustrated in Figure 4. With a feature reminiscent of the
packing of2, a face-to-face interaction between the phen-

Figure 4. Molecular packing of chloroform clathrate &f(top)
viewed normal to the (1,0,0) plane and (bottom) normal to the

I (0,1,—1) plane. Close contacts between neighboring molecules are
ylene rotator of one molecule and the benzene of a neighbor-indicated with dotted lines.

ing triptycene leads to a close contact (3.376 A) between
alkyne and triptycene carbons (Figure 4, top). When viewed
along the normal of the (0,%,1) plane, molecules & pack treatment revealed the loss of solvent signals at 75 ppm along
with trityl and triptycene groups aligned in alternating with major changes in every region of the spectrum. We were
directions (Figure 4, bottom). There are several close contactsable to confirm that the resulting solvent-free phase is
in the structure. Among these, the chloroform hydrogen is crystalline by a sharp X-ray powder diffraction (Supporting
positioned near the center of one of the benzene rings of alnformation).

triptycene, with distances to four of the benzene carbons

varying between 2.533 and 2.842 A (Figure 4, bottom). ]

The stability of the solvate was first evaluated under the
conditions of cross polarizatiermagic angle spinning (CP
MAS) NMR measurements at ambient temperature. The
solid-state!3C CP-MAS NMR spectra agreed qualitatively
well with the spectrum obtained in solution. As shown in
the top of Figure 5, signals corresponding to the quaternary
triptycyl carbons at 53 ppm are well resolved from the
quaternary trityl carbon at ca. 56 ppm. However, chloroform
and alkyne signals between 75 and 100 ppm are not
consistent with a pure crystallographic phase and a unique
molecule per asymmetric unit, suggesting that structural
heterogeneity arises as a result of desolvation. Complete
conversion of the CHGlclathrate to a solvent-free form was Figure 5. (Top) **C CP-MAS NMR spectrum of a freshly
accomplished by keeping the former at 17D for 2 days. prepared CHGlclathrate ofl. _(Bottom) Solvent-free sample a&f
The C CP-MAS NMR spectrum obtained after this after removal of CHGlby heating the sample to 12C for 2 days.

150 140 130 120 110 100 90 80 70 60 50 40 ppm

(11) Selected crystallographic information for chloroform clathrate of

compound3: CagHs2*CiH:Cls, My = 740.11, triclinic, space groupl, Given the relative instability of the solvent clathrate and
a = 8.0460(14) Ab = 14.953(3) A,c = 16.805(3) A,a = 80.884(8)°, i ihili i ing i

B — 76.657(8)"y — 75.271(8)°V — 1891.8(6) &, 2 — 2. peald— 1.299 the |mpos_S|b|I|ty of. reliably measuring its NMR spectrum
Mg/mé, F(000) = 768, 1 = 0.71073 A,u(Mo Ko) = 0.067 mn, T = as a function of variable temperature, we decided to analyze

12|(|J(22 lé, ?{yjtlal ngec §é4g5x)0.81$5x2 0[.'%0 mng: g‘f1 gg]e 16 000 :}Ieﬂectignst the solid-state rotational dynamics 8fin a desolvated
collecte A42< 0 < 28.35°), y = 0. were independen : : f :
reflections; max/min residual electron density 0.413 ar@l512 e A3, sample. As in previous studies, measurements Were_(?arr|Ed
R1= 0.0556 (I> 20(l)) and wR2= 0.1455 (all data). out by quadrupolar echid NMR, one of the most sensitive
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probes for dynamics in crystalline solids and rigid media.
In brief, the 2H NMR method relies on the orientation

dependence of the quadrupolar coupling and its modulation

by molecular motions. Although powder samples with slowly P /\/\ ”

moving or rigid molecules give rise to broad symmetric SOMHz o A -
spectra known as a Pake pattern, molecular motion and 18
reorientation give rise to spectral variations that depend on ., /\\ 17

the rate and type of the deuteron motion. The dynamic range =~ 20MHz 164

covered by line shape analysis techniques varies from ca. 4Uu %‘15 ]

10* to 1@ s, which correspond to the slow and fast 362 K /f \ €4

exchange limits of the method, respectively. For our studies, ~ **""* — .

we take advantage of the well-characterized spectral changes 5.
occurring upon rotation of phenylene groups about their 1,4- a0k | &, = 78 kaimo

axis, typically by 180 angular displacement, which are 28 M - k = 275EM

- 10 L) L)
commonly referred to as phenylene fliFs# 0,002 0.003 0003 0.004
An isotopically labeled sample @d, for dynamic NMR o AT (K1)

was prepared as shown in Scheme 1 using 1,4-dibromoben-
zene-d. The spectra were acquired with a quadrupole echo
pulse sequenéewith a 90 pulse of 2.25s, with echo and  Figure 6. (Left) Experimental (thin line) and simulated (thick line)
refocusing delays of 50 and 46, respectively. The delay  wide-line?H NMR spectrum ofl in a solvent-free structure. (Right)
between pulses was 30 s. Exchange rates were determinedrhenius plot of the exchange data.
by visually matching the experimental data to spectra
simulated using the program reported by Nishikiori et*al.
The simulated spectra were obtained using a quadrupolar Although we do not know the structure of solvent-fie
coupling constant (QCC) measured from spectra acquiredWe note that this interesting result is consistent with the
in the slow exchange regime and a model that considers sitesSmaller packing coefficient for the solvated cry;tals of hybrid
exchange of theH nuclei by 180 rotations. The only  Structure3(0.69) as compared to those of the trityl compound
adjustable parameter used in the simulation was the site-1 (0.74) and the static triptycyl compou@d0.85). Interest-
exchange raté,;, which was varied from 20to 1G Hz. ingly, although an attempt to measure e NMR of the

The experimental and simulated spectra for the solvent- Solvate gave a heterogeneous spectrum with two or more
free sample are shown in Figure 6 for data recorded betweencrystalline components, we made a qualitative observation
300 and 448 K. The best visual agreement was obtained usingthat the rates of phenylene motion in the solvate are slower
rates of rotation between 0.% 10° and 50 x 1Cf s than those of the solvent-free structure, suggesting that
Arrhenius analysis of the data gave a barrier for phenylene desolvation occurs without collapse of the lattice (Supporting
flipping of 7.9 + 1.6 kcal/mol and a preexponential factor Information). _ _
of 2.75x 101 Hz.16 The relatively linear plot suggests that _In conclu.smn, molecular gyrosco@e/wth an asymmetric
the solvent-free structure is a single phase and not a mixturetTiPtycyl—trityl stator structure retains the relatively high
of polymorphs. Notably, the barrier Biis 6 kcal/mol lower ~ Melting point of the two symmetric structureisor 2, but it
than that previously measured by the same method for displays Ia}rgelylmproved solubility and dynamic propertles.
solvent-free samples dfwithin a similar temperature range. ~ 1he packing structure of the CH{Ctlathrate retains the
The lower barrier results in faster rotation rates, which are Parallel alignment observed in batfand, with phenylene-
desirable to control the orientation of dipolar analogues with triptycene intermolecular contacts similar to those present

2000 (o] ppm

external electric and magnetic fields. in 2. We believe that compourirepresents an interesting
lead that highlights the potential properties of solid-state
(12) Hoatson, G. L.; Vold, R. LINMR Basic Princ. Progl994 32, 1-67. molecular gyroscopes with asymmetric structures.

(13) (&) Cholli, A. L.; Dumais, J. J.; Engel, A. K.; Jelinski, L. W.
Macromolcules1984,17, 2399—2404. (b) Rice, D. M.; Wittebort, R. J.; :
Griffin, R. G.; Meirovich, E.; Stimson, E. R.; Meinwald, Y. C.; Freed, J. A_CknOWIE_dgment' ThIS. work was supported by the
H.; Scheraga, H. AJ. Am. Chem. S0d.981,103, 7707—7710. (c) Rice,  National Science Foundation through grants DMR0307028
D. M.; Meinwald, Y. C.; Scheraga, H. A.; Griffin, R. @. Am. Chem. Soc. . i i
1987 109 1636-1640. (d) Rice, D. M.; Blume, A.; Herzfeld, J.; Wittebort, and. .DGI:_0114443 (NSF IGERT: Materials Creation
R. J.; Huang, T. H.; DasGupta, S. K.; Griffin, R. 8iomol. Stereodyn., Training Program (MCTP)).

Proc. Symp1981,2, 255—-270. )
(14) Nishikiori, S.; Soma, T.; lwamoto, T. Inclusion Phenoml997, Supporting Information Available: Synthesis and char-

27, 233—243. g .
(15) The?H NMR spectra were acquired on a Bruker Avance spectrom- acterization of compound3 and5, TGA traces?H NMR

eter at a frequency of 46.073 MHz with a single channel solenoid probe of partially desolvated samples, and crystallographic infor-

containing a 5 mminsert. Measurements were made from 300 to 448 K : : ol :
with the temperature calibrated using%Pb shift standard. mation (CIF) for3. This material is available free of charge

(16) The uncertainty in the barrier was estimated from simulations with via the Internet at http://pubs.acs.org.
the highest and lowest exchange rates that reasonably matched the
experimental spectra at each temperature value. 0OL060894D

3420 Org. Lett, Vol. 8, No. 16, 2006



