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“Sterically geared” 9-(2,2,2-triphenylethylidene)fluorene (1) is of potential interest as a photoactive moiety
in molecular devices, and the 2-tert-butyl derivative (6) has been synthesized to investigate photoisomerization.
E andZ stereoisomers of6 were separated and identified by X-ray crystallography. Thetert-butyl group does
not introduce additional strain, and its close proximity to the trityl group in theZ isomer suggests an attractive
van der Waals interaction. The UV spectra of (E)-6 and (Z)-6 are nearly identical, showing absorption bands
that are similar to those of fluorene occurring at wavelengths longer than 240 nm. Photoisomerization of6
was investigated at 266, 280 and 320 nm. Solutions initially containing only (E)-6 or (Z)-6 were irradiated
with pulsed laser light, monitoring isomerization by1H NMR spectroscopy. Negligible photodecomposition
was observed when the solutions were agitated by N2 ebullition. Experimental data were fitted to theoretical
curves to obtain photoisomerization quantum yields (φZE and φEZ) ranging from 0.04 to 0.09. This first
photoisomerization study of a dibenzofulvene reveals significant quantum yields, despite theoretical prediction
of inefficient or negligible isomerization of the parent hydrocarbon, fulvene. Thermal isomerization of6 at
270 °C (t1/2 ) 120 min) was also followed by1H NMR spectroscopy, resulting in an estimated activation
energy (∆Gq) of 43 kcal/mol.

1. Introduction

Steric gearing1 between the triphenylmethane and planar
fluorene moieties of 9-(2,2,2-triphenylethylidenefluorene) (1, see
Chart 1) produces significant in-plane distortion of the exocyclic
CdC double bond.2 There is intense current interest in molecular
devices,3 such as switches4 and motors,5 and we postulate that
light-activated rotation about this double bond could produce
rotary motion of the triphenylmethane “propeller” in a suitable
derivative of 1. This double bond linking the fluorene and
triphenylmethane components of1 is part of a dibenzofulvene
(also called 9-methylenefluorene) chromophore (2, see Chart
1), which may be considered a fused-ring 1,1-diarylethylene.
While photoisomerization of 1,2-diarylethylenes (e.g.,trans- and
cis-stilbenes) has been studied extensively,6 the photochemistry
of 1,1-diarylethylenes has been less well investigated. Thermal
barriers for rotation about the exocyclic double bond of fulvene
have been theoretically modeled7 and experimentally determined
in the case of substituted fulvenes.8 Excited-state calculations
suggest that fulvenes can photoisomerize,9 but this has not yet
been shown experimentally. Thermal isomerization of 2-nitro-
and 2-bromo-9-(4-nitrobenzylidene)fluorene was reported more
than five decades ago.10 Reported herein is the first known case
of photoisomerization of a dibenzofulvene and possibly even
of any fulvene or 1,1-diarylethene.

2. Synthesis

2.1. Synthetic Overview.(E)- and (Z)-2-tert-butyl-9-(2,2,2-
triphenylethylidene)fluorene (6) were prepared by the method
developed previously for the synthesis of 9-(2,2,2-triphenyl-
ethylidene)fluorene (1).2 As shown in Scheme 1, 2-tert-
butylfluorene (3) was converted by air oxidation to 2-tert-
butylfluorenone (4).11 As reported for fluorenone,12 Wittig
reaction of4 with bromomethylenetriphenylphosphorane gave
the bromomethylene derivative5, in this case as a ca. 1:1
mixture of E and Z stereoisomers. Reaction of (E/Z)-5 with
triphenylmethyllithium then afforded a 1:1 mixture of (E)-6 and
(Z)-6, in significantly higher yield than reported for the
unsubstituted analogue (1).2 These target stereoisomers were
separated by sequential column chromatography on alumina and
crystallization from hexane. Analytically pure samples of both
(E)-6 and (Z)-6 were obtained for photoisomerization studies.

2.2. (E/Z)-2-tert-Butyl-9-bromomethylenefluorene (5).A
suspension of bromomethyltriphenylphosphonium bromide (4.06

* To whom correspondence should be addressed. E-mail: twb@unr.edu;
cline@chem.unr.edu.

CHART 1

11650 J. Phys. Chem. A2005,109,11650-11654

10.1021/jp054345l CCC: $30.25 © 2005 American Chemical Society
Published on Web 12/01/2005



g, 9.31 mmol) in anhydrous THF (40 mL) was cooled to-60
°C under N2, and a solution of 2 M sodium bis(trimethylsilyl)-
amide in anhydrous THF (4.6 mL, 9.2 mmol) was added
dropwise. The resulting yellow suspension was stirred for 40
min, and a solution of 2-tert-butyl-9H-fluorenone11 in anhydrous
THF (2.01 g, 8.53 mmol) was added. The reaction mixture was
then allowed to warm gradually to room temperature and stirred
for 18 h. Water was added (50 mL), and the resulting mixture
was extracted with diethyl ether (3× 25 mL). The combined
ether solutions were dried over anhydrous Na2SO4 and then
concentrated to dryness by rotary evaporation. The residue was
dried under vacuum, giving 4.50 g of a deep red/brown oil.
Column chromatography on silica gel (32-60µm), eluting with
hexane, gave 2.27 g of a 1:1 mixture of (E)- and (Z)-5 (85%)
as an orange gum-like solid.1H NMR (300 MHz, CDCl3): δ
8.56 (d,J ) 1.5 Hz, 1 H), 8.52 (d,J ) 7.7 Hz, 1 H), 7.2-7.8
(m, 14 H), 1.42 (s, 9 H,tBu), 1.38 (s, 9 H,tBu).

2.3. (E)- and (Z)-2-tert-Butyl-9-(2,2,2-triphenylethylidene)-
fluorene (6). A solution of triphenylmethane (3.09 g, 12.6
mmol) in anhydrous THF (15 mL) was cooled to-78 °C under
N2, and a solution ofn-butyllithium in hexane (1.58 M, 6.5
mL) was added, producing a pink solution. The solution was
stirred at 0°C for 40 min, and then the resulting blood-red
solution of the trityl anion was recooled to-78 °C and a
solution of (E/Z)-2-tert-butyl-9-bromomethylenefluorene (2.47
g, 7.90 mmol) in 10 mL of anhydrous THF was added. The
reaction mixture was allowed to warm gradually to room
temperature and stirred for 25 h. Water (75 mL) was added,
and the resulting mixture was extracted with diethyl ether (4×
25 mL). The combined ether solutions were dried over
anhydrous Na2SO4 and then concentrated to dryness by rotary
evaporation. The residue was dried under vacuum, giving 5.03
g of a yellow oil, consisting primarily of (Z)-6 (Rf 0.16 alumina,
hexane), (E)-6 (Rf 0.19, alumina, hexane), and triphenylmethane
(Rf 0.34, alumina, hexane). Sequential column chromatography
(50 g of 80-200 mesh alumina, hexane) and fractional
crystallization from hexane gave a total of 2.63 g (70%) of the
products (0.59 g of pure (Z)-6, 0.35 g of pure (E)-6, and the
reminder as mixed fractions).

(Z)-6: mp 221-223°C; 1H NMR (300 MHz, CD2Cl2): δ )
7.84 (s, 1 H), 7.77 (d,J ) 7.33 Hz, 1 H), 7.7 (d,J ) 7.32 Hz,
1 H), 7.56 (d,J ) 8.06 Hz, 1 H), 7.24-7.33 (m, 18 H), 6.84 (s,

1 H), 0.93 (s, 9 H;tBu); 13C NMR (75 MHz, CD2Cl2): δ )
150.0, 141.5, 140.0, 139.2, 138.8, 135.8, 130.8, 128.8, 126.9,
126.2, 120.4, 119.6, 118.8, 62.1, 35.5, 31.9; IR (KBr):ν )
3052 (m), 2963 (m), 1594 (m), 1488 (s), 1444 (s), 1420 (w),
1262 (m), 1035 (w), 823 (s), 765 (w), 748 (m), 730 (s), 701 (s)
cm-1; MS (EI) m/z (%) 477 (5.2) [M+ + 1], 476 (12.7) [M+],
419 (9.4), 341 (36.3), 265 (11.4), 252 (8.7), 165 (59.1), 139
(13.9), 57 (100); UV/Vis (0.0092 mM, CH3CN): λmax (ε) )
236 (34076), 254 (28261), 262 (35870), 288 (14130), 305
(13772), 318 (13261) nm; elemental analysis calcd (%) for
C37H32: C 93.36; H 6.78; found: C 93.12, H 6.70.

(E)-6: mp 215-217°C; 1H NMR (300 MHz, CD2Cl2): δ )
7.81 (s, 1 H), 7.76 (s, 1 H), 7.60 (t,J ) 7.58 Hz, 1 H), 7.41
(dd,J ) 8.06 Hz, 1 H), 7.22-7.30 (m, 16 H), 7.13 (t,J ) 7.32
Hz, 1 H), 6.63 (t,J ) 7.59 Hz, 1 H), 6.45 (d,J ) 8.05 Hz, 1
H), 1.38 (s, 9 H,tBu); 13C NMR (75 MHz, CD2Cl2): δ ) 50.4,
146.8, 138.4, 138.0, 136.0, 135.2, 130.0, 127.6, 126.4, 125.0,
118.4, 116.4, 62.1, 35.5, 31.9; IR (KBr):ν ) 3056 (m), 2955
(m), 1596 (m), 1488 (s), 1445 (s), 1421 (w), 1262 (m), 1034
(w), 835 (s), 769 (w), 752 (m), 730 (s), 700 (s) cm-1; MS (EI)
m/z (%) 476 (6.9) [M+], 419 (5.3), 341 (20.0), 265 (7.0), 252
(5.7), 165 (39.0), 139 (9.8), 57 (100); UV/Vis (0.0092 mM,
CH3CN): λmax (ε) ) 235 (38456), 255 (33913), 263 (43478),
287 (18152), 305 (15978), 317 (14022) nm; elemental analysis
calcd (%) for C37H32: C 93.36; H 6.78; found: C 93.09, H
6.73.

3. Structures of (E)-6 and (Z)-6

The structures of both (E)-6 and (Z)-6 were determined by
single-crystal X-ray diffraction. In both structures, there are two
molecules in the asymmetric unit, and eachtert-butyl group is
rotationally disordered. Simple models of this disorder provided
satisfactory refinements. A space-filling diagram of a represen-
tative conformation of each stereoisomer is shown in Figure 1.
It is apparent from the diagram of (E)-6 (Figure 1, left) that
there is no steric interference between the triphenylmethyl (trityl)
and tert-butyl groups. For the correspondingZ isomer (Figure
1, right), the closest C-C distance between phenyl and methyl
carbons is ca. 3.86 Å for either molecule in the asymmetric
unit.

The parent hydrocarbon lacking atert-butyl group (1) shows
an unusual distribution of bond strain. Most of the distortion
around the exocyclic double bond in this overcrowded trisub-
stituted alkene occurs as bond angle deformation, rather than
torsional strain. Table 1 compares the bond angles for the
exocyclic double bonds of (E)- and (Z)-6 with those of1. It is
clear from this comparison that the geometries of this key,
photoactive double bond are essentially the same in all three
compounds and that thetert-butyl group does not introduce

SCHEME 1: a Synthesis of (E)- and (Z)-2-tert-Butyl-9-
(2,2,2)-triphenylethylidenefluorene

a (a) O2, Triton B, pyridine, 25 °C, 36 h. (b) BrCH2PPh3Br,
NaHMDS, THF,-60 °C; 4, 25 °C, 18 h. (c) Ph3CH, nBuLi, THF, 0
°C; 5, -78-25 °C, 25 h. Triton B ) benzyltrimethylammonium
hydroxide; NaHMDS) sodium bis(trimethylsilyl)amide.

Figure 1. Space-filling diagrams of crystallographically determined
structures of (E)- and (Z)-2-tert-butyl-9-(2,2,2)-triphenylethylidene-
fluorene (6).
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additional strain in6. Both stereoisomers of6 show the same
degree of “steric gearing” as observed previously for1.2

Moreover, in (Z)-6, close proximity between the trityl andtert-
butyl groups may result in a van der Waals interaction that is
attractive.

Crystallographic Data. Crystal data for (E)-6: a ) 12.221-
(1), b ) 17.921(2),c ) 13.524(3) Å,R ) 90°, â ) 107.82(1)°,
γ ) 90°, V ) 2820 Å3, Mr ) 476.66,P2(1),Z ) 2, Fcalcd1.123
g cm-3, 6296 independent reflections. Crystal data for (Z)-6: a
) 11.272(3),b ) 14.504(3),c ) 17.102(3) Å,R ) 84.54(2)°,
â ) 86.25(2)°, γ ) 81.33(2)°, V ) 2748 Å3, Mr ) 476.66,
P-1, Fcalcd1.152 gcm-3, 8506 independent reflections. Suitable
crystals were coated in epoxy cement and mounted on a Siemens
P4 diffractometer. Data were collected at room temperature, and
both structures were solved by direct methods. The non-
hydrogen atoms were refined with anisotropic thermal param-
eters. Hydrogen atom positions were calculated using a riding
model with a C-H distance fixed at 0.96 Å and a thermal
parameter 1.2 times the host carbon atom. The structures were
refined on F2 by a full-matrix least-squares program using
SHELXTL97.15 The occupancies of the positionally disordered
tert-butyl groups in (E)-6 refined to 69 and 31% and to 75 and
25% while in (Z)-6 they refined to 89 and 11% and to 57 and
43%. FinalRvalues were for (E)-6, R1 ) 0.0599,wR2 ) 0.1463
for 5478 data, and for (Z)-6, R1 ) 0.0608,wR2 ) 0.1065 for
7188 data, both withI > 2σ(I). Supplementary crystallographic
data consisting of positional parameters, bond lengths and
angles, hydrogen atom positions, and thermal parameters are
given in the Supporting Information.

4. Spectroscopy and Photoisomerization Dynamics

4.1. Absorption Spectroscopy.Figure 2 shows the UV
absorption spectra of (E)-6 and (Z)-6, which do not absorb
visible light. These spectra are nearly identical, confirming that
interaction between thetert-butyl and trityl groups only has a
minor influence on the structure of6. We have not assigned
the electronic spectrum of6, but we note that the band struc-
ture is similar to that of fluorene at wavelengths longer than
240 nm.

4.2. Photoisomerization Measurements.Photoisomerization
quantum yields of6 were measured at 266, 280, and 320 nm,
corresponding to the approximate locations of absorption
maxima shown in Figure 2. The photoisomerization was studied
at room temperature in vigorously agitated perdeuterioacetoni-
trile solutions saturated with N2. Sample solutions initially
contained only (E)-6 or (Z)-6 and the progress of the photoi-
somerization was monitored by alternately irradiating the sample
with UV light from a pulsed laser source and then measuring
the 1H NMR spectrum. The relative amounts of theZ and E
isomers were obtained from the peak heights of thetert-butyl
protons, located at 0.93 and 1.38 ppm for theZ andE isomers,
respectively.

The light source for the photoisomerization experiments was
the fourth harmonic (266 nm) of a 5 nspulse, 10 Hz repetition
rate Nd:YAG laser or a frequency-doubled dye laser pumped
by the second harmonic of the Nd:YAG laser (for 280 and 320
nm experiments). The average laser pulse energy was typically
2.0 mJ. The photoisomerization measurements were performed
in a flat-bottomed, 1 cm diameter, fused silica NMR tube. The
UV laser light was directed through the bottom of the tube.
The sample solution volume was typically 3.2 mL with a 5.0
× 10-4 M concentration of molecule6. This gives an optical
path length of about 4 cm and a very high optical density at the
wavelengths in this experiment, so that the entire laser pulse is
absorbed by the sample solution. During laser irradiation, a
stream of N2 presaturated with the perdeuterioacetonitrile solvent
was introduced near the bottom of the sample tube using a
stainless steel syringe needle inserted through a septum at the
top of the tube. The flow of N2 served to both displace dissolved
O2 and to vigorously agitate the solution during irradiation.
Vigorous agitation is necessary to ensure that all molecules have
an equal opportunity to absorb a photon over the course of an
irradiation cycle (typically 15-60 s).

4.3. Data Analysis and Results.The average number of
photons,x, absorbed per molecule after an irradiation time,t,
is obtained from the number of photons delivered to the sample
divided by the number of absorbing molecules in the sample:

In eq 1,λl, El, andνl are the laser wavelength, pulse energy,
and pulse repetition rate;C and V are the sample solution
molarity and volume; andh, c, andNA are Planck’s constant,
the speed of light, and Avogadro’s number, respectively. For a
typical 5.0× 10-4 M, 3.2 mL sample solution, irradiation by
2.0 mJ pulses of 280 nm light at 10 Hz results in an average
absorption rate of 0.028 photons/molecule‚s.

The mole fraction (fE or fZ) for each isomer was obtained
from the 1H NMR spectra by dividing itstert-butyl 1H NMR
peak height by the sum of thetert-butyl 1H NMR peak heights
for the two isomers. Under the experimental conditions described
above and in Section 4.1, negligible photodecomposition of
(E)-6 or (Z)-6 was observed in the NMR spectra for total

Figure 2. UV absorption spectra of both stereoisomers of 2-tert-butyl-
9-(2,2,2)-triphenylethylidenefluorene (CH3CN, 9.2µM): (E)-6, dashed
line; (Z)-6, solid line.

TABLE 1: Crystallographically Determined Bond Angles
(deg) for the Exocyclic Double Bond of (E)-6, (Z)-6, and 12

alkene R1 R2 R3

(E)-6 (mol 1) 133.2(5) 133.7(5) 121.8(5)
(E)-6 (mol 2) 133.6(5) 134.8(5) 120.8(5)
(Z)-6(mol 1) 134.1(4) 133.7(4) 121.7(4)
(Z)-6 (mol 2) 130.8(3) 132.6(3) 122.5(3)
1 (mol 1) 134.7(3) 134.5(3) 120.8(3)
1 (mol 2) 133.5(3) 134.3(3) 121.1(3)

x(t) ) (νlElλlt

hc )( 1
CVNA

) (1)
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irradiations of at least 80 photons/molecule, so thatfE + fZ )
1, independent of the number of photons,x. In the absence of
solution agitation during irradiation by means of N2 ebullition,
photodecomposition was demonstrated by the growth of new
features in the NMR spectra and by a yellow discoloration of
the solution. Significantly higher laser pulse energies in the
absence of solution agitation during irradiation resulted in a
black precipitate.

Figure 3 shows the mole fraction of (E)-6 and (Z)-6 as a
function of the average number of absorbed photons in a 266
nm photoisomerization experiment. The upper panel shows data
for an initial solution containing only theZ isomer and the lower
panel shows data starting with theE isomer. The photostationary
state atx f ∞ shows a [Z]/[E] ratio of 1.4. Because photode-
composition is negligible over the duration of our experiments,
we assume reversible photoisomerization:

whereφZE (λ) andφEZ (λ) indicate the wavelength-dependent
photoisomerization quantum yields for the processes in eqs 2
and 3. At a given wavelength, the ratio of the forward and
reverse quantum yields can be obtained from the photostationary
state population ratio and the ratio of the measured molar
absorptivities of theE andZ isomers,∈E (λ) and∈Z (λ):

To obtain absolute photoisomerization quantum yields, we
quantitatively modeled measurements of the type shown in

Figure 3. The kinetic analysis is complicated by the slightly
different molar absorptivities of theE andZ isomers. The change
in mole fraction per average number of absorbed photons/
molecule is given by

Equation 5 can be integrated numerically for a choice of the
fE(x ) 0) initial condition, quantum yields, and molar absorp-
tivities.

The curves in Figure 3 show fits to the experimental data
obtained by nonlinear least squares optimization ofφZE andφEZ

in a numerical integration of eq 5. Table 2 shows average
photoisomerization quantum yields obtained in this way from
multiple measurements at each of the three photoisomerization
wavelengths studied as well as the [Z]/[E] ratio in the photo-
stationary state. Quantum yields range from 4 to 9% and theZ
isomer predominates in the photostationary state at each
wavelength examined.

5. Discussion

The fulvene S1 excited-state dynamics calculations of Bear-
park et al.9b predict a very low photoisomerization quantum yield
which would only be measurable at the 0-0 vibrational origin.
In contrast, the dibenzofulvene chromophore of6 shows
significant photoisomerization at both 320 nm (presumably near
the S1 origin) and 280 nm (vibrationally excited S1). The lower
quantum yield at 280 nm may indicate that vibrational excitation
inhibits photoisomerization, as is predicted for fulvene. At 266
nm (presumably excitation to a higher lying electronic state)
the quantum yield is similar to that at 320 nm.

The measured photoisomerization quantum yields in Table
2 are somewhat smaller than those measured for the well-known
and widely studied cis-trans isomerization of stilbene, which
are typically around 0.5 forφt f c and 0.3 forφc f t.6d Perhaps
due to the higher symmetry of the substituted dibenzofulvene
rotor of6, its “forward” and “reverse” quantum yields are more
equitable than is seen in stilbene. To investigate the origin of
the slight difference in the quantum yields, we examined the
position of the thermodynamic equilibrium between the two
isomers of6.

A study of the isomerization equilibrium at room temperature
was attempted by catalysis using photolytically generated iodine
radicals, as reported previously for stilbene.14 Solutions of pure
(Z)-6 and iodine in CD3CN or toluene-d8 were irradiated at 532
nm. No (E)-6 was observed, but decomposition occurred after
prolonged irradiation. On the other hand, we found that
prolonged heating of liquid (Z)-6 (mp 221-223 °C) at 270°C
gave a 65/35 equilibrium ratio for [Z]/[E], and the same
equilibrium ratio was observed for fast thermal isomerization
at 360°C. This equilibrium ratio gives a∆G° for E f Z of
-0.7 kcal/mol, which suggests that weak van der Waals
attractions between thetert-butyl and trityl substituents slightly
stabilize theZ isomer. This CdC torsional potential asymmetry,
along with dynamical hysteresis effects due to coupling of

Figure 3. Photoisomerization data at 266 nm showing mole fractions
of (Z)-6 (2 symbols) and (E)-6 (b symbols) as a function of the average
number of photons absorbed. The upper panel shows data for [Z]0 )
1. The lower panel shows data for [E]0 ) 1. Solid curves show a fit to
the kinetic model with photoisomerization ratesφZE ) 0.074 andφEZ

) 0.10 in eqs 2 and 3.

Z + hν 98
φZE

E (2)

E + hν 98
φEZ

Z (3)

φZE

φEZ
) ([E](x ) ∞)

[Z](x ) ∞))(∈E

∈Z
) (4)

TABLE 2: Wavelength-Dependent Quantum Yields for
Photoisomerization of 6 in Acetonitrile-d3

λ, nm φZE φEZ ([Z]/[E])ps
a

266 0.08 0.09 57/43
280 0.04 0.04 53/47
320 0.07 0.09 58/42

a Photostationary state.

dfE
dx

)
φZE(1 - fE)∈Z - φEZfE ∈E

(1 - fE)∈Z + fE ∈E

) -
dfZ
dx

(5)
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solvent motions to the photoisomerization dynamics, could be
responsible for the slightly largerE f Z quantum yield relative
to that forZ f E.

From the half-life of the isomerization at 270°C (120 min)
an activation free energy (∆Gq) of 43 kcal/mol was estimated.
This result shows that theπ bond of the exocyclic CdC group
of 6 is much stronger than that of (Z)-2-bromo-9-(p-nitroben-
zylidene)fluorene, which isomerizes upon melting at 154°C.10b

The CdC torsional barrier for6 is only slightly smaller than
that calculated for fulvene (45.6 kcal/mol),7 which has not been
measured experimentally. The torsional barrier for 6-dimethy-
laminofulvene was found to be 13.5 kcal/mol,8a again showing
that conjugating substituents on the exocyclic CdC group
weaken theπ bond.

6. Conclusion

We report what is, to our knowledge, the first experimental
demonstration of the photoisomerization of a substituted diben-
zofulvene. The dibenzofulvene chromophore of this molecule
serves as a photoenergized rotor that is mechanically geared
into a trityl base, functioning as a prototype for light-driven
molecular devices, such as switches and motors. Thermal
stabilities of stereoisomers and significant photoisomerization
quantum yields, ranging from 4 to 9%, indicate that rotor
chromophores based on dibenzofulvene show promise for such
applications.
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