J. Am. Chem. Soc. 1988, 110, 7569-7571

fluorescence measurements?’ on 1-5 reveals that singlet energy
transfer between porphyrins is faster than or roughly comparable
to the rates of the other processes which depopulate the excited
singlet states. The C-'P,—P5—Q singlet state also decays by other
photophysical processes (step 2 in Scheme 1) with k, = 2.5 X 10
s7! (based on the 4.0 ns fluorescence lifetime for 5). C-P,—'Pz—Q
decays by photophysical processes (k, = 1.0 X 108 s™! based on
a fluorescence lifetime of 9.9 ns for 2) and by electron transfer
(step 7) to yield C-Po-Pg**—Q*~. Photoinitiated electron transfer
between the porphyrins is thermodynamically unfavorable in this
molecule. In the limit of rapid singlet energy transfer, the por-
phyrin fluorescence decay of 1 would be a single exponential with
a lifetime 7, where 1/7 = (k, + k4 + k;)/2. On this basis, an
electron transfer rate constant of k; = 2.4 X 10® 5! was calculated
from the measured fluorescence lifetime of 3.4 ns and the values
of k, and k, mentioned above. Given the experimental errors
involved (£25% for rate constants) and the use of model com-
pounds to estimate rate constants for k, and k,, this rate constant
is in good agreement with the photoinitiated electron transfer rate
constant of 2.4 X 10% calculated for 4 in the manner described
above from its fluorescence lifetime of 4.5 ns.

Competing with charge recombination in C-Po-Pg**-Q*" is
electron transfer which ultimately yields C**-P,—Pg—Q"~ with an
overall quantum yield of ca. 0.25 based upon total light absorbed.
In Scheme I, this is shown as a two-step process (steps 8 and 10)
involving a C-P,**-P5-Q*~ intermediate. Cyclic voltammetric
measurements on model compounds, which ignore coulombic
stabilization, suggest that C—P,**—Pg—-Q*~ would be more stable
than C-P,-Py**—Q*~ by roughly 0.1 eV, and this would be con-
sistent with a discrete intermediate. On the other hand, coulombic
stabilization of C-P,-Pg**—Q*~ might lower the energy of this
state below that of C-P,**-Pg-Q*~. In this case, conversion of
C-P,-Pp**—Q* to C**-P,—Pp—Q" could involve a single process
aided by superexchange interactions of P,. The long? lifetime
of the final state is the result of the large spatial separation of
the cation and anion and the fact that endergonic electron
transfers’ would be needed to place the charges on adjacent
chromopbhores.

Excitation of 1-5 yields porphyrin triplet states, and in 1 and
3 both of these triplets are rapidly (<20 ns) quenched by the
carotenoid via triplet energy transfer; P, is evidently serving as
a triplet energy relay. In addition, the carotenoid moiety of 5 and
therefore presumably that of 1 and 3 transfers singlet energy to
the attached porphyrin with ca. 10% overall efficiency. Thus,
tetrad 1 mimics not only multistep photoinitiated electron transfer
(which is characteristic of natural photosynthesis) but also
chlorophyll antenna function (singlet energy transfer between
chlorophylls), carotenoid antenna function (singlet energy transfer
from carotenoids to chlorophylls), and carotenoid photoprotection
from singlet oxygen damage (carotenoid quenching of chlorophyll
triplet states).
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The perturbation of electronic and structural properties caused
by replacement of a carbon by a boron atom is a topic of expanding
theoretical! and experimental? interest. In most of the previously
examined cases, electrically neutral trivalent boron atoms are used
to simulate isoelectronic and nearly isosteric carbocations.
Likewise, tetravalent anionic boron groups (borates) can be
thought of as negatively charged analogues of neutral carbon
atoms. We report herein the first isolation and characterization
of a boratanorcaradiene: 2,5,7,7-tetraphenyl-7-boratabicyclo-
{4.1.0]hepta-2,4-diene (1) is a blood-red, reactive solid formed
from UV irradiation of (p-biphenylyl)triphenyl borate (2).

Borate 2 (Me,N7 salt, ''B NMR: 6 -6.76, BF;-OEt, = 0.00)
is easily prepared by reaction of biphenylyllithium with tri-
phenylborane.? Its absorption spectrum in acetonitrile solution
shows a band at 272 nm (g, = 22600 M~ cm™) characteristic
of biphenyl derivatives. Irradiation of 2 in a degassed acetonitrile
solution at 254 nm (1.2 X 1072 M, Rayonet Reactor, 0 °C, 2 h)
leads to formation of a deeply red reaction mixture and appearance
of new "B NMR resonances at § —26.6 and —27.2. Integration
of the product peaks immediately after irradiation shows them
to be present in a ratio of 1:1; after 2 h at 30 °C this ratio becomes
5:1. Additional heating causes no further change.

The major product from photolysis of 2 can be isolated in 30%
yield by repeated fractional crystallization from CH;CN/ether.
The air and water sensitive red solid has an !B NMR absorption
at 5 -26.6. Its elemental analysis gives the formula C,,H; BN}
the same as that of starting borate. The product’s UV-vis
spectrum in CH;CN shows two bands: 294 nm (e, = 19000
M cm™) and 510 nm (e, = 2700 M! em™) 4

The 'H and '3C NMR spectra of the photoproduct are par-
ticularly revealing. Its 500 MHz 'H NMR spectrum in THF-d;
at room temperature is shown in Figure 1. The two singlets (0
1.39, 5.55), the triplets at 6 7.17 and 7.02, and the doublet at 7.69
are unaffected when the solution is cooled to =10 °C, but the
triplets at 6 6.81 and 6.68 and the doublet at § 7.10 begin to
broaden. Further cooling results in additional broadening until
at —80 °C the broadened peaks split into sharpened multiplets.
The '3C NMR spectrum of the photoproduct shows detectable
peaks for only nine carbons, two (6 37.1 and 135.5) broadened

(1) (a) Dewar, M. J. S. Prog. Boron. Chem. 1964, 1, 235. (b) Krogh-
Jespersen, K.; Schleyer, P. v. R.; Pople, J. A.; Cremer, D. J. Am. Chem. Soc.
1978, 100, 4301. (c) Krogh-Jespersen, K.; Cremer, D.; Dill, J. D.; Pople, J.
A.; Schleyer, P. v. R. J. Am. Chem. Soc. 1981, 103, 2589. (d) Disch, R. L.;
Sabio, M. L.; Schulman, J. M. Tetrahedron Let:. 1983, 24, 1863. (e)
Frenking, G.; Schaefer, H. F. I11. Chem. Phys. Letr. 1984, 109, 521. (f) Pople,
J. A.; Schleyer, P. v. R. Chem. Phys. Lett. 1986, 129, 279. (g) Drewello, T.;
Koch, W.; Lebrilla, C. B.; Stahl, D.; Schwarz, H. J. Am. Chem. Soc. 1987,
109, 2922.

(2) (a) Letsinger, R. L.; Skoog, I. H. J. Am. Chem. Soc. 1955, 77, 5176.
(b) van Tamelen, E. E.; Brieger, G.; Untch, K. G. Tetrahedron Lett. 1960,
14. (c) Jutzi, P. J. Organomet. Chem. 1969, 19, P1. (d) Grisdale, P. J.;
Williams, J. L. R. J. Organomet. Chem. 1970, 22, C19. (e) Eisch, J. J.; Galle,
J. E. J. Am. Chem. Soc. 1975, 97, 4436. (f) Sobieralaski, T. J.; Hancock,
K. G. J. Am. Chem. Soc. 1982, 104, 7533. (g) Sobieralaski, T. J.; Hancock,
K. G. J. Am. Chem. Soc. 1982, 104, 7542. (h) Lee, D. Y.; Martin, J. C. J.
Am. Chem. Soc. 1984, 106, 5745. (i) Eisch, J. J.; Galle, J. E.; Kozima, S.
J. Am. Chem. Soc. 1986, 108, 379. (j) Nakadaira, Y.; Sato, R.; Sakurai, H.
Chem. Lett. 1987, 1451. (k) Ashe, A. J.IIL; Drone, F. J. J. Am. Chem. Soc.
1987, 109, 1879. (1) Eisch, J. J.; Shafii, B.; Rheingold, A. L. J. Am. Chem.
Soc. 1987, 109, 2526. (m) Fagan, P. J.; Burns, E. G.; Calabrese, J. C. J. Am.
Chem. Soc. 1988, 110, 2979.

(3) Anal. Caled for C3,H3BN: C, 86.98; H, 7.73; N, 2.98; B, 2.30.
Found (1) C, 86.50; H, 7.62; N, 3.10; B, 2.05. Found (2): C, 86.68; H, 7.75;
N, 2.97; B, 2.07.

(4) The red color of 1 persists, apparently undiminished, even at liquid N,
temperature. This observation rules out the possibility that it is due to the
presence of a minor isomer in equilibrium with L.
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Figure 1. The 500 MHz '"H NMR spectrum of boratanocaradiene 1 in
THF-dg solution recorded at ambient temperature. The expanded insets
of the aromatic region were recorded at 20 °C (lower) and —80 °C
(upper). The resonances that broaden and then split as the temperature
is lowered have chemical shifts {8, 20 °C [-80 °C]} 7.10 [7.03, 6.96]; 6.81
[6.88, 6.72]; 6.68 [6.72, 6.66].

Chart I

B
ph\ /ph
B
- - 7N
P P P’ CHPn

1 2

by coupling to boron.> A proton-carbon HETCOR experiment®
reveals that carbons with resonances at 6 135.5, 125.5, and 122.0
are bound to the protons whose absorptions are temperature
dependent. These data support the boratanorcaradiene structure
fog 1, an assignment confirmed by X-ray crystallography, Figure
2.

The X-ray data show that within experimental error, the bo-
ron-containing ring of 1 is an equilateral triangle inclined at an
angle of 104° with respect to the four nearly coplanar diene carbon
atoms. The six-membered ring is twisted; C, (Figure 2) is 24 (5)°
above the diene plane. In many respects, the structure of 1
resembles that of the norcaradienes,? its related all-carbon ana-
logues.

With the structure of the major product defined, the photo-
chemical and spectroscopic results may be interpreted. The 'H

(5) The ipso carbon of the phenyl group bound to boron is not observed
presumably because of broadening by boron. The carbon resonance at § 135.5
is assigned to the ortho carbons of the phenyl groups bound to boron.

(6) Sanders, J. K. M.; Hunter, B. K. In Modern NMR Spectroscopy,
Oxford, 1987; p 93.

(7) Crystal data for [(CH;)4N][C3HyB] at ¢t = =50 °C: monoclinic
(alternate setting), space group P2;/a, a = 17.841 (9) A, b =17.007 (7) A,
¢ =18.294 (8) f 8 =98.18 (4)°, ¥ = 5494 (8) A3, and Z = 8. Diffraction
data: Enraf-Nonius CAD4 automated x-axis diffractometer, Mo radiation
(MKa =0.71073 A), range 2.0 < 20 < 15.0° for £h+k=+/and 15.0 <26 <
40.0° for +h-k=k/), 6446 reflections (5101 unique, R, = 0.026, 857 observed,
I'> 2.584(I)); corrected for anomalous dispersion, Lorentz and polarization
effects. Solution: direct methods (SHELXsS-86). Refinement: tetramethyl-
ammonium cation and aromatic rings refined as rigid idealized groups, H
atoms included as idealized contributors and remaining atoms independently
refined (SHELX). Final: difference Fourier map (range -0.40 < e/.£f< 0.42)
showed no significant features; variance between observed and calculated
structure factors showed no apparent systematic errors; agreement factors,
R =0.115 R, = 0.098, and E = 1.99. Refinement of the proposed model
was limited by the paucity of data. Recrystallization failed to improve crystal
quality, presumably due to the fluxional nature of the compound. A complete
report of the X-ray structure determination prepared by Dr. Scott Wilson of
this department is available as Supplementary Material to this paper.

(8) Fritchie, C. J., Jr.; Acta Crystallogr. 1966, 20,27. L’'Abbe, G.; Toppet,
S.; Van Stappen, P.; Bieri, J. H.; Prewo, R. Bull. Soc. Chim. Belg. 1983, 92,
915. Noland, W. E.; Kameswaran, V. J. Org. Chem. 1981, 46, 1318. Dreissig,
W.; Luger, P.; Rewicki, D.; Tuchscherer, C. Cryst. Struct. Commun. 1973,
2,197.
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Figure 2. Structure of boratanorcaradiene 2 determined by X-ray
crystallography of its tetramethylammonium (not shown) salt. Key bond
lengths and angles: B,—C,, 1.60 (5); C,—C,, 1.58 (5); C,—C3, 1.45 (5);
C3—Cy, 140 (5); C4~Cs, 1.46 (5) A, £C,B,C;, 60(2); £B,C,C,, 59(2)°.

NMR spectrum of the reaction mixture immediately after irra-
diation® is consistent with the formation of three di-w-borate!®
rearrangement products, two (1 and 3) formed by coupling of the
biphenylyl and phenyl groups (eq 1, path a), the other (4) from
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2

the coupling of two phenyl groups (path b). Both 3 and 4 seem
to have !B chemical shift of —=27.2. A series of thermal sigma-
tropic rearrangements apparently converts 3 to 1 (k = 1.0 X 107
s71, 30 °C). These findings are entirely consistent with our previous
analyses of the photochemistry of tetraphenylborate!! and sty-
ryltriphenylborate!? and with the related work of Grisdale and
co-workers,'3 but they abrogate the claim!“ that irradiation of
tetrarylborates leads to hypovalent borenes.

The temperature dependence of the 'H NMR spectrum of 1
is specially revealing when considered in relation to similar studies
of the conversion of norcaradienes to cycloheptatrienes.'* Analysis
of these spectra shows that at room temperature a rearrangement
exchanges the two phenyl groups bound to boron without the
concomitant exchange of the bridgehead or vinyl protons. These
observations probably signal ring opening of 1 to 1,1,3,6-tetra-
phenylboratepine (5), “boat-boat” interconversion, and reclosure
to 1, eq 2. Calculations from the observed coalescence temperature

(9) In addition to the peaks for I, this spectrum shows the following: 3,
8547 (d,J =6 Hz), 6.23 (dd, J; = 6 Hz, J, = 9 Hz), 4.99 (dd, J, = 6 Hz,
J, =9 Hz); 4,48 541 (d, J, = 6 Hz), 6.23 (dd, J, = 6 Hz, J, = 9 Hz), 4.99
(dd, J, = 6 Hz, J, = 9 Hz).

(10) Named by analogy to the well known di-=-methane reaction. Zim-
merman, H. E. Rearrangements in Ground and Excited States; de Mayo, P,
Ed.; Academic Press: NY, 1980; Vol. 3, p 131.

(11) Wilkey, J. D.; Schuster, G. B. J. Org. Chem. 1987, 52, 2117.

(12) Kropp, M.; Bhamidapaty, K.; Schuster, G. B. J. Am. Chem. Soc.
1988, /10, 6252.

(13) (a) Williams, J. L. R.; Doty, J. C.; Grisdale, P. J.; Searle, R.; Regan,
T. H.; Happ, G. P.; Maier, D. P. J. Am. Chem. Soc. 1967, 89, 5153. (b)
Williams, J. L. R.; Doty, J. C.; Grisdale, P. J.; Regan, T. H.; Happ, G. P,;
Maier, D. P. J. Am. Chem. Soc. 1968, 90, 53. (c) Williams, J. L. R.; Grisdale,
P. J,; Doty, J. C.; Glogowski, M. E.; Babb, B. E.; Maier, D. P. J. Organomet.
Chem. 1968, 14, 53. (d) Grisdale, P. J.; Babb, B. E.; Doty, J. C.; Regan, T.
H.; Maier, D. P.; Williams, J. L. R. J. Organomet. Chem. 1968, 14, 63. (e)
Grisdale, P. J.; Williams, J. L. R.; Glogowski, M. E.; Babb, B. E. J. Org.
Chem. 1971, 36, 544.

(14) Eisch, J. J.; Tamao, K.; Wilcsek, R. J. J. Am. Chem. Soc. 1975, 97,
895.

(15) (a) Maier, G. Angew. Chem., Int. Ed. Engl. 1967, 6, 402. (b) Mukai,
T.; Kubota, H.; Toda, T. Tetrahedron Lett. 1967, 3581. (¢) Ginther, H.
Tetrahedron Lett. 1970, 5173. (d) Hoffmann, R. Tetrahedron Lett. 1970,
2907. (e) Reich, H. J.; Ciganek, E.; Roberts, J. D. J. Am. Chem. Soc. 1970,
92, 5166. (f) Paquette, L. A.; Leichter, L. M. J. Am. Chem. Soc. 1971, 93,
5128. (g) Ciganek, E. J. Am. Chem. Soc. 1971, 93, 2207, Staley, S. W.; Fox,
M. A,; Cairncross, A. J. Am. Chem. Soc. 1977, 99, 4524.
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(=20 °C, 500 MHz) reveal that § must be less than ca. 10
kcal/mol higher energy than 1.
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The electronic structure of 1 is unusual. In particular, its strong
absorption in the visible region is unexpected by analogy with
related norcaradienes'® and by comparison with trans-1,1,2,3-
tetraphenylboratirane (Apg = 280 nm).!? The 510-nm absorption
of 1 therefore must be due to interaction of the strained three-
membered borate ring with the diene chromophore. Some insight
into this interaction comes from molecular orbital calculation
(Gaussian 86, 3-21G basis set)!¢ on parent boratanorcaradiene
(C4H;B"). Its HOMO is formed from combination of the diene
¥, with the appropriate Walsh-like!” orbital of the borate ring.
For comparison, the HOMO of norcaradiene, calculated at the
same level of approximation, has the same nodal properties but
is much lower in energy. Clearly, the “excess” electronic charge
that results from replacement of a neutral carbon by a negative
borate group alters properties profoundly. We are continuing to
explore the extent of this perturbation.
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(16) The calculations were performed at the National Center for Super-
computing Applications at the University of Illinois. GAUSSIAN 86; Frisch, M.
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R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing, C. M.; Kahn, L. R;
Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; Fleuder, E. M.; Topiol,
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The formation of supramolecular assemblies of monolayers,
bilayers, and/or multilayers is of considerable interest. Monolayers
and multilayers are frequently prepared by Langmuir-Blodgett
techniques. Recently Kunitake and co-workers introduced an
alternative approach to ordered multilayers.!”> The molecular
ordering present in bilayers was transformed to macroscopic
ordering in multilayer films by the casting of aqueous dispersions
of bilayers onto solid supports.

It is well known that the topotactic photopolymerization of
diacetylenes is acutely sensitive to the molecular order of crystals
and supramolecular assemblies. Monolayers of diacetylenic fatty

(1) Nakashima, N.; Ando, R.; Kunitake, T. Chem. Lett. 1983, 1577-1580.

(2) Higashi, N.; Kunitake, T. Polym. J. 1984, 16, 583-585.

(3) Kunitake, T.; Shimomura, M.; Kajiyama, T.; Harada, A.; Okuyama,
K.; Takayanagi, M. Thin Solid Films 1984, 121, L89-191.

(4) Nakashima, N.; Kunitake, M.; Kunitake, T. Macromolecules 1985, 18,
1515-1516.

(5) Ishikawa, Y.; Kunitake, T. J. Am. Chem. Soc. 1986, 108, 8300-8302.
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Figure 1. Absorption spectra of a cast multibilayer film of 1. The spectra

were recorded after exposure to 254 nm light for the following times:
curve 1,05s;2,10s; 3,30s;4,60s;5,120s; and 6, 180 s.

acids are polymerizable only in close packed solid-like monolay-
ers.%”  Bilayer membranes of lipid diacetylenes are neither
photopolymerizable above the lipid phase transition temperature
(T.) of the membrane® nor in small sonicated vesicles where the
lipid chain packing is disordered by the sharp radius of curvature
of the membrane.® The stringent requirements for efficient
photopolymerization of diacetylenes provide an excellent test of
the ordering in cast multilayer films.
We describe here a new diacetylenic lipid (1) based on a glu-
- +
Br  EigN—(CHa)s_ c/NH~ &4 COz—(CHlg— CEC—CEC— (CHz)g—CHy
]
g CHe
CH2, 0 0y (CHglg— CE= CCE C— (CHole—CHa

1

tamate backbone, the formation of cast multilayers from bilayers
of pure 1, and the successful photopolymerization of the multi-
layers to yield free standing polydiacetylene (PDA) films. The
rigid, all-conjugated polymer structure renders most PDAs in-
soluble. Therefore the preparation of films of PDA heretofore
has been accomplished only from a few chloroform soluble PDA
(i.e., poly-3BCMU, poly-4BCMU)!° or from amphiphilic di-
acetylenes via L-B techniques.!!?

Lipid 1 was synthesized (detailed procedure will be described
elsewhere) by condensation of N-CBz-L-glutamic acid and do-
cosa-10,12-diyn-1-ol, removal of the protecting group with io-
dotrimethylsilane, reaction of the free amino group with 6-
bromohexanoyl chloride, and finally amination with triethyl-
amine.B3

Bilayer membrane vesicles of 1 were prepared from a thin film
of 5 umol of 1, which was hydrated with 1 mL of water (Milli-Q,
Millipore Corp) and subsequently sonicated for 30 s at room

(6) Day, D.; Ringsdorf, H. J. Polym. Sci.; Polym. Lett. Ed. 1978, 16,
205-210.

(7) Hub, H. H,; Hupfer, B.; Koch, H.; Ringsdorf, H. J. Macromol. Sci.
Chem. 1981, 415, 701-715.

(8) O’Brien, D. F.; Whitesides, T. H.; Klingbiel, R. T. J. Polym. Sci,;
Polym. Lett. Ed. 1981, 19, 95-101.

(9) Lopez, E.; O’Brien, D. F.; Whitesides, T. H. J. Am. Chem. Soc. 1982,
104, 305-307.

(10) Chance, R. R.; Patel, G. N.; Witt, J. D. J. Chem. Phys. 1979, 71,
206-211.

(11) Tieke, B.; Lieser, G.; Wegner, G. J. Polym. Sci.; Polym. Lett. Ed.
1979, 17, 1631-1636.

(12) Tieke, B.; Enkelmann, V.; Kapp, H.; Lieser, G.; Wegner, G. J. Ma-
cromol. Sci. Chem. 1981, 415, 1045-1058.

(13) Compound 1 was characterized by IR, NMR, TLC, and elemental
analysis: IR (KBr) 3302, 2922, 2849, 2180, 2140, 1726, 1644, 1532, 1463
cm™'; 'TH NMR (CDCl;) 6 0.88 (t, 6 H), 1.26-1.85 (m, 75 H), 2.24 (1, 8 H),
2.53 (1,2 H), 3.55(q, 8 H), 4.04 (1, 2 H), 4.06 (1, 2 H), 4.45 (m, 1 H), 7.92
(d, 1 H). Anal. Calcd for C4HosN,OsBr: C, 71.41; H, 10.24; N, 2.73.
Found: C,71.64; H, 10.77; N, 2.74. Mp: t, 35 °C, t; 85 °C (thermotropic
liquid crystalline behavior observed at this temperature range on a hot-stage
polarizing microscope).
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