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Table I. Effect of Sensitizer on Product Distribution of
2,3-Diphenylindene

product, %

run solvent sensitizer 1a 2a 5a
1 acetone eosin B 884
2 acetone RB? 93c.d
3 methanol RB® 55¢c.e
4 acetone ZnTPP/f 832
5 Freon-11 TPP 77¢
6 acetone ZnPc# 80 20k
7 acetone-dg MB! 100/
8 acetone-ds HP* 5 39 45!
9 methanol- TPP 99a.m

acetone (3:7)

4 Yield determined by LC. » Rose bengal. ¢ Isolated yield. 4 Ref-
erence 3. ¢ Reference 2. /Zinc tetraphenylporphine. # Zinc
phthalocyanine-tetrakis-N-alkylsulfonamide. * Ratio by NMR.
! Methylene blue chloride. / Only product in NMR. The exact yield
was not determined. ¥ Hematoporphyrin. ! Yield by NMR relative
to an internal standard. ™ As diketone, after pyrolysis.

ditions. Since the suggested intermediate 3 may either rear-
range or add a second 'Q; molecule, conditions leading to a
high steady state 'O, concentration would be expected to trap
3 more effectively and increase the amount of § relative to 2.
Thus, high lamp intensity promotes the formation of Sover 1
and 2. Similarly, the solvents Freon-11 and acetone-dg also
favor the formation of 8. In these solvents, 1O, has an unusually
long lifetime,®® and would thus have a high relative steady-
state concentration.

The effect of dye is less certain. One effect would certainly
be on the efficiency of light absorption and of 1O, production;
another might be to catalyze the rearrangement of triene en-
doperoxide 3 to 4.!® However, no explanation has yet been
developed that is completely satisfactory.

The conditions employed in the preparation of 5a were ap-
plied to the preparation of other diendoperoxides. The fol-
lowing have been isolated (recrystallized yield in parentheses):
5a (77%), 5b (82%), and 5c (62%) from photooxidation in
Freon-11, acetone-ds, and Freon-11, respectively.® For com-
parison, Rose Bengal in acetone at —78 °C gave diepoxyen-
doperoxides 2a (93%) and 2b (78%) as the photooxidation
products.?

The applicability of these reactions to a nonindene system
was tested on zrans-stilbene. The diendoperoxide was formed
in high yield, and an effect of reaction conditions as profound
as with the indenes was found. Matsumoto had previously re-
ported the preparation of trans-stilbene diendoperoxide (6).4!!
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Under the reported conditions,!! at room temperature in CCly
using TPP as the sensitizer, the yield of 6 was 16% based on
reacted starting material. The other major product, benzal-
dehyde, was produced in 80% yield. However, at =78 °C in
acetone-dg using TPP, 6 was produced in 76% yield (by LC
analysis). Compound 6 was the only product detected in the
NMR. Neither benzaldehyde nor its likely precursor, dioxe-
tane 7,!2 was present. Further, the reaction was much more
rapid at —78 °C than at room temperature, as was reported
for the indenes.? Dye bleaching was a problem, however, with
TPP and, to a lesser extent, with Rose Bengal. The analogues
of 2 were not formed from stilbene under any conditions in-
vestigated. The kinetics and mechanism of these reactions are
under current investigation.
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Spectroscopic Studies on Small Aggregates of
Amphipathic Molecules in Aqueous Solution
Sir:

Recently we described the fluorescence quenching of several

cationic pyrenyl derivatives (1-n where n = methylene chain
length) by the surfactant nitroxyl radical 2 (Q) in aqueous
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solution over a concentration range below and above the critical
micelle concentration (cmc = 4.6 X 10~4 M) of the latter.! At
a total quencher concentration of [Qt] < cmc, there is negli-
gible diffusional quenching (®o/® < 1.1) of 1-1 and 1-5 in
contrast to the moderate static quenching ($o/P < 5) of 1-11.2
The latter result shows the tendency of amphipathic materials
to associate into premicellar aggregates in aqueous solution.
We now report observations on this important, but relatively
unexplored, phenomenon using fluorophor 3 (F).
Fluorescence Quenching of Sodium 5-(1-Pyrenyl)pentanoate
(3). The Stern-Volmer plot of the fluorescence quenching of
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Table I. Correlation of ESR Spin Intensity Data with Fluorescence Quenching Data for Several Candidate Aggregate Structures

[Q1] X . [Qa] X predicted range© in $o/P for F,,,Q,¢
105M¢@ % spin loss 10° M? F2Q; FQ, F2Q; F3Q4 F3Qs (Po/P)obsa®
20 922 1.80-1.88 2.50-2.68 1.43-1.46 1.67-1.72 1.81-1.89 1.56-1.60 1.59
3.0 89 %2 2.61-1.73 7.69-11.1 1.77-1.84 2.38-2.54 2.94-3.16 2.09-2.20 2.64
4.0 88 +2 3.44-3.60 f 2.34-2.50 4.25-5.00 7.14-10.0 3.21-3.57 5.90
5.0 77 x2 3.75-3.85 f 2.67-2.93 6.00-8.10 15.8-27.3 4.00-4.76 10.2
6.0 68 +2 3.96-4.20 f 2.94-3.33 8.33-15.0 S 431-6.25 17.2
7.0 62+2 4.20-4.48 f 3.33-3.95 15.0-225 f 6.25-9.62 26.9

a Total concentration of surfactant nitroxyl radical 2. All were at [F1] = 3.0 X 1075 M. ¢ Concentration of 2 in F,,,Q,, aggregate structures
based on [Qt] — [Q] = [Q.]. ¢ (;alculated from the relationships ®o/® = [Fr]/[F] = {[Frl/([F1] — m[FmQ.]} = {[F1]/([F1] -
m{Q,}/n)}. 4 Charges and counterions have been omitted from these structures. ¢ From steady-state fluorescence quenching experiment.

/ All fluorophor is in aggregate.
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Figure 1. Fluorescence quenching of F at [Fr] = 3.0 X 10~5 M by Q under
nondegassed conditions at pH 8.0. The data were corrected for small
changes in absorbance with added Q (<10%) at the excitation wavelength
(313 nm). Emission was monitored at 395 nm,
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Figure 2. Left: absorption spectra of F at [Fr] = 3.0 X 103 M at [CTAC]
=(1)0,(2) 2.5X 1075, (3) 5.0 X 1075, (4) (0.5-3.0) X 1073, (5) 4.0 X
103 M. Right: monomer (M) and excimer (E) fluorescences from F at
[Fr] = 3.0 X 1075 M at the [CTAC]s given above; at the excitation
wavelength of 335 nm, the absorbance change with added CTAC was
<10%. Inset: excimer fluorescence decays following pulsed nitrogen laser
excitation (337 nm) of nondegassed aqueous solutions of [Fr] = 3.0 X 10~3
M in the presence of (A) [CTAC] = 5.0 X 10~ M and (B) [CTAC] =
5.0 X 10~3 M. Excimer fluorescence was monitored at 500 nm. All were
at pH 8.0.

an aqueous solution of total fluorophor concentration [Fr} =
3.0 X 10=3 M by Q is shown in Figure 1. Note that very effi-
cient quenching is observed at [Q1] « cme. A static mecha-
nism is implied by the invariant fluorescence lifetime (¢ = 101
+ 2 ns) between 0 < [Q7] £ 1.0 X 10-4 M.4

Electronic Absorption Spectroscopy. The electronic ab-
sorption spectra of F in the absence and presence of Q provide
direct evidence for ground-state association. As Q is added, the
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Figure 3. Upper: ESR spectrum of the low-field line of Q at [Qr] = 5.0
X 103 M in the presence [Fr] as indicated. Lower: spin intensity profiles
for the low-field line in the absence (A) and presence (B) of [F] = 3.0
X 103 M. Inset: intensity loss profile as given by curve A - curve B. All
were at pH 8.0.

absorption intensities at the maxima in the original spectrum
decrease with some band broadening toward the red. At and
above [Q1] = 4 X 107° M, new, red-shifted maxima appear
with bands somewhat broader than in the original spectrum.
Distinct isosbestic points are not observed, suggesting that
these spectral changes are not due to a single, new absorbing
species.

Observations with Cetyltrimethylammonium Chloride
(CTAC). Similar absorption spectral changes are observed
when cetyltrimethylammonium chloride is added to an aqueous
solution of [Fr] = 3.0 X 10~5 M (Figure 2, left). Emission
studies on these fluorescent mixed aggregates reveal the
characteristic pyrene excimer fluorescence® at [CTAC] 2 2
X 10~3 M which correlates with the onset of changes in the
absorption specta. The excimer fluorescence dominates the
emission spectrum between 1 X 107* M < [CTAC] =5 X
10— M (Figure 2, right) and thereafter it rapidly decreases
as F is dispersed among the increasing CTAC micelles (cmc
= 4.0 X 1072 M®). Transient measurements show that the
pyrene monomer lifetime does not change with added CTAC
up to the ecmc (7; = 96 ns). Interestingly, while the pyrene
excimer fluorescence shows no measurable rise time at
[CTAC] < cmg, it shows a clear rise time of ~25 ns at and
above the cme (Figure 2, inset).

The [Fr] in these experiments precludes diffusive encounter
of F* and F so that excimer formation must be a static mech-
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anism(s). At [CTAC] < c¢mc, we suggest that mixed aggre-
gates of F and CTAC are formed with the monomer and ex-
cimer fluorescences arising from different aggregates of the
general formulas F[CTAC], and F,,,[CTAC], (m = 2), re-
spectively. The negligible rise time of the excimer fluorescence
may mean that the aggregates F,,[CTAC], are small.” The
development of a rise time (which means a decrease in the
encounter frequency between F* and F) after micellization
probably reflects the larger volume available to F* and F in
the CTAC micelle compared with the premicellar aggre-
gates.

The persistence of excimer fluorescence (and the aggregates
F,.[CTAC],) below the cmc at high [CTAC}/[Fr] is sur-
prising since we expected that F would be dispersed and iso-
lated through the aggregates F[CTAC],. However, the
prevalence of the structures F,,[CTAC], is consistent with the
results of an ESR study on the aggregates F,,,Q,,.

ESR Experiment. The three-line (an = 16.9 G, line width
1.7 G) ESR spectrum of Q! shows loss of signal intensity with
added F as illustrated in Figure 3, upper.!® We assign the “lost”
intensity in the narrow line spectrum to mixed aggregates
F,,Qn (n 2 2) in which the ESR spectrum of Q is severely
broadened because of spin exchange.!! The observed narrow
line spin intensity, by this reasoning, arises only from mono-
meric Q (Q or F,,Q).

Figure 3, lower, is a spin intensity profile for Q in the absence
(curve A'2) and presence (curve B) of F (3.0 X 1075 M). A
replot of the data as a spin intensity loss profile (curve A —
curve B = curve C) reveals that the intensity loss levels off near
[Qt] = 4.5 X 10™5 M. Eventually, the monomer spin intensity
profiles (A and B) reach a plateau at [Q1] = cmc, coincident
with the appearance of a severely broadened (~15 G) single-
line ESR spectrum due to micellized Q.!

We assign the point of discontinuity in curve C as the satu-
ration limit where all F (3.0 X 1075 M) is aggregated as F,,,Q,,
(n = 2). This point in curve C {[Qt] = 4.5 X 10~3 M) indicates
that F and Q are incorporated into the mixed aggregates re-
sponsible for the ESR spin intensity loss in the ratio F/Q ~ 0.7
with several candidate structures being FQ,, F2Q,, F2Qs,
F3Q4, and F3Qs as well as their multiples such as F,Q..

The ESR spin loss data can be used to predict the fluores-
cence quenching data for the above candidate structures.!3 The
concentrations of the uncomplexed and aggregated Q ([Q] and
[Qa], respectively) can be calculated directly from the spin
intensity data. Inturn, [F] and [F,] are derived from [Q,], the
composition of the candidate aggregate, and [Fy]. The values
of (Po/ P)preq are shown in Table I.

Note that the calculated [F] and [F,] are very sensitive to
the values of the percent spin loss for the higher [Q+]s which
accounts for the wide range in those (®o/®)yreq. With this in
mind, it seems that a reasonable correlation is obtained only
for the composition F5Q;. Further, this composition (F/Q =
0.66) agrees exactly with the graphically observed saturation
limit in curve C.

The following conclusions can be drawn. The spectroscopic
observations on the above systems indicate that amphipathic
compounds of opposite charge efficiently, and to some extent
specifically, aggregate in very dilute aqueous solution. We
suspect that the relative hydrophobic contents of the compo-
nents may be important in determining the compositions of the
dominant aggregates. Despite the analysis leading to F,Q3, we
do not believe that only a single aggregate structure is formed
in that system as noted by the absence of isosbestic points in
the electronic absorption spectra. Rather, we believe that an
ensemble of aggregates is formed in which F»Qjs is highly fa-
vored.'* Finally, these results suggest experimental approaches
for studying the association of amphipathic materials with
possible application to biological systems'3 and the design of
efficient systems for solar energy utilization.

0002-7863/79/1501-6761$01.00/0

6761

References and Notes

(1) S. S. Atik, C. L. Kwan, and L. A. Singer, J. Am. Chem. Soc., 101, 5696
(1979).

(2) "Diffusional quenching” is by collisional or diffusion-controlled encounter
of the excited fluorophor and quencher while "static quenching” involves
fluorphors and quenchers positioned within effective interaction distance
in the ground state. Fluorescence quenching by nitroxyl radicals has been
ihgwn to be diffusion limited with an interaction distance of ¢ ~ 5-6

(3) J. A. Green, 1l, L. A. Singer, and J. H. Parks, J. Chem. Phys., 58, 2690
(1973).

(4) For diffusional quenching, the fluorescence lifetimes should follow the
relationship Tesss™' = 71 ' + kq[Qr] Where Topsq and 7 are the lifetimes
in the presence and absence of Q.

(5) J. B. Birks, "Photophysics of Aromatic Molecules,” Wiley-Interscience,
New York, 1979, p 301.

(6) C. L. Kwan, S. Atik, and L. A. Singer, J. Am. Chem. Soc., 100, 4783
(1978).

(7) A negligible rise time also would be predicted for structures of micelle size
where m =~ n. However, we would expect that these mixed micelles would
have decreasing m and increasing nas [CTAC] was increased leading to
a gradual increase in excimer fluorescence rise time rather than a sudden
onset at the cmc as is observed. We® and others® have observed arise time
for pyrene excimer fluorescence in ionic micelles.

(8) S. S. Atik and L. A. Singer, submitted to Chem. Phys. Lett.

(9) P.P. Infelta and M. Gratzel, J. Chem. Phys., 70, 179 (1979).

(10) Precipitation is not observed over the concentration range of this experiment
s0 that the ESR spin intensity loss is due to changes involving solubilized
materials.

(11) The ESR spectral features expected for randomly oriented nitroxyl radical
moieties in F,Q, are different from those of rigid nitroxyl biradical systems.
For example, see J. Michon and A. Rassat, J. Am. Chem. Soc., 101, 995
(1979), and references therein.

(12) We previously noted and commented on the less than theoretical intensity
observed in the ESR spectra of very dilute (<2.0 X 10~5 M) aqueous so-
lutions of Q. Since the ESR data at [Qy] = 1.0 X 10™% Mare not used in
the following analyses, this observation does not jeopardize the conclusions
below.

(13) The analysis that follows assumes that aggregates of the general compo-
sition F,,Q are relatively unimportant. Such structures would contribute
to fluorescence quenching but not to the ESR spin intensity loss.

(14) The analyses leading to the results in Table | also indicate that for the overall
equilibrium 2F + 3Q = F,Qs, K~ 3 X 102" M~% which illustrates the re-
markable stability of these aggregates.

(15) A possible example of a highly specific aggregation of biological molecules
is the association of lecithin and sodium cholate as described by D. G.
Dervichian, Adv. Chem. Ser., No. 84 (1968).

Samir S. Atik, Lawrence A, Singer*
Department of Chemistry
University of Southern California
Los Angeles, California 90007
Received July 2, 1979

Farnesyl Pyrophosphate Synthetase.

Mechanistic Studies of the 1’-4 Coupling Reaction
in the Terpene Biosynthetic Pathway

Sir:

The 1'-4 condensation between isopentenyl pyrophosphate
(isopentenyl-PP) and an allylic pyrophosphate is the key
building reaction in the terpene biosynthetic pathway. The
rcaction was discovered in the late 1950s, and its mechanism
has been the subject of considerable speculation.! An elec-
trophilic condensation between C(1) of the allylic substrate
and C(4) of isopentenyl-PP was proposed initially.2 This
mechanism was subsequently supplanted by another (Scheme
1) thought to be more compatible with the stereochemistry of
the reaction in which displacement of pyrophosphate and
formation of the carbon-carbon bond were assisted by a
nucleophilic group (X) located in the active site of the enzyme.
The reaction was completed by elimination of the X group to
generate a new C(2)-C(3) double bond .3 Although a nucleo-
philic displacement was preferred for the condensation step,
the “X-group” mechanism, when taken in the broadest context,
is compatible with a nucleophilic or an electrophilic process.
Recently we ruled out the former possibility using fluorinated
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