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anism(s). At [CTAC] < cmc, 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 Fm[CTAC]„ (m > 2), re­
spectively. The negligible rise time of the excimer fluorescence 
may mean that the aggregates F1n[CTAC]n are small.7 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 
Fm [CTAC]n) below the cmc at high [CTAC]/[F7] 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 Fm[CTAC]„ is consistent with the 
results of an ESR study on the aggregates FmQ„. 

ESR Experiment. The three-line (ON = 16.9 G, line width 
1.7 G) ESR spectrum of Q1 shows loss of signal intensity with 
added F as illustrated in Figure 3, upper.10 We assign the "lost" 
intensity in the narrow line spectrum to mixed aggregates 
FmQ« (n ^ 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 FWQ). 

Figure 3, lower, is a spin intensity profile for Q in the absence 
(curve A12) and presence (curve B) of F (3.0 X 10-5 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 [Qj] = cmc, coincident 
with the appearance of a severely broadened (~15 G) single-
line ESR spectrum due to micellized Q.1 

We assign the point of discontinuity in curve C as the satu­
ration limit where all F (3.0 X 10-5 M) is aggregated as FmQ„ 
(K > 2). This point in curve C ([Q7] = 4.5 X 10~5 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 FQ2, F2Q2, F2Q3, 
F3Q4, and F3Q5 as well as their multiples such as F2Q4. 

The ESR spin loss data can be used to predict the fluores­
cence quenching data for the above candidate structures.13 The 
concentrations of the uncomplexed and aggregated Q ([Q] and 
[Qa], respectively) can be calculated directly from the spin 
intensity data. In turn, [F] and [Fa] are derived from [Qa],the 
composition of the candidate aggregate, and [F7]. The values 
of ($o/^)pred are shown in Table I. 

Note that the calculated [F] and [Fa] are very sensitive to 
the values of the percent spin loss for the higher [Q7]s which 
accounts for the wide range in those (^V^Opred' With this in 
mind, it seems that a reasonable correlation is obtained only 
for the composition F2Q3. 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 F2Q3, 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 F2Q3 is highly fa­
vored.14 Finally, these results suggest experimental approaches 
for studying the association of amphipathic materials with 
possible application to biological systems15 and the design of 
efficient systems for solar energy utilization. 
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Farnesyl Pyrophosphate Synthetase. 
Mechanistic Studies of the l'-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 
reaction was discovered in the late 1950s, and its mechanism 
has been the subject of considerable speculation.1 An elec-
trophilic condensation between C(I) of the allylic substrate 
and C(4) of isopentenyl-PP was proposed initially.2 This 
mechanism was subsequently supplanted by another (Scheme 
I) 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 

0002-7863/79/1501 -6761 $01.00/0 © 1979 American Chemical Society 



6762 Journal of the American Chemical Society / 101:22 / October 24, 1979 

Scheme I. X-Group Mechanism for l ' -4 Condensation 
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analogues of the allylic substrate,4 and obtained evidence which 
suggests that ionization of the allylic substrate precedes for­
mation of a carbon-carbon bond between the two substrates. 
However, it was still possible that the developing positive 
charge generated at C(3) of the isopentenyl moiety during 
electrophilic alkylation of the double bond was stabilized by 
covalent attachment of an X group. Since the final step of this 
mechanism requires elimination of a proton from C(2) and X 
from C(3) to generate the new double bond, we reasoned that 
it would be possible to trap a covalent X-group complex by 
replacing hydrogen at C(2) of isopentenyl-PP by fluorine. With 
fluorine in the site normally occupied by the proton which is 
eliminated (Scheme I), decomposition of the complex to give 
normal products would be thwarted. We now report experi­
ments with two analogues, 2-fluoroisopentenyl-PP and 2,2-
difluoroisopentenyl-PP, which bear on the question of X-group 
participation in the l'-4 coupling. 

2-Fluoroisopentenol7 was prepared from ethyl bromofluo-
roacetate following the route outlined by Machleidt and 
Wessendorf8 (Scheme II), and the pyrophosphate was obtained 
using the procedure reported by Donninger and Popjak.9 

2,2-Difluoroisopentenol10 was obtained from ethyl bromodi-
fluoroacetate by a similar sequence except that distillation 
from phosphorus pentoxide was required for the elimination 
step. [l-3H]-2-Fluoroisopentenyl-PP (20 Ci/mol) and [1-
3H]-2,2-difluoroisopentenyl-PP (20 Ci/mol) were synthesized 
by reduction of the corresponding esters with lithium alumi­
num triteride and direct pyrophosphorylation using the Cramer 
procedure.1' 

Incubation of avian liver farnesyl-PP synthetase1 (SA 2 
/xmol min-1 mg-1) with isopentenyl-PP and geranyl-PP in the 
presence of 2-fluoroisopentenyl-PP (1) or 2,2-difluoroiso-
pentenyl-PP (2) resulted in inhibition of the l'-4 condensa­
tion.12 Lineweaver-Burke analysis of the initial velocities using 
the computer techniques developed by Cleland14 gave non­
competitive patterns15 for both analogues when isopentenyl-PP 
was the varied substrate: Kis

l = 0.46 ± 0.04,13 Ka1 = 16 ± 3,13 

A"is
2 = 30 ± 5, Ka2 = 57 ± 8 (iM. However, all attempts to 

uncover an irreversible component for the inhibition failed. A 
0.01 /xM solution of enzyme in buffer12 containing 0.5 ixM 
geranyl-PP as a control was incubated in parallel with two 
samples, one with added [1-3H]-2-fluoroisopentenyl-PP (0.8 
fiM, 20 Ci/mol) and another with added [l-3H]-2,2-difluo-
roisopentenyl-PP (0.8 (iM, 20 Ci/mol). Periodically, samples 
were diluted into buffer and assayed in the standard way after 
adding [l-14C]-isopentenyl-PP (10 Ci/mol) and geranyl-PP. 
Although the activity of the enzyme slowly decayed (~75% 
of the original activity remained after 73 h), the rate of loss was 
similar for all three incubations.16 In another set of experi­
ments, seven tubes, each containing enzyme (6.5 izM, SA 2.5 
iimol min"1 mg -1), and the following substrates were incu­
bated for 8 days at 37 0C: tube 1, [l-3H]-geranyl-PP (367 iiM, 
4.7 Ci/mol); tube 2, [1-3H]-geranyl-PP (367 (M, 4.7 Ci/mol) 

Scheme II. Synthesis of 2-Fluoroisopentenol 
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and 2-fluoroisopentenyl-PP (350 (iM); tube 3, geranyl-PP (350 
iiM) and [l-3H]-2-fluoroisopentenyl-PP (430 (iM, 20 Ci/ 
mol); tube 4, [1-3H]-2-fluoroisopentenyl-PP (430 (iM, 20 
Ci/mol); tube 5 [l-3H]-geranyl-PP (367 (M, 4.7 Ci/mol) and 
2,2-difluoroisopentenyl-PP (815 izM); tube 6, [l-3H]-2,2-
difluoroisopentenyl-PP (450 iiM, 20 Ci/mol); and tube 7, 
geranyl-PP (350 ixM) and [l-3H]-2,2-difluoroisopentenyl-PP 
(450 itM, 20 Ci/mol). At the end of the incubation, blue 
dextran was added to each tube, and the contents were chro-
matographed on a 1.5 X 100 cm Sephadex G-25 column eluted 
with deionized water. In each instance the blue dextran-en-
zyme fraction17 eluted first followed by the substrates. A small 
portion of the radioactivity was found in the enzyme-containing 
fractions. In the tubes containing [l-3H]-geranyl-PP (1, 2, 5), 
a small radioactive peak, which corresponded to alkylation of 
0.4-1.1% of the available active sites, comigrated with the 
enzyme. However, this peak does not represent the X-group-
bound complex since it formed in the absence of isopentenyl 
analogues (tube 1), and similar peaks were not observed for 
labeled isopentenyl analogues (tubes 3, 4, 6, 7).18 

In a separate set of experiments designed to look for an 
X-group intermediate not bound to the enzyme, 2,2-difluo­
roisopentenyl-PP (350 iiM, 20 Ci/mol) was incubated at 37 
0C with 8 X 10"2 mg of enzyme (SA 2 iimol min-1 mg-1) in 
1 mL of buffer containing 2.2 mM geranyl-PP for 3 days, 
during which time the enzyme retained >90% of its original 
activity. The reaction was terminated upon addition of 100 iiL 
of 1 M lysine buffer, pH 10.4, followed by heating at 80 0C for 
30 min. After an additional incubation with calf mucosa al­
kaline phosphatase (10 mg) at 37 0C for 12 h, the sample was 
extracted with pentane and the extracts were chromatographed 
using reverse-phase silica gel-60 plates (55:45 acetone-water). 
All of the radioactivity comigrated with an isopentenol marker 
(Rf 0.83), and the C, 5 region (Rf 0.2-0.4) was devoid of ac­
tivity. In contrast, a similar experiment with [l-3H]-2-fluo-
roisopentenyl-PP yielded a single new product which comi­
grated with farnesol (Rf 0.24). The structure of the new 
product obtained from large-scale incubations was established 
as 2-fluorofarnesol by comparing NMR and mass spectra of 
the corresponding benzoate derivative19 with those of an au­
thentic sample.20 The fluoro analogue was almost as reactive 
as isopentenyl-PP in the condensation reaction with an initial 
rate ratio of 0.24. However, deviations from linearity were 
noticed at much lower conversions of 2-fluoroisopentenyl-PP, 
and its conversion into 2-fluorofarnesyl-PP only approached 
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50% even upon prolonged incubation in the presence of excess 
geranyl-PP. Since farnesyl pyrophosphate synthetase catalyzes 
the stereospecific removal of the pro-R proton at C(2) of iso-
pentenyl-PP during l'-4 coupling,1 it is logical that only 
(5')-2-fluoroisopentenyl-PP is a substrate for l'-4 condensa­
tion,21 although this point has not been proved. 

Experiments with 2-fluoro- and 2,2-difluoroisopentenyl-PP 
failed to uncover any evidence for X-group involvement. Given 
the sensitivity with which radioisotopes can be detected and 
the remarkable stability of the enzyme upon prolonged incu­
bation, the frequency of a chemical event that leads to irre­
versible inhibition or formation of an X-group bound product 
not covalently attached to the enzyme relative to the normal 
reaction under similar conditions must be <10 -5. It is unlikely 
that the inability of the fluoro analogues to function as affinity 
labels can be attributed to poor binding, since both are good 
inhibitors.22 It is also unlikely that fluorine has deactivated the 
double bond to the point where the electrophilically initiated 
addition of the allylic moiety and X is no longer possible, at 
least in the 2-fluoro system where the rate of l'-4 condensation 
is depressed by only a factor of 4 relative to that for isopen-
tenyl-PP. The simplest explanation for our results is that the 
1 '-4 condensation does not involve covalent attachment of a 
nucleophile at C(3) of the isopentenyl moiety,23 and we suggest 
that the X-group mechanism24 be retired until direct support 
is found.25 
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Thermal Interconversion of Naphthobarrelene- and 
Naphthosemibullvalene-like Compounds. Ground-State 
Counterpart of a Di-7r-methane Photorearrangement 

Sir: 

We have recently reported that 8-benzoyl-9-deuteriobicy-
clo[3.2.2]nona[£fe]naphthalene (la) rearranges quantitatively 
to the tricyclo[4.3.0.02'9]nona[de]naphthalenes 2a-c in reg-
ioselective di-7r-methane-type photoreactions (Scheme I).1 

While 2b and 2c could possibly have been formed in concerted 
[n2 + „2 + ,rl0(or 2)] processes, 2a is not accessible by any 
photochemically allowed concerted path, and evidence was 
presented that indeed at least one biradical intermediate in­
tervenes in the photorearrangement of la.1 

Compounds 1 and 2 have now been found to interconvert 
thermally in the dark (Scheme II). The transformation 1 —* 
2 is the first example of a ground-state counterpart of a di-
7r-methane photorearrangement.'~3 The interconversion 1 *± 
2 combines reaction paths which result in regioselective 
product formation competing with positional interchanges of 
the deuterium-labeled carbon atoms. The observed regiose-

Scheme I. Photorearrangement of la to 2a-c 
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