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of many of this type, is shown in Figure 18. The reactions 
can also lead to  completely stereospecific introduction of 
deuterium into “allylic” and other positions (Birch and 
Thompson, 1973). This could be useful for introducing la- 
beling which is stereospecifically needed in a terpene de- 
rivative. 

To  close on a completely terpenoid note, a-phellan- 
drene, which is the first natural substance I ever exam- 
ined (Birch, 1937), produces the two stereosiomeric com- 
plexes, which are shown in Figure 19 (Birch and Thomp- 
son, 1973), without racemization. The action of acid, as in 
all such cases, results in equilibration to the thermody- 
namically more stable isomer, in this instance with a 2- 
isopropyl group. Removal of iron by the use of cupric 
chloride (Birch and Chauncy, 1973) regenerates cu-phel- 
landrene or 1ea.ds to the new diene shown from the appro- 
priate complex, 

Since only cisoid dienes can complex with Fe(C0)3, and 
since double bond migrations occur during complexing, 
the process offers opportunities to obtain finally thermo- 
dynamically less stable from the more stable transoid 
diene structures. 
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Model Studies in Terpene Biosynthesis 

C. Dale Poulter 

The carbonium ion rearrangements which are 
thought to lead from the cyclopropylcarbinyl py- 
rophos,phates, presqualene and prephytoene pyro- 
phosphate, to head-to-head terpenes are dis- 
cussed. Ten carbon model compounds were used 
for solvolysis studies. Hydrolysis of N-methyl-4- 
(chrysanthemy1oxy)pyridinium iodide gave art - 
emisia triene, santolina triene, yomogi alcohol, 
santolina alcohol, artemisia alcohol, chrysanthe- 
mol, trans-2,7-dimethy1-3,6-octadien-2-01, 2,7-  
dimetliyl-2,6-octadien-4-ol, and trans-2,7-di- 
methyl-4,5-octadien-2-01. Hydrolysis of trans- 

2,2 -dimethyl -3 - ( 2’ -met  hylpropenyl)cyclobutyl 
tosylate and 2-[trans-2’-(2”-methylpropenyl)cy- 
clopropyl]propan-2-y1 p-nitrobenzoate gave 2- 
[trans - 2’ - (2” - methylpropenyl)cyclopropyl]pro- 
pan-2-01, trans-2,7-dimethyl-3,6-octadien-2-ol, 
and 2,7-dimethyl-2,6-octadien-4-01. The proper- 
ties of the carbonium ion intermediates are dis- 
cussed in terms of product and stereochemical 
studies. Biosynthesis of head-to head terpenes is 
compared to the chemical results and a biosyn- 
thetic mechanism is proposed. 

It is a pleasure for me to participate in this symposium 
as a way to express my gratitude to Bill Dauben as a col- 
league and a teacher. I am sure that all of you know that 
his scientific contributions span a wide range of chemical 
problems. Inevitably all of his students are exposed in 
depth to topics in such seemingly diverse areas as natural 
products, synthesis, carbonium ions, and photochemistry. 
This was a valuable experience for which I am particular- 
ly grateful. 

~ ~ ~~ ~~ 

Department of Chemistry, University of Utah, Salt 
Lake City, Utah 84112. 

I would like to discuss the biosynthesis of a special class 
of terpenes-those in which two regular head-to-tail frag- 
ments have been joined by a head-to-head coupling. One 
example of a compound in this family is squalene, a C30 

intermediate in the biosynthetic pathway to sterols, and 
another is phytoene, a (240 compound which has been im- 
plicated in biosynthesis of carotenoids. The symmetry of 
both molecules suggests that they were formed by joining 
two identical terpenoid units. These observations have 
been verified in experiments which clearly indicate that 
biosyntheses of squalene1 and phytoene* require the cou- 
pling of two molecules of farnesyl pyrophosphate and ger- 
anylgeranyl pyrophosphate, respectively. 
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The mechanistic details surrounding these transforma- 
tions were the subject of considerable speculation through 
the late six tie^.^ In 1966 Rillin@ reported that an inter- 
mediate, named presqualene pyrophosphate, could be iso- 
lated from a squalene-synthesizing yeast preparation when 
the system was deprived of reduced nicotinamide adenine 
dinucleotide phosphate (NADPH). In the presence of 
NADPH, the intermediate was rapidly converted to squal- 
ene by the yeast enzyme system. The structure of pre- 
squalene pyrophosphate was first suggested by Epstein and 
Rilling in 196g5 and was subsequently verified by synth- 
esis,6*-c degradation,Ed,e and spectroscopy.6eJ Earlier this 
year, Popjak' established the absolute configuration of the 
intermediate as 1R,2R,3R (see Scheme I ) ,  

Scheme 1. Biosynthesis of Squalene from Farnesyl Pyrophos- 
phate 

farnesyl pyrophosphate 

squalene 
1 R ,  ZR, 3 R  -presqualene pyrophosphate 

A similar cyclopropylcarbinyl compound, prephytoene 
pyrophosphate, is converted to the head-to-head terpene 
phytoene by cell-free preparations of certain photosynthet- 
ic bacteria8 and to ma toe^.^ The absolute configuration of 
prephytoene pyrophosphate isolated from a tomato en- 
zyme system has also been reported to be 1R,2R,3R.9 Re- 
cently, Porter and coworkersSJO claimed that prephytoene 
pyrophosphate is converted first to lycopersene, a C40 an- 
alog of squalene, which is subsequently dehydrogenated to 
give other carotenoids. Regardless of whether phytoene or 
lycopersene is the carotenoid precursor, the biosynthetic 
similarity between the c30 and C ~ O  head-to-head terpenes 
is obvious. Squalene and lycopersene must gain hydride to 
form the saturated central carbon-carbon bond, while the 
intermediate which produces phytoene must lose a proton. 

From this point on I will concentrate on the C30 system 
because of the wealth of information concerning biosyn- 
thesis of squalene. However, the comments are directly 
applicable to biosynthesis of c40 head-to-head terpenes as 
well. The rearrangements by which the cyclopropylcarbin- 
yl skeleton of presqualene pyrophosphate is converted to 
squalene are quite complicated (Scheme I). The net result 
of the transformation is cleavage of the c1-c3 and cZ-c3 
cyclopropane bonds and bonding between C3 and C,. In 
order to accommodate the stereochemical results of 
Popjak and Cornforth,lJl C, and C3 are both inverted 
during the reaction. In this scheme the retention of con- 
figuration seen for the carbon of farnesyl pyrophosphate 
which ultimately accepts a hydrogen from NADPH (C3) is 
the result of two inversions-one during biosynthesis of 
presqualene pyrophosphate and another when hydrogen is 
transferred from NADPH. 

There are logical chemical mechanisms for the rear- 
rangement sequence by means of carbonium ion inter- 
mediates6aqbxdJ2 (Scheme 11). Certainly the pyrophos- 
phate functionality is an excellent leaving group and the 
resulting cyclopropylcarbinyl cation is in a class of inter- 
mediates which are well known to organic chemists. If one 
assumes a carbonium ion mechanism, the first step is ion- 

Scheme 11. Possible Routes to Squalene from Presqualene Py- 
rophosphate 

R 

J \  

H, u 

R 
H, H' 

ization of the carbon-oxygen bond to give a primary cy- 
clopropylcarbinyl cation. A subsequent 1,2 migration of 
the c1-c3 bond produces an isomeric cyclobutyl cation. 
At this juncture several possibilities arise. A second 1,2 
migration will generate a tertiary cyclopropylcarbinyl cat- 
ion. Capture of this intermediate a t  C3 by hydride from 
NADPH gives squalene directly. Alternatively, rearrange- 
ment of the tertiary cyclopropylcarbinyl cation to its allyl- 
ic isomer by rupture of the C1-C3 cyclopropane bond, fol- 
lowed by hydride capture a t  C3, affords squalene. It is also 
possible that the cyclobutyl cationic intermediate rearran- 
ges directly to the allylic cation by cleavage of the C2-C3 
bond and is then captured by hydride. 

Since the stereochemistry for biosynthesis of squalene 
from presqualene pyrophosphate can be inferred from 
Popjak and Cornforth's work,lJl any viable mechanism 
must be stereochemically compatible. A carbonium ion 
mechanism fulfills this requirement if one carefully ana- 
lyzes each step. 

The first point of concern is the carbinyl carbon (C,) 
whose bonding to other atoms is altered during ionization 
and the initial 1,2 bond migration. Two properties of cy- 
clopropylcarbinyl cations are important in this regard. 
The interaction between C, and the cyclopropane ring is 
sufficiently large so that rotation about the C,-C1 bond 
should not occur13 after ionization. Stereoelectronic argu- 
ments and ample experimental evidence dictate that the 
1,2 migration proceeds to give HR and Hs in the indicated 
positions.14 Thus, the stereochemical results of Popjak 
and Cornforth demand that ionization occur from the con- 
former in which the carbon-oxygen bond is anti to the 
C1-CS cyclopropane bond. When discussing this point in 
an earlier publication,l2a we reasoned that one might ex- 
pect a significant kinetic advantage for this conformer us. 
the one in which the C1-C2 cyclopropane bond is anti. 
The former orientation should permit charge delocaliza- 
tion into the double bond at  the transition state for ion- 
ization with a consequent rate enhancement. 

The stereochemistry at  Cp must be fixed with the meth- 
yl group endo to the cyclopropane ring during the second 
1,2 bond migration. This prediction follows from the 
stereochemistry of presqualene pyrophosphate and argu- 
ments just presented for C,, again in accordance with 
theory and experiment.14 

168 J. Agr. Food Chern., Vol. 22, No. 2, 1974 



ERNEST GUENTHER AWARD SYMPOSIUM 

Capture of the final carbonium ion intermediate by hy- 
dride must also be stereospecific. If the tertiary cyclopro- 
pylcarbinyl cation is the immediate precursor of squalene, 
the final step must proceed with inversion at  C3, again in 
agreement with expected stereoelectronic bias observed in 
other cyclopropylcarbinyl systems.15 Obviously, the allyl- 
ic cation has no stereochemical preference for capture by 
hydride. However, there are numerous examples of stereo- 
specific reductions of trigonal carbon atoms which require 
NADPH, such as reduction of aldehydes to primary alco- 
hols by yeast alcohol dehydrogenase.16 

Two years ago when we first suggested a detailed chem-. 
ical basis for biosynthesis of squalene from presqualene 
pyrophosphate,w most of the available experimental data 
concerned alkyl-substituted cyclopropylcarbinyl systems. 
In fact, very little was known about their vinyl-substitut- 
ed counterparts, chemically or biochemically. As a first 
step toward understanding this important and often 
misunderstood biosynthetic transformation, we decided to 
study the behavior of likely cationic intermediates under 
standard solvolysis conditions. Of course, the answers ob- 
tained in this way relate to "traditional" chemical behav- 
ior. Yet, in viiew of a proliferation of chemically based 
mechanisms in this area we felt it was absolutely neces- 
sary to establish the chemical feasibility of our proposals. 

Biosynthesis of terpenes also has another interesting 
facet. The biological transformations often parallel the 
chemical trans:formations of the substrate. The parallel- 
ism has been cited often and has, on occasion, been sug- 
gested as a major factor in the evolutionary success of ter- 
pene biosynthetic pathways.17 This is certainly a logical 
hypothesis, especially for transformations in which the 
substrate undergoes extensive molecular rearrangements. 
In  such instances the steric and stereoelectronic properties 
of a molecule have a profound influence on its chemistry. 
However, one should not expect, a priori, an exact parallel 
between chemical and biochemical behavior. Obviously, 
the environment provided by the active site of an enzyme 
differs from that in which standard chemical behavior is 
assessed, and few chemical processes, especially rear- 
rangements of terpenes, give a single product. Still, the 
chemical properties of a substrate should be important 
considerations in formulating a biosynthetic mechanism. 

Our approach to the chemical aspects of biosynthesis of 
squalene involved entering the sequence of rearrange- 
ments directly from covalent precursors for each skeletal 
isomer. By a careful examination of the products, we 
hoped to determine the efficiency of each step in the ab- 
sence of an enzyme or any constraints which could be con- 
strued to simulate enzymic control. We also wanted to 
determine the stereochemistry of C, and C3 during the 
chemical transformations. Our product studies are now 
nearing completion, as are stereochemical studies of C, 
during ionization and C3 during capture by a nucleophile. 

Ten carbon models were selected for our work in which 
the homogeranyl substituents (R) were replaced by meth- 
yl groups. This substitution does not alter the basic elec- 
tronic properties of the cyclopropylcarbinyl core. The sub- 
stitution alleviates considerable synthetic problems and 
eliminates any side reactions between the positively 
charged centers and the double bonds in the side chains. 

While the monoterpene analog of presqualene alcohol is 
not known to occur naturally, it can be obtained easily by 
reduction of the methyl ester of lR,3R-chrysanthemic 
acid. We selected the N-methylpyridinium derivative 
since the leaving group, N-methyl-4-pyridone, is neutral 
and complications arising from internal return are elimi- 
nated .I8 Hydrolysis of N-methyl-44 1R,3R) -chrysanthemyl- 
oxylpyridinium iodide (1-OPy + I - )  gave the products 
shown in Scheme 111. The structures of yomogi alcohol 
(4-OH) and artemisia alcohol (5-OH) were determined by 
comparisons of ir, nmr, and mass spectra with those of 
authentic samples. The structures of the less abundant 

Scheme 111. Products from Hydrolysis of N-Methyl-l-(chrys- 
anthemy1oxy)pyridinium Iodide 

H' 2 3 
1- OPy + I - 0.07% 0.38% 

P y +  = e ' C H 3  
QH 

4 -OH OH 6 0 H  
5 0 H  
16.3% 

HOCHZ + Hoczq- + 
H €3 

1-OH 
0.61% 

7-OH 
0.02% 

OH OH 
8 0 H  
0.01% 

9.OH 
0.02% 

components were established by glpc-mass spectroscopy 
and coinjection of authentic samples using two 500-ft open 
tubular columns. Thus far, we have been able to identify 
components which are formed in as little as 0.01% yield. 

The products can be divided into four skeletal types, 
three of which have been found to occur naturally. Both 
santolina triene (2) and santolina alcohol (6-OH) are 
known monoterpenes as are artemisia triene (3), artemisia 
alcohol (5-OH), and yomogi alcohol (4-OH). Both trans- 
and cis-chrysanthemol (1-OH and 7-OH, respectively) are 
found among the hydrolysis products of the pure trans iso- 
mer. Two head-to-head monoterpenes, trans-2,7-dimethyl- 
3,6-octadien-2-01 (8-OH) and trans-2,7-dimethyl-4,6-octa- 
dien-2-01 (9-OH), were also identified. The structures of 
several minor components remain to be conclusively es- 
tablished. 

The yields of head-to-head monoterpenes 8-OH and 
9-OH from the chrysanthemyl system were disappointing- 
ly low. When the solvent was changed to acetic acid, the 
relative proportion of minor substitution products in- 
creased relative to yomogi and artemisia acetates. How- 
ever, the isomeric head-to-head derivatives were still 
formed in relatively small amounts. 

A likely cause for the lack of extensive rearrangement 
was identified right away. Hydrolysis a t  25" of the pyri- 
dinium salt prepared from lR, 3R-chrysanthemol which 
was 97% optically pure gave mostly racemic artemisia alco- 
hol. When the experiment was repeated with the corres- 
ponding 3,5-dinitrobenzoate ester at  loo", the results were 
similar. Artemisia alcohol (5-OH) obtained from natural 
sources has a sizable rotation and we found 96% racemiza- 
tion of configuration at CB. The loss of stereochemistry in- 
dicates that  most of the reaction passes through an inter- 
mediate which has a plane of symmetry. Certainly, race- 
imization is not due to internal return to  a derivative of 
5-OH and reionization since 1-OPy+I- gives a neutral 
leaving group, which should not be prone to internal re- 
turn. 

If the cyclopropylcarbinyl cation rearranged to an iso- 
meric allylic cation by rupture of the C1-C3 cyclopropane 
bond, artemisia alcohol formed by nucleophilic capture a t  
CB must be racemic (Scheme IV).  In addition, our results 
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Scheme IV. Cyclopropylcarbinyl to Allyl Rearrangements dur- 
ing Hydrolysis of N-Methyl-4-( lR,3R)-chrysanthemyloxy]pyrG 
dinium Iodide 

1- opy+1- 

11 1- OH 

+y-* 
OH 

11 5-OH (racemic) 

7-OH 

in water demand that the rearrangement must be extremely 
rapid or concerted with ionization. However, the rearrange- 
ment must also be reversible. Finding some cis- 
chrysanthemol demonstrates that the allylic cation can 
reclose to a cis-cyclopropylcarbinyl isomer. Since the 
trans cation is certainly more stable than its cis isomer 
and the allylic ion is common to both, the initial cyclo- 
propylcarbinyl to allyl rearrangement must be reversible. 

We cannot conclusively establish the position of the 
equilibrium under our reaction conditions. Yet, the almost 
complete racemization of artemisia alcohol and the over- 
whelming predominance of products logically derived 
from the allylic cation strongly suggest that it is more sta- 
ble. Obviously the cyclopropylcarbinyl to allyl rearrange- 
ment represents a dead-end path as far as products with 
santolina, chrysanthemyl, or head-to-head skeletons are 
concerned. An enzyme that promotes head-to-head rear- 
rangement must suppress this rearrangement or block 
capture of the allylic cation prior to reclosure and rear- 
rangement. 

The picture improves considerably when the rearrange- 
ment sequence is entered after the initial 1,2 bond migra- 
tion. Hydrolysis of the C ~ O  cyclobutyl tosylate or the terti- 
ary cyclopropylcarbinyl p-nitrobenzoate under identical 
conditions gave identical product mixtures,'S consisting of 
1% tertiary cyclopropylcarbinol (10-OH), 36% of a secon- 
dary head-to-head alcohol analogous to squalene (11-OH), 
and 63% of a tertiary head-to-head alcohol (8-OH) 
(Scheme V). The first-order rate constants in 80% acetone- 
water for the tosylate and p-nitrobenzoate were 3.27 X 
10-4 sec-1 and 4.97 x 10-4 sec-l, respectively. Since 
tosylates are approximately 106 times more reactive than p- 
nitrobenzoates, the tertiary cyclopropylcarbinyl cation is 
much easier to generate than its cyclobutyl isomer, as ex- 
pected. 

In view of the identity of products we thought it likely 
that the immediate precursor of the substitution products 
was the same in both cases. Since the tertiary cyclopro- 
pylcarbinyl cation is considerably more stable than its cy- 
clobutyl isomer, the likely candidates are reduced to the 
3" cation, a head-to-head allylic isomer, or both. 

Hydrolysis of lS, 1R-10-0pNB and lS,3R-lZ-OTs gave 
S-2,7-dimethy1-2,6-octadien-4-01 with 26% inversion of 
configuration. The configuration of the secondary alcohol 
was related to S-malic acid of known absolute configuration 

Scheme V. Hydrolysis of Cyclobutyl and Tertiary Cyclopropyl- 
carbinyl Models 

10-0pNB 

1 
-y + +Ho* 

HO 11-OH 8-OH 
10-OH 

1% 
36% 

t 

Y 

63% 

12-OTs 
and optical purity by the sequence of reactions shown in 
Scheme VI. Unfortunately a rather poor yield of triacetate 
was obtained from the ozonolysis-reduction-acetylation 
sequence. While we are certain of the directions of rota- 
tion, we feel that the magnitudes are still somewhat 
questionable and are repeating these experiments in 
order to confirm our results. 

Scheme VI. Hydrolysis of Optically Active Cyclobutyl and 
Tertiary Cyclopropylcarbinyl Models 

U 
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IS, 3R 
Y 

H OH 
L C 0 , H  
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We can now rule out a 

S 

1 
H OAc 

Ad)& 
OAc + 

S 

direct cyclobutyl to allyl isomer- 
ization during the head-to-head rearrangement sequence, 
since a chiral center must be attacked by nucleophile to 
give the S secondary head-to-head alcohol 11-OH. Assum- 
ing that 26% inversion is correct, two obvious limiting sit- 
uations could obtain. If attack at  the asymmetric carbon 
(Cs of the tertiary cyclopropylcarbinyl cation) is a stereo- 
specific inversion, 74% racemization (presumably by a cy- 
clopropylcarbinyl to allyl equilibration) precedes attack 
by nucleophile. Alternatively, attack a t  the asymmetric 
carbon could be stereoselective with 63% inversion and 
37% retention of configuration. The former choice is more 
satisfying for two reasons. A reversible isomerization be- 
tween primary cyclopropylcarbinyl and allyl cations has 
already been demonstrated in the chrysanthemyl system. 
Also, attack with retention of configuration implies front- 
side attack on a nonclassical structure. In this regard, we 
recently found the homoallylic alcohol obtained by hy- 
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drolysis of optically active trans-2-methylcyclopropylcar- 
binyl mesylate to be completely inverted.20 

Now I would like to turn to another stereochemical 
problem, the stereochemistry of C, of presqualene pyro- 
phosphate during ionization. I alluded earlier to the two 
limiting orientations at C, when carbon-oxygen bond rup- 
ture is underway ,and the large barrier to rotation about 
the C,-C1 bond once ionization is complete. Rapid rear- 
rangement of the chrysanthemyl cation to its artemisyl 
isomer further locks the orientation of the substituents on 
C, since it is now part of a carbon-carbon double bond. If 
one follows the pro-R and pro-S protons a t  C, through the 
rearrangement sequence shown in Scheme W, i t  is imme- 
diately evident that ionization of the indicated conformer 
will give yomogi and artemisia alcohols with the pro-R 
proton trans and pro-S proton cis to the vicinal hydrogen 
attached to C1. Therefore, the preferred orientation for 
carbon-oxygen bond cleavage can be deduced by replacing 
the pro-S hydrogen with deuterium in lR, 3R-chrysanthe- 
mol. 

Scheme VII. Hydrailysis of N-Methyl-l-[(~aS,lR,3R)-chrysan- 
themyloxy] pyridinium Iodide-dl 

H, 
1 

H, 

1 
H, 

H OH ’ 

When the hydrolysis was performed with the appro- 
priately labeled pyridinium iodide, we obtained the re- 
sults for yomogi alcohol shown in Figure 1.21 Similar spec- 
tra were found for artemisia alcohol. The high field por- 
tion of the olefinic region, part C, clearly shows one-half 
of two AB quartets of unequal intensity (85 and 15%). The 
more intense doublet has a coupling constant of 17.4 Hz 
and the less intense doublet has a 10.6 Hz coupling, indic- 
ative of trans and cis vicinal olefinic couplings, respective- 
ly. The low field portion of the olefinic region was undeci- 
pherable, part A, until a deuterium-decoupled spectrum 
was obtained as shown in part B. At that point the low 
field portions of both AB quartets were easily identified 
from intensity and coupling patterns. The small peak in 
the center of the low field doublets is due to a small 
amount of dideuterated chrysanthemol which was carried 
through our synthetiic sequence. 

It is clear that the major quartet corresponds to a struc- 
ture in which the protons are trans on the monosubstitut- 
ed double bond, with the minor quartet arising from the 
two protons in a cis orientation, After correcting for 5% of 
the as, 1S,3S diastereomer in the starting pyridinium io- 
dide and tracing the stereochemistry through Scheme VII, 
it is evident that the conformer shown is more reactive, as 
we originally predicted. 

We are definitely seeing an  electronic effect of the vinyl 
substituent a t  C3. When the double bond is reduced cata- 
lytically, the stereoselectivity for the ionization step drops 
from a ratio of 9:l to only 1.4:l. Simple reduction of the 
double bond should not alter the steric environment of the 
leaving group. 

A C 

Figure 1. Nmr  spectrum of vinyl group in yomogi alcohol-dl. ( A )  
’H, 100 MHz, low field; (B) ’H, 100 MHz, low field, ‘H decou- 
pled; (C) ’H, 60 MHz, high field; ( D )  ’H, 100 MHz, high field. 

At this point I would like to summarize the chemistry 
of our model for the presqualene system as shown in 
Scheme VIII. The initial ionization is highly stereoselec- 
tive in accord with the biosynthetic transformation. 
However, prior to the initial 1,2 bond migration, a chemical 
disaster strikes. We see some head-to-head products but 
the rearrangement is inefficient. The major competitive 
pathway is rupture of the C1-C3 cyclopropane bond, which 
produces the allylic isomer of chrysanthemyl cation. As 
previously mentioned, the allylic cation must revert to 
the chrysanthemyl system prior to any further “productive” 
rearrangement. A portion of the chrysanthemyl cations are 
trapped by nucleophile, another pesky side reaction, before 
1,2 bond migration occurs. 

Scheme VIII. Rearrangements of the Chrysanthemyl Cation 

I lt 

1 

Also, I have been talking about a 1,2 migration of the 
c 1 - C ~  cyclopropane bond. What if the C1-C2 bond mi- 
grates? trans-2,7-Dimethy1-4,6-octadien-2-01 is the logical 
end result of this migration. The resulting isomeric cyclo- 
butyl cation should rearrange to a very stable cyclopropyl- 
substituted allylic cation. We have independently demon- 
strated that the tertiary diene alcohol 9-OH results when 
water attacks this cation a t  the disubstituted cyclopropyl 
carbon atom. It  is interesting to note that the alcohol thus 
produced also has a head-to-head carbon skeleton. How- 
ever, labeling studies have definitely ruled out this path- 
way during biosynthesis of squalene. Each of the previously 
mentioned “side reactions” occurs more readily than the 
desired migration of the C1-C3 cyclopropane bond. 
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Figure 2. Presqualene cation 

Figure 3. Cyclobutyl cation 

After the initial 1,2 migration, the system gathers itself 
together. The cyclohutyl cation rapidly rearranges to the 
expected tertiary cyclopropylcarbinyl cation. The final 
step, capture of the tertiary cation by a nucleophile, com- 
petes with equilibration to an isomeric cyclopropylcarhin- 
yl cation, and the final capture proceeds with inversion of 
configuration. In summary of all of the aspects thus far 
examined, only the initial 1,2 bond migration cannot he 
simulated efficiently without an enzyme. 

How could an enzyme avert the chemical disaster which 
faces the primary cyclopropylcarbinyl cation? Whatever 
the solution, three problems must he circumvented: the 
cyclopropylcarhinyl to allyl rearrangement; nucleophilic 
capture before rearrangement is complete; and migration 
of the C1-Cz cyclopropane bond. At the present time I 
only know of one suggestion in the literature which offers 
a solution to the problems just mentioned. Coates and Ro- 
binsonlm proposed that the substrate-enzyme complex 
prior to ionization is oriented so that the plane of the li 
orbitals of the adjacent double bond is perpendicular to 
the C1-Ca-cyclopropane bond. If this geometry is main- 
tained after ionization, the cyclopropylcarbinyl to allyl 
isomerization is effectively blocked. However, there are 
some problems with this approach. Any kinetic advantage 
due to the double bond is lost. In fact, the rate may he 
significantly retarded inductively. There is still no obvious 
way to prevent premature capture by nucleophile or com- 
petitive migration of the CI-C~ cyclopropane bond. 
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Figure 4. Tertiary cyclopropylcarbinyl cation. 

I would like to offer another possibility which does not 
require an especially rigid enzyme-substrate complex. In 
view of the rapidity with which cationic rearrangements 
occur, it is likely that all of the components required for 
the enzyme-catalyzed reaction are in their proper places 
prior to ionization, Ionization could easily he triggered by 
charge neutralization of the pyrophosphate group. 

My suggestion only requires that from this point on, 
three components-carbonium ion, pyrophosphate, and 
NADPH-are in close proximity and that  their relative 
locations do not change. In this configuration, ionization 
generates the specificially oriented, intimate ion pair 
shown in Figure 2. This structure has three distinct and 
necessary chemical advantages. The undesired cyclopro- 
pylcarhinyl to allyl isomerization should he suppressed 
since the rearrangement results in a considerable separa- 
tion of positive and negative centers. Very crude estimates 
of the energy required for charge separation range from 8 
to 15 kcal/mol, depending on charge distribution in the 
cations and dielectric constants. Assuming that the cyclo- 
propane ring remains intact and nucleophilic capture 
must occur with inversion a t  Cs, the location of NADPH 
precludes premature capture of the primary cyclopropyl- 
carhinyl cation. Of the two 1,2 rearrangements possible, 
migration of the CI -C~  cyclopropane bond maintains a 
close proximity of positive and negative centers in the new 
intimate ion pair, as shown in Figure 3, while migration of 
the C1-Cz bond again separates centers of unlike charges. 
Thus, rearrangement of the primary cation which leads to 
squalene should be selected a t  the expense of the three 
competitive reactions. The intimate ion pair produced by 
the second 1,2 bond migration (Figure 4) also has the op- 
timum geometry for interaction of unlike charges. At  this 
point NADPH is properly oriented to capture the tertiary 
cation, with inversion of configuration to give squalene 
with the proper stereochemistry. 

What ahout internal return? Since the primary cyclo- 
propylcarhinyl and cyclohutyl pyrophosphates should he 
of comparable reactivity and the tertiary system is much 
more reactive, whatever triggers the initial reaction 
should certainly trigger ionization of any pyrophosphate 
formed hy internal return. 

I am proposing that a complex sequence of rearrange- 
ments occurs in a cavity of limited volume, the active 
site. If the structures in Figures 2-4 are superimposed, a 
maximum leeway of only 1.5 A is necessary to accommo- 
date the intermediates, which is no greater than the ex- 
pansion of the squalene skeleton over the presqualene 
skeleton independent of mechanism. 

In effect, this mechanism uses the negatively charged 
pyrophosphate as a template to direct the cationic rear- 
rangement. These suggestions and the orientations de- 
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manded in Figures 2, 3, and 4 are consistent with Porter’s 
recent kinetic data with a purified component of squalene 
synthetase.22 The NADPH binds first, followed by pre- 
squalene pyrophosphate. The final products of the enzy- 
matic transformation depart in the order pyrophosphate, 
squalene, and finalily NADP. Since members of the art- 
emisia family of monoterpenes are formed with such 
chemical facility, it is reasonable to expect that on occa- 
sion members of this family exist among higher terpenes. 
I know of two such examples, a tetramethyl derivative 
(C34) isolated from the green alga Botryococcus braunii23 
and a diterpene found in bergamot oil.24 Interestingly, 
bergamot oil also contains the C20 analog of squalene. 
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