
Synthesis and Biological Evaluation of the Geometric
Farnesylated Analogues of the a-Factor Mating Peptide of

Saccharomyces cerevisiae

Haibo Xie,† Ying Shao,‡ Jeffrey M. Becker,§ Fred Naider,† and Richard A. Gibbs*,‡

Department of Chemistry, College of Staten Island, and the Doctoral Program in Chemistry of the
City University of New York, Staten Island, New York 10314, Department of Pharmaceutical Sciences,
College of Pharmacy and Allied Health Professions, Wayne State University, Detroit, Michigan 48202,

and Department of Microbiology and Program in Cellular, Molecular and Developmental Biology,
University of Tennessee, Knoxville, Tennessee 37996

rag@wizard.pharm.wayne.edu

Received June 22, 2000

The a-factor of Saccharomyces cerevisiae is a dodecapeptide pheromone (YIIKGVFWDPAC-
(Farnesyl)-OCH3, 1), in which post-translational modification with a farnesyl isoprenoid and
carboxymethyl group is required for full biological activity. This peptide has been used as a model
system to explore the biological function of the farnesylcysteine moiety, which is found on and
required for the biological activity of many key mammalian proteins. The objective of this particular
study was the determination of the biological effect of double bond isomerization of the natural
E,E-farnesyl moiety on the biological activity of the a-factor. A unified, stereoselective synthetic
route to the three geometric isomers of E,E-farnesol (12, 13, and 14) has been developed. The key
feature of this synthesis is the ability to control the stereochemistry of triflation of the â-ketoester
22 to give either 23 or 25. The three farnesol isomers were converted to the corresponding isomeric
a-factors (9, 10 and 11) via a modified version of a previously utilized synthetic route. Biological
evaluation of these peptides indicates that, surprisingly, all three possess nearly equivalent activity
to the natural a-factor bearing the E,E-farnesyl moiety.

The yeast Saccharomyces cerevisiae exists in two
haploid types, a and R. Both types of haploid fungi cells
synthesize and secrete mating pheromones that trigger
cell fusion with cells of the opposite mating type to form
diploid zygotes. The R type cells secrete R-factor phero-
mone, which is an unmodified 13-amino acid peptide
(WHWLQLKPGQPMY). The a type cells secrete a-factor
pheromone, which is a farnesylated dodecapeptide mat-
ing pheromone (YIIKGVFWSPAC(S-farnesyl)-OCH3, 1,
Figure 1). This pheromone binds to a receptor, the Ste3p
protein, on the surface of R-cells,1-3 and this binding
event leads to a series of well-characterized changes in
R-cell behavior, starting with cell growth arrest and
ending with fusion with an a-cell.4 The post-translational
modification of a-factor by addition of a farnesyl iso-
prenoid and carboxymethyl ester to its C-terminal cys-
teine residue is critical for its export and bioactivity.5

Farnesylation is a very common and critically impor-
tant post-translational modification, which occurs in all
eucaryotic organisms.6 In particular, the Ras protein and

other key signal transduction proteins are farnesylated.
Blocking the farnesylation of these proteins is thus an
attractive target for drug design in the chemotherapy of
cancer,7,8 and several farnesyltransferase inhibitors are
in clinical trials.9 However, the exact role of prenylation
in the cellular localization and biological function of
prenylated proteins remains to be fully elucidated.10,11

The a-factor pheromone provides an ideal model system
to further study lipopeptide structure-function relation-
ships.4 The simplicity of this fungal system has allowed
for biochemical and pharmacological dissection of the
structural and functional requirements for the peptide
prenylation process. It is particularly attractive to study
a-factor because of its easily assayed biological activity
and its relatively small size. A variety of farnesyl- and
peptide-modified analogues can be prepared entirely via
chemical synthesis, and the resulting compounds can be
fully characterized for purity and identity by HPLC, FAB-
MS, and NMR, and then through several well-established
biological assay methods. Moreover, it should be noted
that studies on yeast model systems have proved crucial
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to the elucidation of other features of signal transduction
pathways important in carcinogenesis.

Several studies on lipid-modified analogues of a-factor
have indicated that the farnesyl moiety does not simply
enhance hydrophobicity, but also plays a more active role
in the biological actions of this pheromone. The removal
of one isoprene unit from the farnesyl group of a-factor,
which affords the less hydrophobic geranylated a-factor
analogue 2, results in a 50% decrease in biological
activity.5 However, replacement of the entire farnesyl
group with the simple yet equally hydrophobic hexadecyl
lipid (to give 3) leads to a much greater decrease in

biological activity.5,12 Recently, we have prepared and
tested a series of novel farnesyl-modified a-factor ana-
logues (4-8, Figure 1).13 In these analogues, replacement
of the 3-methyl group with ethyl, vinyl, tert-butyl, or
phenyl groups at 3-position of the farnesyl chain of
a-factor leads in general to a more active pheromone.
However, note that the bulkier and more hydrophobic
groups (tert-butyl and phenyl, 6 and 7) exhibit lower
biological activity than the smaller moieties (ethyl and
vinyl, 4 and 5). In the course of preparing the phenyl
analogue, two pheromones were produced that differ only
in the geometry of the allylic double bond (7 and 8).
Depending on the assay used, these analogues show up
to a 32-fold difference in their biological function. More
recently, we have determined the membrane partitioning
coefficients for the a-factor analogues 4-6 and have
demonstrated that their biological activities do not cor-
relate with simple membrane affinity.14 These observa-
tions indicate that even modest structural modifications
of the farnesyl moiety can lead to significant changes in
its bioactivity, and emphasize that hydrophobicity dif-
ferences alone cannot explain the differences in phero-
mone activity.

The results observed with the two phenyl isomers, 7
and 8, provided the impetus to further explore the effects
of double bond isomerization of the farnesyl moiety on
a-factor biological activity. Therefore, we wished to
prepare 9, 10, and 11, the three geometric farnesylated
stereoisomers of a-factor (Figure 2). Recently, we have
developed a novel, unified synthetic route to the three
isomeric derivatives of natural E,E-farnesol (12, 13, and
14), employing the vinyl triflate chemistry previously
developed in this laboratory.15 These farnesol isomers
were used to synthesize the three unnatural geometric
isomers of FPP, which were then assayed as potential
protein-farnesyltransferase inhibitors. This synthetic
route has now been adapted for the preparation of the
three geometric isomers of a-factor. Note that these are
the only geometric isomers possible (that is, the only ones
where the only change is in double bond stereochemistry).
This paper presents the full experimental details of our
synthesis of 12-14, their conversion to the corresponding
a-factors 9-11, and the biological evaluation of these
novel lipopeptide analogues.

Results

Synthesis of Farnesol Isomers. There are several
methods that have been developed to stereoselectively
synthesize trans-isoprenoids. However, much less work
has been done on preparation of cis-isoprenoids.16,17
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8368-8373.
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of the a-Factor Lipopeptide Pheromone from Saccharomyces cerevisiae
- a Role for Isoprene Modifications in Ligand Presentation. Biochem-
istry 1997, 36, 12036-12044.
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(15) Shao, Y.; Eummer, J. T.; Gibbs, R. A. Stereospecific Synthesis
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1999, 1, 627-630.
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Figure 1. a-Factor and selected a-factor analogues previously
synthesized. Values in parentheses are activities for the
analogues 4-8 in the growth arrest assay (vide infra), relative
to 1.
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Although the stereoselectivity of the reported procedures
is generally high, they are lengthy and relatively inflex-
ible, not allowing for the ready preparation of analogues.
Thus, it would be desirable to develop a general, short,
flexible stereoselective method that would allow for the
preparation of analogues of all geometric farnesyl isomers
from a common starting material. Our vinyl triflate route
to Z-isoprenoids is based on an observation on the solvent
effect on triflation of â-ketoesters (Scheme 1). Using THF
as the reaction solvent, the â-ketoester 15 was converted
to the triflate 16 with high stereoselectivity (16/17 95:5)
and modest yield. In an attempt to optimize the yields
of 16, the more polar solvent 1,2-dimethoxyethane (DME)
was used instead of THF in the reaction. However, this
increase in solvent polarity resulted in a loss of stereo-
control, which lead to a mixture (∼50:50) of triflate
stereoisomers 16 and 17, with a low overall yield. In
contrast, the less polar solvent diethyl ether afforded only
the stereoisomer 16, in modest yield. When the polar
aprotic solvent DMF was used in the triflation reaction,
only the stereoisomer 17 was obtained, in good to
excellent yield. Triflation of compound 15 in DMF thus
could be used as the key step in the preparation of the
cis-isoprenoid double bond in a stereocontrolled fashion.18

The three unnatural isomers of farnesol (12, 13, and
14) were thus synthesized using the stereoselective
triflation procedures described above. The synthesis of
Z,E-farnesol 12 is illustrated in Scheme 1. Using potas-
sium bis(trimethylsilyl)amide (KHMDS) as base and
2-[N,N-bis(trifluoromethylsulfonyl)amino]-5-chloropyri-
dine as triflating reagent, the â-ketoester 15 was exclu-
sively converted to the E-triflate 17 in DMF solvent with
70% yield. Note that 17 has been previously reported and

characterized.19 As previously demonstrated, using Pd-
(0)/CuI as co-catalysts triflate 17 is coupled with tetra-
methyltin in a highly stereoselective fashion to afford the
cis,trans-ester 18 in excellent yield.19 The ester 18 is then
reduced with diisobutylaluminum hydride (DIBAL-H) to
afford the desired 2Z,6E-alcohol 12.20

A hypothetical mechanism for stereocontrol of the
triflation product, which assumes that the triflate geom-
etry is controlled by the geometry of the potassium
enolate, is shown in Scheme 1. The â-ketoester 15 is
converted initially into the Z-potassium enolate 19 by the
base KHMDS. The Z-potassium enolate form allows for
intramolecular chelation of the potassium ion between
the enolate oxyanion and the ester carbonyl group, as
shown. When the polar aprotic solvent DMF is used in
the triflation reaction, the carbonyl group on DMF can
compete with the â-ketoester carbonyl group for chelation
to the potassium enolate. Thus, the original Z-configu-
ration of potassium enolate could be disrupted, and this
would lead to isomerization to the more stable E-enolate
20.21 Trapping of the enolate with the triflating reagent
would then lead to the E-triflate 17.18 In contrast, the
much less polar solvent THF presumably does not disrupt
the intramolecular chelation of the potassium enolate 19;
thus the cis-enolate configuration is retained and re-
flected in the geometry of the Z-triflate product 16.

The syntheses of E,Z-farnesol 13 and Z,Z-farnesol 14
required the preparation of the Z-â-ketoester 22 (Scheme
2). This compound was generated in a straightforward
manner via the coupling of neryl bromide (21) with the
dianion of ethyl acetoacetate. The geometry of the central
double bond in 22 was confirmed by NMR comparison to
15. The 13C NMR signals were assigned for both 15 and
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Y. Stereoselective Synthesis of a Cisoid C10 Isoprenoid Building Block
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the Chromophores of Neocarzinostatin, C-1027, Kedarcidin, Ma-
duropeptin, and N1999A2. Synthesis 2000, 588-602. (b) Keenan, R.
M.; Weinstick, J.; Finkelstein, J. A.; Rranz, R. G.; Gaitanopoulos, D.
E.; Girand, G. R.; Hill, D. T.; Morgan, T. M.; Samanen, J. M.; Hemple,
J.; Eggleston, D. S.; Aiyar, N.; Griffin, E.; Ohlstein, E. H.; Stack, E.
J.; Weidley, E. F.; Edwards, R. J. Med. Chem. 1992, 35, 3858-3872.
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Cummings: Menlo Park, CA, 1972; pp 527-529.

Figure 2. a-Factor analogues synthesized in this study.
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22 using 2D 1H-13C correlation in combination with DEPT
experiments. A comparison of the C7-Me signals for 15
and 22 indicated that the chemical shift for the former
(16.7 ppm) was significantly upfield from that of the
latter (24 ppm). This is consistent with the shielding
expected for a methyl group cis to a methylene group
versus that for a methyl group cis to a proton. A similar
but less pronounced shift was observed in the proton
NMR signals for the C7-Me groups (15, 1.62 ppm; 22, 1.69
ppm). As the subsequent modifications do not affect any
bonds adjacent to the cis-C6-C7 double bond of 22, these
NMR results provide confirmation of the stereochemistry
of this bond in alcohols 13 and 14, and thus in a-factor
analogues 10 and 11.

Triflation of 22 using THF as a solvent afforded 23 in
excellent yield (85%) and stereoisomeric purity after flash
chromatography. Coupling of 23 with tetramethyltin
generated ester 24, also in excellent yield. Reduction of
32 gave the desired E,Z-farnesol isomer 13. Note that
the proton NMR spectrum of 24 was consistent with that

previously reported for trans,cis-methyl farnesoate.20 The
Z,Z-farnesol isomer 14 was prepared from the Z-â-
ketoester 22, using the same route employed for the
preparation of the Z,E-isomer 12. Triflation of compound
22 in DMF affords the isomer 25 as the sole product.
Methylation of 25 generated ester 26,22 which was
reduced to the desired farnesol isomer 14 using DIBAL-
H.16,20

Crude samples of the three farnesol isomers were
subjected to GC-MS evaluation, to define the stereo-
chemical control in our synthetic route. The analysis of
the three alcohol isomers 12, 13 and 14, along with
commercial E,E-farnesol, indicated high stereochemical
purity for 12 and 14 as shown in Table 1, but the
presence of a significant amount of Z,Z-farnesol in the
sample of the E,Z-farnesol 13. The loss of stereocontrol
may be at the stage of the Stille coupling of 23 with
tetramethyltin to yield the E,Z-ester 24. We19 and oth-
ers23,24 have previously observed that Stille couplings

(22) The 1H NMR and 13C NMR spectra of compounds 23 and 25
were consistent with their stereochemical assignments. A comparison
of the protons of C4-methylene signals for 23 and 25 indicated that
the chemical shift for 23 (2.395 ppm) was significantly upfield from
that of 25 (2.931 ppm), which is consistent with the deshielding effects
of carbonyl group cis to the methylene protons of 25 versus trans to
those of 23.

(23) Houpis, I. N. Palladium(II)-Catalyzed Coupling of 2-Carboxy-
ethyl Enol Triflates with Organostannanes. Tetrahedron Lett. 1991,
32, 6675-6678.

(24) Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P. Palladium-
Catalyzed Coupling of Arylstannanes with Organic Sulfonates: A
Comprehensive Study. J. Org. Chem. 1993, 58, 5434-5444.

Scheme 1. Synthesis of 12 Scheme 2. Synthesis of 13 and 14
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with Z-isoprenoid triflates can lead, in some instances,
to loss of stereocontrol and production of the more stable
isomeric product. The isomeric farnesol 14 can be re-
moved from 13 by careful flash column chromatography.

Synthesis of the Isomeric a-Factor Analogues. As
discussed in the Introduction, two isomeric, phenyl-
substituted a-factor analogues (7 and 8, Figure 1) exhibit
up to a 32-fold difference in their biological function.13

Therefore we proposed to stereospecifically synthesize the
three geometric isomers of a-factor (9-11, Figure 2),
which could then be used as probes to explore the effects
of double bond isomerization on the biological activity of
a farnesylated lipopeptide. Various methods for the
synthesis of a-factor and its analogues have been previ-
ously reported. The methods developed in our laboratory
involve solution-phase synthesis, solid-phase synthesis
and a combination of both techniques.25 The synthetic
method initially chosen for this project involves coupling
of farnesyl bromide (28) with the unfarnesylated dodec-
apeptide 27 to generate the a-factor, using zinc acetate
and trifluoroacetic acid as catalysts (Scheme 3).26 This
procedure was previously used for the preparation of
analogues 4-8 (Figure 1).13

The Z,E-farnesyl bromide 29 was synthesized from
farnesol isomer 12 using CBr4/PPh3 as previously de-

scribed.15 Unfortunately, the conjugation of 29 with the
dodecapeptide 27 afforded the desired a-factor analogue
9 in very low yield. Note that in a parallel control reaction
the same sample of 27 coupled in an efficient manner
with commercial 28 to give a-factor itself. We initially
supposed that the lack of coupling was due to the impure
nature of the bromide 29. However, RP-HPLC purifica-
tion of 29 did not significantly improve the yield of 9.
Thus the poor yield may be due to a higher degree of
instability of the Z,E-farnesyl bromide under the peptide
farnesylation conditions, although the stability of 29
under the reaction conditions was not addressed directly
in a control experiment. Since isoprenoid chlorides are
more stable than the corresponding bromides, it would
be desirable to use Z,E-farnesyl chloride as the farnesyl
source. Unfortunately, we have previously established
that E,E-farnesyl chloride does not undergo efficient
coupling with the dodecapeptide 27.13 However, Poulter
and co-workers have demonstrated that E,E-farnesyl
chloride couples efficiently and in high yield with cysteine
methyl ester, using ammonia in methanol as the reaction
medium.27 Thus, we planned to use Z,E-farnesyl chloride
(30) as the farnesyl source, couple it with cysteine methyl
ester, and then prepare the farnesylated dipeptide Fmoc-
NH-Ala-Cys[S-(Z,E-farnesyl)]-OCH3 (32, Scheme 4). This
dipeptide can be purified to homogeneity by RP-HPLC
and characterized, prior to coupling with the decapeptide
portion of a-factor. This strategy has been employed
previously to synthesize a-factor itself from the dipeptide
FmocNH-Ala-Cys[S-(E,E-farnesyl)]-OCH3 and the pro-
tected decapeptide Fmoc-Tyr-Ile-Ile-Lys(Fmoc)-Gly-Val-
Phe-Trp(Fmoc)-Asp(OFm)-ProOH.28

The stepwise route to the Z,E-a-factor analogue 9 is
illustrated in Scheme 4. The synthesis started from Z,E-
farnesol 12, which was chlorinated using N-chlorosuc-
cinimide (NCS) and dimethyl sulfide.29 The resulting
farnesyl chloride 30 was coupled with cysteine methyl
ester, using 6M ammonia in methanol at room temper-
ature for 3 h.27 Following solvent evaporation, silica gel
flash column purification afforded farnesylated cysteine
methyl ester 31 as the sole farnesylated product. Its 1H
NMR spectrum confirmed that the alkylation occurred
at the sulfhydryl moiety of cysteine methyl ester. The
farnesylated cysteine methyl ester is then coupled with
Fmoc-alanine to give the farnesylated dipeptide Fmoc-
Ala-Cys(Z,E-farnesyl)-OCH3 (32). The observed proton
NMR and FAB mass spectra are consistent with those
expected for the desired product (vide infra). The desired
a-factor analogue 9 was synthesized by condensing the
protected decapeptide 34 with the farnesylated dipeptide
as previously performed in this laboratory.28 The Fmoc-
protected dipeptide 32 was deprotected to give 33, which
was then coupled with 34 using the BOP reagent. Global
deprotection of the Fmoc and Fm groups afforded the
desired Z,E-a-factor analogue 9.

(25) Naider, F. R.; Becker, J. M. Synthesis of Prenylated Peptides
and Peptide Esters. Biopolymers 1997, 43, 3-14.

(26) Xue, C. B.; Becker, J. M.; Naider, F. Efficient Regioselective
Isoprenylation of Peptides in Acidic Aqueous Solution Using Zinc
Acetate as Catalyst. Tetrahedron Lett. 1992, 33, 1435-1438.

(27) Brown, M. J.; Milano, P. D.; Lever, D. C.; Epstein, W. W.;
Poulter, C. D. Prenylated Proteins. A Convenient Synthesis of Farnesyl
Cysteinyl Thioethers. J. Am. Chem. Soc. 1991, 113, 3176-3177. Note
that a commercial 2.0 M solution of ammonia in methanol can be used
more conveniently as the reaction solvent system. However, the yield
of 31 obtained in this manner is more modest (∼40%-50%). Increasing
the concentration of ammonia in methanol to ∼6.0 M as described by
Brown et al. increases the yield to 76%.

(28) Xue, C. B.; Caldwell, G. A.; Becker, J. M.; Naider, F. Total
synthesis of the lipopeptide a-mating factor of Saccharomyces cere-
visiae. Biochem. Biophys. Res. Commun. 1989, 162, 253-257.

(29) Woodside, A. B.; Huang, Z.; Poulter, C. D. Trisammonium
Geranyl Diphosphate. Org. Synth. 1987, 66, 211-219.

Table 1. GC-MS Analysis (%) of Farnesol Isomersa

tR
(min) E,E-farnesolb

Z,E-farnesol
(12)

E,Z-farnesol
(13)

Z,Z-farnesol
(14)

7.31 ndc 2.6 9.0 97.9
7.69 1.4 ndc 87.3 2.1
7.70 ndc 93.6 ndc ndc

7.90 94.0 3.7 3.8 ndc

a GC-MS conditions: HP5988A GC/MS, DB5ms column, 100-
250 °C at 10°/min. The retention times for the isomers are as
follows: 7.31 min, E,E-farnesol; 7.69 min, E,Z-farnesol; 7.70 min,
Z,E-farnesol; 7.90 min, Z,Z-farnesol. These retention times are
assigned on the basis of the major component expected for each
sample based on its method of synthesis or origin and are
essentially consistent with the original GLC results of Burrell and
co-workers, although they observed an inversion in the relative
mobilities of E,Z- and Z,E-farnesol.20 b Commercial sample of E,E-
farnesol. Other impurities account for the other 4.6%. c nd ) not
detected in this sample.

Scheme 3. Attempted Synthesis of 9
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The syntheses of the E,Z- and Z,Z-farnesylated dipep-
tides 37 and 40 followed the same synthetic pathway as
for the Z,E-farnesylated dipeptide (Scheme 5). The far-
nesylated dipeptide 37, following deprotection of the
Fmoc group on the Ala, was coupled with protected
decapeptide 34. Deprotection of the Fmoc and OFm
groups afforded the desired a-factor analogue 10 (Scheme
5). In the same manner, the farnesylated dipeptide 40,
was deprotected and then coupled with protected deca-
peptide 34. Deprotection of the Fmoc and OFm groups
afforded the final desired isomeric a-factor analogue 11
(Scheme 5). The isolated yields for 9-11 appear modest
(see Table 2), but they represent the combined yields for
deprotection of the dipeptides (32, 37, and 40), coupling
with 34, global deprotection, and careful RP-HPLC
purification.

One particular concern in the preparation of the
isomeric farnesylated peptides was to ensure that the
double bond geometry had been maintained at the C2-
C3 double bond. It was assumed that the geometry of the
isolated C6-C7 double bond would not be affected by any
of the manipulations after its formation. We had thought
that simple 1D NOE experiments would provide evidence
supporting the geometry of these isomers. However, these

experiments were inconclusive due to the fact that H6

and H10 vinylic proton signals overlap and both appear
at 5.15 ppm. Thus we tried to use the chemical shift
values of the four methyl groups in these isomers to make
the stereochemical assignments. Considering the struc-
tural similarity of these isomers, we assumed that all
vinylic protons (H2, H6, and H10) should show a similar
shielding effect on chemical shift values of the methyl
groups at position 3, 7, and 11 (C3 Me, C7 Me, and C11

Me), respectively.20 Therefore the chemical shift values
of C3 Me should be the same in the natural E,E-dipeptide
and E,Z-isomer 37, and the Z,E-isomer 32 and the Z,Z-
isomer 40. However, this chemical shift should differ
between the E,Z-isomer 37 and the Z,Z-isomer 40, thus
allowing one to determine if isomerization of the C2-C3

double bond had occurred during the synthesis of either
isomer. Similarly, the chemical shift values of C7 Me
should be the same between the natural E,E-dipeptide
and E,Z-isomer 37, and the Z,E-isomer 32, and in E,Z-
isomer 37 and the Z,Z-isomer 40. Assuming that the
shielding effect is about 0.07-0.09 ppm, we assigned
chemical shift values for the 4 methyl groups of 4
dipeptide stereoisomers as shown in Figure 3. Note that
the signal of C7 Me always overlaps one of C11 Me signals.
This is due to the H6 and H10 vinylic protons, which
possess the same chemical shift values, shielding the C7

Me and one of C11 Me groups (the one with the same
configuration as the C7 Me) to the same extent. Note that
the same proton chemical shift patterns seen with the
dipeptides are also seen with the a-factor isomers 9-11
(Table 2).

Biological Assay of the Isomeric a-Factor Ana-
logues. To assess the effects of various modifications of
the a-factor, a number of biological assays have been
employed.4 These utilized different characteristics of the

Scheme 4. Stepwise Synthesis of 9 Scheme 5. Stepwise Syntheses of 10 and 11
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pheromone response pathway, including growth arrest
of R-cells in response to a-factor, induction of specific
genes in response to a-factor, and mating between two
strains that will not mate in the absence of exogenous
pheromone. The growth arrest assay was chosen for the
biological evaluation of isomeric a-factors 9-11. It has
been previously established5,28,30 that this assay is able
to reflect the biological activity of a given analogue. This
assay is readily performed and gives a straightforward
readout of a-factor biological activity.

In the growth arrest (halo) assay, lawns of cells of the
supersensitive strain RC757 were subjected to a dilution
series containing identical amounts of each analogue.
Endpoints were defined as the least amount of phero-
mone that was capable of inducing growth arrest result-
ing in a region of significantly reduced lawn density.
Farnesylated synthetic a-factor (compound 1) was used

for reference as described in the Experimental Proce-
dures, and shows an end point of 50 pg. Each of the
modified farnesyl additions shows an end point that
indicates a biological potency remarkably similar to that
of a-factor. Activities for each pheromone analogue were
determined from at least three experiments, and are as
follows: 9, 50 pg; 10, 100 pg; 11, 50 pg. Thus, only the
biological activity of the E,Z-farnesyl isomer 10 varies
from that of a-factor, and even in this case it exhibits a
2-fold decrease, which is close to the reproducibility of
the assay.

Discussion

The development of general and efficient chemical
methods for the synthesis of isoprenoids has been a
subject of continuing interest.31 For example, at least four
improved methods for the synthesis of all-trans-gera-
nylgeraniol have been developed over the past decade.32-35

These methods allow for the rapid and ready assembly
of this natural product in stereochemically enriched or
pure form. However, they are specialized for the synthe-
sis of the natural trans-isoprenoid unit, and thus lack
flexibility for the synthesis of isoprenoid analogues,
particularly geometric isomers. The synthesis of iso-
prenoid analogues is important not only for the study of
protein prenylation,36-38 but it is also crucial for the
development of probes for squalene synthase and other
key FPP-utilizing enzymes.39 The synthetic strategy
chosen for the stereoselective preparation of the isoprenyl
backbone was based on a route previously developed in

(30) Caldwell, G. A.; Wang, S. H.; Xue, C. B.; Jiang, Y.; Lu, H. F.;
Naider, F.; Becker, J. M. Molecular Determinants of Bioactivity of the
Saccharomyces cerevisiae Lipopeptide Mating Pheromone. J. Biol.
Chem. 1994, 269, 19817-19826.

(31) Cainelli, G.; Cardillo, G. Some Aspects of the Stereospecific
Synthesis of Terpenoids by means of Isoprene Units. Acc. Chem. Res.
1981, 14, 89-94.

(32) Corey, E. J.; Shieh, W.-C. A Simple Synthetic Process for the
Elaboration of Oligoprenols by Stereospecific Coupling of Di-, Tri-, or
Oligoisoprenoid Units. Tetrahedron Lett. 1992, 33, 6435-6438.

(33) Klinge, S.; Demuth, M. An Improved Procedure for the Prepa-
ration of all-trans-Geranylgeraniol. Synlett 1993, 783-784.

(34) Bouzbouz, S.; Kirschleger, B. Synthesis of Pure trans,trans,-
trans-Geranylgeraniol. Synlett. 1994, 763-764.

(35) Mu, Y. Q.; Gibbs, R. A. Coupling of Isoprenoid Triflates with
Organoboron Nucleophiles: Synthesis of all-trans-Geranylgeraniol.
Tetrahedron Lett. 1995, 36, 5669-5672.

(36) Chehade, K. A. H.; Andres, D. A.; Morimoto, H.; Spielmann,
H. P. Design and Synthesis of a Transferable Farnesyl Pyrophosphate
Analogue to Ras by Protein Farnesyltransferase. J. Org. Chem. 2000,
65, 3027-3033.

(37) Gibbs, B. S.; Zahn, T. J.; Mu, Y. Q.; Sebolt-Leopold, J.; Gibbs,
R. A. Novel Farnesol and Geranylgeraniol Analogues: A Potential New
Class of Anticancer Agents Directed against Protein Prenylation. J.
Med. Chem. 1999, 42, 3800-3808.

(38) Mechelke, M. F.; Wiemer, D. F. Synthesis of Farnesol Analogues
through Cu(I)-Mediated Displacements of Allylic THP Ethers by
Grignard Reagents. J. Org. Chem. 1999, 64, 4821-4829.

Table 2. Characterization of the Isomeric a-Factor Peptides

E,E-a-factor (1) Z,E-a-factor (9) E,Z-a-factor (10) Z,Z-a-factor (11)

yielda 19 27 4
MS (MH+)b 1629.1 1626.3 1629.4
K′ c 7.9 7.9 7.9
C3 Med 1.61 ppm 1.68 ppm 1.61 ppm 1.69 ppm
C7 Med 1.54 ppm 1.56 ppm 1.63 ppm 1.63 ppm
C11 (2Me)d 1.54/1.63 ppm 1.54/1.62 ppm 1.54/1.63 ppm 1.55/1.63 ppm
halo assay endpointe 50 pg 50 pg 100 pg 50 pg

a Yield is for dipeptide deprotection, 10 + 2 coupling, final deprotection, and purification steps. b Calculated value is 1628.9. Experimental
values shown are from electrospray mass spectroscopy. c K′ is defined as (Vp - Vf)/Vf, where Vp is the elution volume for the peptide and
Vf is the breakthrough volume. HPLC was performed on a Waters µ-Bondapak-C18 column (3.9 × 300 mm) using a linear gradient of
water (0.025%TFA) and MeCN (0.025%TFA) with water from 20% to 80% over 30 min. d Chemical shift of the 600 MHz proton NMR
signals assigned to the indicated methyl group. e Lawns of Saccharomyces cerevisiae cells of the supersensitive strain RC757 were subjected
to a dilution series containing identical amounts of each a-factor peptide. Endpoints were defined as the least amount of pheromone that
was capable of inducing growth arrest resulting in a region of significantly reduced lawn density.

Figure 3. 600 MHz proton NMR chemical shifts for the
farnesyl methyl groups of the isomeric dipeptides 32, 37, 40,
and 41.
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our laboratory.19 The key step involves a Stille cross-
coupling reaction40 with organostannanes using Pd-
(AsPh3)2 and CuI as catalysts. The presence of CuI as
cocatalyst significantly increases the stereoselectivity of
the coupling reaction and increased the yield as well.
Liebeskind and co-workers were the first to document
the beneficial effect of CuI on the Stille reaction.41

Johnson and co-workers have also described the com-
bined use of CuI and Pd(AsPh)2 to effect some difficult
Stille reactions.42 The palladium-catalyzed cross-coupling
between organic triflates and organostannanes is a very
popular synthetic tool for forming the carbon-carbon
bond.40 It has been demonstrated that vinyl triflates can
also undergo palladium-catalyzed cross-coupling reac-
tions with a variety of other nucleophiles, including in
particular organoboron reagents.35,43 One of the impor-
tant advantages of the Stille reaction is that the orga-
nostannane reagents display very restricted reactivity
with common functional groups, thus allowing carbon-
carbon bond formation to occur in the presence of
unprotected functional groups, such as alcohols, alde-
hydes, ketones, esters, nitriles, azides, or epoxides.
Another attractive feature of the Stille coupling is that
the reaction occurs under neutral conditions.

The chemical results described herein provide a gen-
eral method for the synthesis of isoprenoid analogues
with either double bond geometry. This synthetic path-
way is simple, efficient, provides high stereoisomeric
purity of products, and does not involve protection of
functional groups. It has been previously demonstrated
that a wide variety of â-ketoesters can be prepared via
alkylation of acetoacetate dianions,44 and isoprenoid
triflates can be coupled with a wide variety of organotin,19

organoboron,35 organozinc,45 and organocopper reagents.46

Thus this route may also be of more general interest, in
that it should be applicable to the stereoselective syn-
thesis of a broad range of trisubstituted allylic alcohols.

The biological objective of these studies was to further
define the role of the farnesyl moiety of the Saccharo-
myces cerevisiae a-factor. To this end, we have synthe-
sized the three geometric isomers of the farnesyl moiety
and examined the biological activities of the correspond-
ing a-factor analogues in a well-characterized assay
system. The purpose of isoprenoid modifications is a basic
question in the field of protein prenylation. Whether
these additions serve to locate an attached peptide to
membranes via lipid-lipid interactions, or bind to pro-

teins through lipid-protein interactions has been a
contentious issue,6,10,11,47 and evidence to support several
models can be found in the literature. Investigation of
the mammalian Ras protein in soluble assay systems,48-50

and the S. cerevisiae Ras protein in vivo51 have demon-
strated that the farnesyl group is required for biological
activity in the absence of membrane binding, implying
the involvement of prenyl-protein binding sites. In ad-
dition, the fact that prenyl cysteine analogues can block
certain signal transduction pathways has been taken as
evidence for prenyl binding sites on intracellular pro-
teins.52-54 Moreover, the recently determined structure
of the Cdc42-rhoGDI heterodimer clearly indicates a deep
hydrophobic pocket on the rhoGDI protein that binds to
the prenyl group of Cdc42.55 However, studies in biologi-
cal systems56,57 and model membrane/prenylated peptide
systems58,59 suggest a purely hydrophobic, lipid-lipid
based, interaction between membranes and certain far-
nesylated peptides. Furthermore, Parish and Rando have
summarized the evidence concerning the γ subunit of
heterotrimeric G proteins and concluded that the iso-
prenoid moiety in this case also facilitates membrane
attachment strictly through lipid-lipid interactions.11,60

Previous studies from our laboratories, however, have
indicated that hydrophobic factors alone do not predict
the behavior of the a-factor. Replacement of the farnesyl
group with the more hydrophobic hexadecanyl moiety
leads to a drastic reduction in biological activity,61 and
the more hydrophobic S-geranylgeranyl a-factor is also
significantly less active than the natural compound.62

More recently, in the work that led to the present study,

(39) Gibbs, R. A. In Comprehensive Biological Catalysis; Sinnott,
M. L., Ed.; Academic Press: London, 1998; Vol. 1, p 31-118.

(40) Farina, V.; Krishnamurthy, V.; Scott, W. J. The Stille Reaction;
John Wiley & Sons: New York, 1998.

(41) Liebeskind, L. S.; Fengl, R. W. 3-Stannylcyclobutenediones as
Nucleophilic Cyclobutendione Equivalents. Synthesis of Substituted
Cyclobutenediones and Cyclobutenedione Monoacetals and the Ben-
eficial Effect of Catalytic Copper on the Stille Reaction. J. Org. Chem.
1990, 55, 5359-5364.

(42) Johnson, C. R.; Adams, J. P.; Braun, M. P.; Senanayake, C. B.
Modified Stille Coupling Utilizing R-Iodoenones. Tetrahedron Lett.
1992, 33, 919-923.

(43) Oh-e, T.; Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-
Coupling Reaction of Organoboron Compounds with Organic Triflates.
J. Org. Chem. 1993, 58, 2201-2208.

(44) Huckin, S. N.; Weiler, L. Alkylation of Dianions of â-Keto
Esters. J. Am. Chem. Soc. 1974, 96, 1082-1087.

(45) Lipshutz, B. H.; Vivian, R. W. Copper (I) Mediated Coupling of
Organozinc Reagents with Vinyl Triflates. Tetrahedron Lett. 1999, 40,
2871-2874.

(46) Mu, Y. Q.; Gibbs, R. A.; Eubanks, L.; Poulter, C. D. Cuprate-
Mediated Synthesis and Biological Evaluation of tert-Butyl and Cy-
clopropyl Farnesyl Diphosphate Analogues. J. Org. Chem. 1996, 61,
8010-8015.

(47) Schafer, W. R.; Rine, J. Protein Prenylation: Genes, Enzymes,
Targets, and Functions. Annu. Rev. Genet. 1992, 30, 209-237.

(48) McGeady, P.; Kuroda, S.; Shimizu, K.; Takai, Y.; Gelb, M. H.
The Farnesyl Group of H-Ras Facilitates the Activation of a Soluble
Upstream Activator of Mitogen-activated Protein Kinase. J. Biol.
Chem. 1995, 270, 26347-26351.

(49) Okada, T.; Masuda, T.; Shinkai, M.; Kariya, K.; Kataoka, T.
Post-translational Modification of H-Ras Is Required for Activation of,
but Not for Association with, B-Raf. J. Biol. Chem. 1996, 271, 4671-
4678.

(50) McGeady, P.; Porfiri, E.; Gelb, M. H. The Farnesyl Group
Activates Ras Toward Guanine Nucleotide Exchange Catalyzed by the
SOS Protein. Bioorg. Med. Chem. Lett. 1997, 7, 145-150.

(51) Bhattacharya, S.; Chen, L.; Broach, J. R.; Powers, S. Ras
Membrane Targeting is Essential for Glucose Signaling but not for
Viability in Yeast. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 2984-2988.

(52) Ma, Y. T.; Shi, Y. Q.; Lim, Y. H.; McGrail, S. H.; Ware, J. A.;
Rando, R. R. Mechanistic Studies on Human Platelet Isoprenylated
Protein Methyltransferase: Farnesylcysteine Analogues Block Platelet
Aggregation without Inhibiting the Methyltransferase. Biochemistry
1994, 33, 5414-5420.

(53) Scheer, A.; Gierschik, P. S-Prenylated Cysteine Analogues
Inhibit Receptor-Mediated G Protein Activation in Native Human
Granulocyte and Reconstituted Bovine Retinal Rod Outer Segment
Membranes. Biochemistry 1995, 34, 4952-4961.

(54) Marom, M.; Haklai, R.; Ben-Baruch, G.; Marciano, D.; Egozi,
Y.; Kloog, Y. Selective Inhibition of Ras-dependent Cell Growth by
Farnesylthiosalisylic Acid. J. Biol. Chem. 1995, 270, 22263-22270.

(55) Hoffman, G. R.; Nassar, N.; Cerione, R. A. Structure of the Rho
Family GTP-Binding Protein Cdc42 in Complex with the Multifunc-
tional Regulator RhoGDI. Cell 2000, 100, 345-356.

(56) Sherrill, C.; Khouri, O.; Zeman, S.; Roise, D. Synthesis and
Biological Activity of Fluorescent Yeast Pheromones. Biochemistry
1995, 34, 3553-3560.

(57) Khouri, O.; Sherrill, C.; Roise, D. Partitioning of a-Factor
Analogues into Membranes: Analysis of Binding and Importance for
Biological Activity. Biochemistry 1996, 35, 14553-14560.

(58) Shahinian, S.; Silvius, J. R. Doubly-Lipid-Modified Protein
Sequence Motifs Exhibit Long-Lived Anchorage to Lipid Bilayer
Membranes. Biochemistry 1995, 34, 3813-3822.

(59) Ghomashchi, F.; Zhang, X.; Liu, L.; Gelb, M. H. Binding of
Prenylated and Polybasic Peptides to Membranes: Affinities and
Intervesicle Exchange. Biochemistry 1995, 34, 11910-11918.

(60) Parish, C. A.; Brazil, D. P.; Rando, R. R. On the Mechanism of
the Inhibition of Transducin Function by Farnesylcysteine Analogues.
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analysis of the activities of the 3-substituted analogues
4-8 shown in Figure 1 demonstrated that all were
capable of initiating a biological response, but to varying
degrees depending on the nature of the modification.13

The more hydrophobic 3-phenyl and 3-tert-butyl deriva-
tives were clearly less active than the 3-vinyl and 3-ethyl
compounds in all assays. Large differences in biological
activity between the two 3-phenyl isomers and the
significantly higher biological activity of the 3-vinyl
isomer than the most active of the 3-phenyl isomers
(compound 7) are also in direct conflict with the simple
hydrophobic model. Moreover, we have recently deter-
mined the affinities of 4-6 for model lipid membranes,
and found that the change in biological activities observed
with these compounds does not correlate with simple
membrane affinity.14

The lack of variation in biological activity observed
with the isomeric a-factor analogues 1, 9, 10, and 11
stands in sharp contrast to the dramatic variation in
activities associated with compounds 7 and 8, the differ-
ent isomers of the 3-phenyl-modified farnesyl group.
Previous biophysical studies by Epand and co-workers
on lipid-modified a-factor analogues demonstrated that
the farnesyl group results in the attached peptide being
anchored more deeply in the membrane than a simple
n-alkyl chain,12 and this correlated with the lower
biological activity of the n-alkyl a-factor analogue. The
different spatial relationship of the peptide relative to
the farnesyl moiety that is imparted by the isomerization
of the 2Z-double bond (7) to the 2E-conformation (8) could
affect the ability of the lipopeptide to interact with the
Ste3p receptor in the same manner. However, it may be
that without the bulky phenyl group at the 3-position,
the isomeric farnesyl chains of 9-11 may be able to adopt
conformations similar to that of the E,E-farnesyl moiety
of the natural a-factor 1. In general, it would appear that
the relatively small differences in biological activity
observed in the present study and a previous study,
which examined the effect of stereochemical variation on
the point of attachment of the farnesyl group to the
a-factor peptide moiety,30 are not consistent with a
traditional tight ligand-receptor interaction. This could
result from a simple hydrophobic, membrane attachment
role for the isoprenoid in a-factor. However, we have
demonstrated that the three geometric isomers of farne-
syl diphosphate (derived from 12-14) surprisingly all
exhibit nanomolar binding to the high affinity isoprenoid
binding site of mammalian protein-farnesyltransferase.15

This demonstrates that the isomeric farnesyl moieties
can adopt conformations that allow them to mimic the
natural E,E-farnesyl moiety in protein binding sites, as
we have proposed above for the a-factor geometric
isomers 9-11.

Experimental Procedures

General Synthetic Procedures. Reactions that were
sensitive to air and/or water were conducted in flame dried
glassware under an argon atmosphere. Diisopropylethylamine
(DIEA), benzotriazol-1-yloxy-tris(dimethylamino) phosphoni-

um hexafluorophosphate (BOP), trifluoroacetic acid (TFA),
N,N-dimethylaminopyridine (DMAP), and all other reagents
were purchased from Aldrich (Milwaukee, WI), unless other-
wise noted. Solvents were obtained from Fisher Scientific or
VWR Scientific unless otherwise noted. All reagents and
solvents were used without further purification unless other-
wise noted. To prepare anhydrous solvents used in reaction
mixtures, the following procedures were used: THF was
distilled from Na/benzophenone; dichloromethane was distilled
from CaH2; toluene (HPLC grade) was dried and stored over
activated 4 Å molecular sieves. Flash column chromatography
was performed with silica gel 60 (230-440 mesh). Thin-layer
chromatography was conducted on silica gel-precoated alumi-
num plates or glass plates, which were visualized with UV
and/or a 10% phosphomolybdic acid/ethanol solution. HPLC
was performed on one of two different Waters systems, with
column, solvents, and gradient programs as indicated.

Ethyl 3-((Trifluoromethylsulfonyl)oxy)-7,11-dimeth-
yldodeca-2(E),6(E),10-trienoate (17). A solution of the
â-ketoester 15 (4.0 mmol, 1.072 g)19 in DMF (10.0 mL; 99.8%
anhydrous) was added to potassium bis(trimethylsilyl)amide
(0.5 M in toluene, 4.8 mmol, 9.6 mL) at 0 °C. While at 0 °C,
2-[N,N-bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (4.8
mmol, 1.88 g) was added and the mixture was allowed to warm
to room temperature overnight. The mixture was taken up in
30 mL of ether and washed with a 10% citric acid solution
(2 × 20 mL) and water (20 mL). The ether layer was dried
over MgSO4 and the solvent removed in a vacuum. Purification
by flash chromatography (19:1 hexane/ethyl acetate) gave 927
mg (58%) of compound 17, identical to the material previously
obtained as a byproduct of the synthesis of 16. 1H NMR (300
MHz, CDCl3): δ 1.30 (t, 3H), 1.60 (two, s, 6H), 1.67 (s, 3H),
2.00 (m, 4H), 2.33 (q, 4H), 2.95 (t, 2H), 4.22 (q, 2H), 5.09 (m,
2H), 5.93 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 13.21, 14.88,
24.81, 26.54, 61.13, 111.68, 113.86, 116.22, 120.47, 124.72,
163.98, 165.28.

Ethyl 3,7,11-Trimethyldodeca-2(Z),6(E),10-trienoate
(18). Triflate 17 (0.98 mmol, 392 mg), CuI (0.099 mmol, 18.9
mg), Ph3As (0.099 mmol, 30.6 mg), and bis(benzonitrile)-
palladium(II) chloride (0.0495 mmol, 18.9 g) were placed in
an argon-flushed flask and dissolved in NMP (N-methylpyr-
rolidone; anhydrous grade, used as obtained; 1.2 mL). The
mixture was immersed in an oil bath maintained at a tem-
perature of 100 °C, tetramethyltin (1.98 mmol, 0.27 mL;
CAUTION: poisonous and volatile; handle only in hood) was
added, and the reaction mixture was stirred for 18 h. It was
then cooled, taken up in ethyl acetate (25 mL), and washed
with saturated aqueous KF (2 × 20 mL) and water (2 × 20
mL). The aqueous layers were back extracted with ethyl
acetate (30 mL), and the combined organic layers were dried
(MgSO4), filtered, and concentrated. Purification by flash
chromatography (hexane/ethyl acetate 19:1) afforded 241 mg
(93%) of 18. 1H NMR (300 MHz, CDCl3): δ 1.22 (t, 3H), 1.60
(two, s, 6H), 1.68 (s, 3H), 1.97 (m, 4H), 2.16 (q, 2H), 2.62 (t,
2H), 4.13 (q, 2H), 5.09 (t, 1H), 5.17 (t, 1H), 5.65 (s, 1H).

3,7,11-Trimethyldodeca-2(Z),6(E),10-trien-1-ol (12). A
solution of the ester 18 (1.50 mmol, 400 mg) in toluene (7.5
mL) was treated at -78 °C under argon with diisobutylalu-
minum hydride (1.0 M in toluene; 4.28 mmol, 4.28 mL). After
the addition, the mixture was stirred for 1 h at -78 °C. The
reaction was quenched by addition to saturated aqueous
potassium sodium tartrate (40 mL), the organic phase was
separated, and the aqueous phase was extracted with ethyl
acetate (3 × 30 mL). The combined organic layers were washed
with water (20 mL) and brine (20 mL) and dried by MgSO4.
Filtration and concentration followed by flash chromatography
(hexane/ethyl acetate 9:1) gave 216 mg (65%) of alcohol 12.
1H NMR (300 MHz, CDCl3): δ 1.60 (s, 6H), 1.68 (s, 3H), 1.76
(s, 3H), 2.01 (m, 4H), 2.11 (m, 4H), 4.12 (d, 2H), 5.11 (app t,
2H), 5.45 (t, 1H). The proton spectrum obtained for 13 is
essentially identical to that reported previously for this
compound.20

Neryl Bromide (21). NBS (N-bromosuccinimide; 12 mmol,
3.2 g) was dissolved in 60 mL of CH2Cl2 (distilled from CaH2),
and the resulting solution was cooled to -30 °C with a dry

(61) Marcus, S.; Xue, C. B.; Naider, F.; Becker, J. M. Degradation
of a-factor by a Saccharomyces cerevisiae R mating type-specific
endopeptidase: evidence for a role in recovery of cells from G1 arrest.
Mol. Cell. Biol. 1991, 11, 1030-1039.

(62) Caldwell, G. A.; Wang, S.-H.; Naider, F.; Becker, J. M. Conse-
quences of Altered Isoprenylation Targets on a-Factor Export and
Bioactivity. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 1275-1279.
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ice/acetonitrile bath. Dimethyl sulfide (8 mmol, 1.77 mL) was
added dropwise by a syringe, and the mixture was warmed to
0 °C, maintained at that temperature for 5 min, and then
recooled to -40 °C. To the resulting milky white suspension
was added dropwise nerol (3,7-dimethylocta-2Z,6-dien-1-ol; 24
mmol, 2.11 mL). The suspension was warmed to 0 °C and
stirred for 2 h. The ice bath was removed, and reaction mixture
was warmed to room temperature and stirred for an additional
30 min. The resulting solution was washed with hexane (2 ×
20 mL). The hexane layers were then washed with brine (2 ×
20 mL) and dried over MgSO4. Concentration afforded 2.305
g (89%) of neryl bromide 21 as an oil which was used directly
in the next step without purification. 1H NMR (300 MHz,
CDCl3): δ 1.54 (s, 3H), 1.62 (s, 3H), 1.69 (s, 3H), 2.03 (m, 4H),
4.02 (d, 2H), 5.03 (t, 1H), 5.38 (t, 1H).

Ethyl 7,11-Dimethyl-3-oxododeca-6(Z),10-dienoate (22).
The monosodium salt of ethyl acetoacetate (4.26 g, 28.0 mmol)
in 56.0 mL THF (distilled from Na/benzophenone) was cooled
to 0 °C under argon, and treated with butyllithium (2.0 M in
hexane, 14.7 mL, 29.4 mmol). After 20 min, neryl bromide 21
(3.03 g, 1.0 mmol) was added to the resulting dianion solution,
and stirring was continued for additional 30 min at 0 °C. The
reaction was quenched by adding ∼10 mL of 10% aqueous
citric acid, and extracted with ether (3 × 50 mL). The organic
layers were combined, washed with saturated NaCl (2 × 30
mL) and dried over MgSO4. After purification by flash chro-
matography (hexanes/ethyl acetate 9:1), 2.50 g (67%) of the
product 22 was obtained as a pale yellow oil. 1H NMR (500
MHz) δ 1.28 (t, 3H), 1.61 (s, 3H, CH3 at C11), 1.69 (app s, 6H,
CH3 at C7 and C12-CH3), 2.04 (narrow m, 4H), 2.30 (m, 2H),
2.56 (app t, 2H), 3.43 (s, 2H), 4.19 (q, 2H), 5.08 (m, 2H). 13C
NMR (125 MHz) δ 14.8 (O-CH2CH3), 18.4 (CH3 at C11), 22.6
(C5), 24.0 (CH3 at C7), 26.4 (C12), 27.3 (C10), 32.6 (C9), 44.0 (C4),
50.1 (C2), 62.1 (O-CH2CH3), 123.6 (C6), 124.8 (C10), 132.4, 137.5,
167.9, 203.3. The 13C NMR spectrum was partially assigned
as described above (see also Supporting Information).

Ethyl 3-(((Trifluoromethyl)sulfonyl)oxy)-7,11-dimeth-
yldodeca-2(Z),6(Z),10-trienoate (23). A solution of the â-ke-
toester 22 (9.2 mmol, 2.45 g) in THF (23.0 mL; 99.8%
anhydrous) was added to potassium bis(trimethylsilyl)amide
(0.5 M in toluene, 11.0 mmol, 22.0 mL) at -78 °C. While at
-78 °C, 2-[N,N-bis(trifluoromethylsulfonyl)amino]-5-chloro-
pyridine (11.0 mmol, 4.3 g) was added and the mixture was
warmed to room-temperature overnight. The mixture was
taken up in 30 mL of ether and washed with a 10% citric acid
solution (2 × 20 mL) and water (20 mL). The ether layer was
dried over MgSO4 and the solvent removed in a vacuum.
Purification by flash chromatography (19:1 hexane/ethyl ac-
etate) gave 3.17 g (86%) of compound 23 as an oil. 1H NMR
(300 MHz, CDCl3): δ 1.31 (t, 3H), 1.61 (s, 3H), 1.69 (s, 6H),
2.04 (s, 4H), 2.28 (t, 2H), 2.40 (t, 2H), 4.26 (q, 2H), 5.06 (t,
2H), 5.74 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 13.952, 17.538,
23.218, 24.324, 26.335, 31.892, 34.791, 61.167, 111.946, 121.383,
123.790, 131.902, 138.211, 158.296, 162.365.

Ethyl 3,7,11-Trimethyldodeca-2(E),6(Z),10-trienoate
(24). Triflate 23 (0.84 mmol, 337 mg), CuI (0.084 mmol, 16.0
mg), Ph3As (0.084 mmol, 25.8 mg), and bis(benzonitrile)-
palladium(II) chloride (0.042 mmol, 16.0 g) were placed in an
argon-flushed flask and dissolved in NMP (1.01 mL). The
mixture was immersed in an oil bath maintained at a tem-
perature of 100 °C, tetramethyltin (1.68 mmol, 0.23 mL, 397.2
mg; CAUTION: poisonous and volatile; handle only in hood)
was added, and the reaction mixture was stirred for 18 h. It
was then cooled, taken up in ethyl acetate (25 mL), and washed
with saturated aqueous KF (2 × 20 mL) and water (2 × 20
mL). The aqueous layers were back extracted with ethyl
acetate (30 mL), and the combined organic layers were dried
(MgSO4), filtered, and concentrated. Purification by flash
chromatography (hexane/ethyl acetate 19:1) gave 189 mg (85%)
of 24. 1H NMR (300 MHz, CDCl3): δ 1.28 (t, 3H), 1.61 (s, 3H),
1.64 (s, 6H), 2.03 (s, 4H), 2.15 (s, 4H), 4.14 (q, 2H), 5.09 (m,
2H), 5.66 (s, 1H).

3,7,11-Trimethyldodeca-2(E),6(Z),10-trien-1-ol (13). A
solution of the ester 24 (0.85 mmol, 226 mg) in toluene (4.2
mL) was treated at -78 °C under argon with diisobutylalu-

minum hydride (1.0 M in toluene; 2.38 mmol, 2.38 mL). After
the addition, the mixture was stirred for 1 h at -78 °C. The
reaction was quenched with saturated aqueous potassium
sodium tartrate (40 mL), the organic phase was separated, and
the aqueous phase was extracted with ethyl acetate (3 × 30
mL). The combined organic layers were washed with water
(20 mL) and brine (20 mL) and dried with MgSO4. Filtration
and concentration followed by flash chromatography (hexane/
ethyl acetate 9:1) gave 115 mg (62%) of alcohol 13. 1H NMR
(300 MHz, CDCl3): δ 1.61 (s, 3H), 1.69 (9H), 2.04 (m, 4H), 2.10
(m, 4H), 4.16 (d, 2H), 5.11 (t, 2H), 5.42 (t, 1H). The proton
spectrum obtained for 13 is essentially identical to that
reported previously for this compound.20

Ethyl 3-(((Trifluoromethyl)sulfonyl)oxy)-7,11-dimeth-
yldodeca-2(E),6(Z),10-trienoate (25). To a solution of â-ke-
toester 22 (867 mg, 3.26 mmol) in DMF (8.0 mL; 99.8%
anhydrous) at 0 °C was added potassium bis(trimethylsilyl)-
amide (0.5M in toluene, 3.85 mmol, 7.7 mL). After 2 h, 2-[N,N-
bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (1.39 g,
3.54 mmol) in ∼5 mL of DMF was added to the resulting
enolate solution, and stirring was continued at 0 °C for 3.5 h.
The reaction was then taken up in 30 mL of ether, washed
with ∼5 mL of 10% aqueous citric acid (2 × 20 mL), and water
(20 mL). The organic layer was dried over MgSO4, and
concentrated. Purification by flash chromatography (20:1
hexanes/ethyl acetate) gave 797 mg (60%) of triflate 25 as a
pale yellow oil. None of the isomeric triflate 23 could be
observed by proton NMR. 1H NMR (300 MHz, CDCl3): δ 1.33
(t, 3H), 1.63 (s, 3H), 1.68 (app s, 6H), 2.11 (app s, 4H), 2.32
(m, 2H), 2.98 (t, 2H), 4.29 (q, 2H), 5.12 (m, 3H), 5.95 (s, 1H).
Note the characteristic strong deshielding of the C4-CH2 signal,
by the ester carbonyl, to 2.98 ppm; in contrast, the C4-CH2

signal for the isomeric triflate 23 appears at 2.39 ppm. 13C
NMR (75.4 MHz, CDCl3): δ 13.206, 14.883, 23.062, 24.779,
26.486, 30.084, 31.819, 33.521, 59.094, 61.067, 63.008, 111.628,
113.816, 116.215, 120.452, 122.894, 163.949, 165.196.

Ethyl 3,7,11-Trimethyldodeca-2(Z),6(Z),10-trienoate
(26). In a flame-dried, argon-flushed flask were placed triflate
25 (580 mg, 1.46 mmol), Pd(PhCN)2Cl2 (28 mg, 0.073 mmol),
AsPh3 (45 mg, 0.146 mmol), CuI (28 mg, 0.146 mmol) and 0.80
mL of NMP (99.5%, anhydrous). This mixture was heated to
∼100 °C, tetramethyltin (0.40 mL, 1.91 mmol; CAUTION:
poisonous and volatile; handle only in hood) was added, and
the reaction was stirred for 15 h. The reaction was cooled,
taken up with 100 mL ethyl acetate, and washed with
saturated aqueous KF (3 × 30 mL). The aqueous layer was
back-extracted with ethyl acetate (2 × 15 mL) and the
combined organic layers were dried over MgSO4. Concentration
followed by flash chromatography (hexanes/ethyl acetate 20:
1) gave 26 as a colorless oil (248 mg, 64%). 1H NMR (300 MHz,
CDCl3): δ 1.24 (t, 3H), 1.605 (s, 3H), 1.68 (S, 6H), 1.88 (s, 3H),
2.04 (s, 4H), 2.15 (m, 2H), 2.63 (t, 2H), 4.12 (q, 2H), 5.16 (m,
2H), 5.65 (s, 1H). The identity, and in particular the stereo-
chemistry, of this ester was confirmed by the similarity of the
methyl peaks in its 1H NMR spectrum to that of the Z,Z-
methyl farnesoate originally prepared by Burrell et al.20

3,7,11-Trimethyldodeca-2(Z),6(Z),10-trien-1-ol (14). A
solution of the ester 26 (0.61 mmol, 160 mg) in toluene (3.0
mL) was treated at -78 °C under argon with diisobutylalu-
minum hydride (1.0 M in toluene; 1.70 mmol, 1.70 mL). After
the addition the mixture was stirred for 1h at -78 °C. The
reaction was quenched with saturated aqueous potassium
sodium tartrate (40 mL), the organic phase was separated, and
the aqueous phase was extracted with ethyl acetate (3 × 30
mL). The combined organic layers were washed with water
(20 mL) and brine (20 mL) and dried by MgSO4. Filtration
and concentration followed by flash chromatography (hexane/
ethyl acetate 9:1) gave 98 mg (74%) of alcohol 14: 1H NMR
(300 MHz, CDCl3): δ 1.61 (s, 3H), 1.69 (s, 6H), 1.75 (s, 3H),
2.10 (two, s, 8H), 4.11 (d, 2H), 5.11 (m, 2H), 5.45 (t, 1H). The
proton spectrum obtained for 14 is essentially identical to that
reported previously for this compound.16,20

1-Bromo-3,7,11-trimethyldodeca-2(Z),6(E),10-triene (29).
Carbon tetrabromide (0.361 mmol, 121.4 mg), triphenylphos-
phine (0.293 mmol, 78.5 mg), and alcohol 12 (0.278 mmol, 78.5

Isomeric Farnesylated a-Factor Analogues J. Org. Chem., Vol. 65, No. 25, 2000 8561



mg) were dissolved in CH2Cl2 (distilled from CaH2, 10.7 mL).
The resulting mixture was stirred at room temperature for
3.0 h. The solvent was removed in rotary evaporator at room
temperature. The residue was treated with hexane (20 mL),
and the hexane solution was then centrifuged, removed from
the precipitate with a pipet, transferred to a second flask, and
concentrated. This procedure was repeated five to six times.
The resulting bromide 29 (91 mg, 95%) could be used directly
in the next step, or it could be purified by reversed-phase
HPLC [linear gradient of 30% A/70% B to 100% B over 30 min
(A, water; B, MeCN; column, Vydac pH-stable C8 10 × 250
mm column; flow rate, 4 mL/min; UV monitoring at 214 and
254 nm)]. 1H NMR (300 MHz, CDCl3): δ 1.60 (s, 6H), 1.68 (s,
3H), 1.73 (s, 3H), 1.98 (m, 4H), 2.09 (m, 4H), 4.01 (d, 2H), 5.08
(t, 2H), 5.54 (t, 1H).

1-Chloro-3,7,11-trimethyldodeca-2(Z),6(E),10-triene (30).
NCS (N-chlorosuccinimide; 1.08 mmol, 144 mg) was dissolved
in 10 mL of CH2Cl2 (distilled from CaH2), and the resulting
solution was cooled to -30 °C with a dry ice/acetonitrile bath.
Dimethyl sulfide (1.08 mmol, 0.08 mL) was added dropwise
by a syringe, and the mixture was warmed to 0 °C, maintained
at that temperature for 5 min, and cooled to -40 °C. To the
resulting milky white suspension was added dropwise Z,E-
farnesol 12 (0.54 mmol, 120 mg). The suspension was warmed
to 0 °C and stirred to 3 h. The ice bath was removed, and the
reaction mixture was warmed to room temperature and stirred
for an additional 2 h. The resulting solution was washed with
hexane (2 × 20 mL). The hexane layers were then washed with
brine (2 × 20 mL) and dried over MgSO4. Concentration
afforded 107 mg (81%) of farnesyl chloride 30 as an oil, which
was used directly in the next step without purification.

Cys[S-(Z,E-farnesyl)]-OCH3 (31). The Z,E-farnesyl chlo-
ride 30 (0.34 mmol, 82 mg) and l-cysteine methyl ester (0.34
mmol, 58.0 mg) were dissolved in 6.0 M NH3/MeOH (2.6 mL),
stirred at 0 °C for 3 h and then at room temperature for 1 h.
The resulting mixture was partitioned between ether and H2O.
The organic layer was washed with H2O (3 × 10 mL), the
combined organic layers were filtered, concentrated, and dried
by MgSO4. The crude compound was purified by flash column
(ether/hexane 6:1) to afford 88 mg (76%) of 31. 1H NMR (300
MHz, CDCl3): δ 1.60 (s, 6H), 1.69 (s, 6H), 2.00∼2.07 (m, 8H),
2.74, 2.88 (2q, 2H), 3.19 (d, 2H), 3.62 (q, 1H), 3.74 (s, 3H), 5.11
(t, 2H, H6 and H10), 5.24 (t, 1H, H2).

Fmoc-Ala-Cys[S-(Z,E-farnesyl)]-OCH3 (32). Cys[S-(Z,E-
farnesyl)]OCH3 (31; 0.22 mmol, 76 mg), Fmoc-alanine (0.22
mmol, 77.0 mg), and HOBt (0.22 mmol, 32 mg) were dissolved
in CH2Cl2 (3.0 mL). This solution was cooled to 0 °C for 20
min, and then EDC was added (0.22 mmol, 47 mg). The
mixture was warmed to 20 °C and stirred overnight. The
solvent was removed, and the resulting mixture was parti-
tioned between ether and H2O. The organic layer was washed
with H2O (3 × 10 mL), the combined organic layer was filtered,
concentrated, and dried by MgSO4. The crude compound was
purified by flash column (ether/hexane 6:1) to afford 125 mg
(90%) of 32. Further purification by reversed-phase HPLC,
using a linear gradient from 80% A/20% B to 100% B over 25
min (A, H2O; B, CH3CN; Vydac pH-stable C8 10 × 250 mm
column; flow rate, 4 mL/min; UV monitoring at 214 and 254
nm), afforded pure dipeptide. The retention time of the
dipeptide 32 was 24.5 min. 1H NMR (600 MHz, CDCl3): δ
1.416 (d, 3H), 1.571 (d, 6H), 1.657 (s, 3H), 1.709 (s, 3H), 1.92-
2.09 (m, 8H), 2.81-2.99 (m, 2H), 3.06-3.20 (m, 2H), 3.758 (s,
3H), 4.219 (t, 1H), 4.316 (narrow m, 1H), 4.397 (narrow m,
2H), 4.749 (m, 1H), 5.099 (nm, 2H), 5.177 (t, 1H), 5.360 (d,
Cys NH), 6.771 (d, Ala NH), 7.314 (t, 2H), 7.391 (t, 2H), 7.574
(d, 2H), 7.747 (d, 2H). FAB-MS: 633 [calcd for (C37H48N2-
O5S + H+) - 633.3].

1-Chloro-3,7,11-trimethyldodeca-2(E),6(Z),10-triene (35).
NCS (N-chlorosuccinimide; 0.42 mmol, 60 mg) was dissolved
in 1.75 mL of CH2Cl2 (distilled from CaH2), and the resulting
solution was cooled to -30 °C with a dry ice/acetonitrile bath.
Dimethyl sulfide (0.45 mmol, 0.03 mL, 27 mg) was added
dropwise by a syringe, and the mixture was warmed to 0 °C,
maintained at that temperature for 15 min, and cooled to -30
°C. To the resulting milky white suspension was added

dropwise E,Z-farnesol (13; 0.38 mmol, 84 mg). The suspension
was warmed to 0 °C and stirred to 3 h. The ice bath was
removed, and the reaction mixture was warmed to room
temperature and stirred for an additional 20 min. The result-
ing solution was washed with hexane (2 × 20 mL). The hexane
layers were then washed with brine (2 × 20 mL) and dried
over MgSO4. Concentration afforded 80 mg (86%) of farnesyl
chloride 35 as an oil, which was used directly in the next step
without purification. Monitoring of the reaction by TLC
confirmed the disappearance of the starting material 13 and
indicated the completion of the reaction.

Cys[S-(E,Z-farnesyl)]-OCH3 (36). The E,Z-farnesyl chlo-
ride 35 (0.42 mmol, 100 mg) and l-cysteine methyl ester (0.42
mmol, 70.0 mg) were dissolved in 6.0 M NH3/MeOH (3.2 mL),
stirred at 0 °C for 3 h and then at 20 °C for 1 h. The resulting
mixture was partitioned between ether and H2O. The organic
layer was washed with H2O (3 × 10 mL), and then dried over
MgSO4. The crude compound was purified by flash column
(ether/hexane 6:1) to afford 74 mg (51%) of 36. 1H NMR (300
MHz, CDCl3): δ 1.61 (s, 3H), 1.66 (s, 6H), 1.76 (s, 3H), 2.03
(m, 8H), 2.71, 2.87 (app dq, 2H), 3.18 (t, 2H), 3.64 (t, 1H), 3.75
(s, 3H), 5.12 (t, 2H, H6 and H10), 5.23 (t, 1H, H2).

Fmoc-Ala-Cys[S-(E,Z-farnesyl)]-OCH3 (37). Cys[S-(E,Z-
farnesyl)]OCH3 (36; 0.29 mmol, 100 mg), Fmoc-alanine (0.47
mmol, 146 mg) and HOBt (0.53 mmol, 71 mg), were dissolved
in CH2Cl2 (6.5 mL). This solution was cooled to 0 °C for 20
min, then EDC was added (0.53 mmol, 102 mg). The mixture
was then stirred at room temperature overnight. The solvent
was removed and the resulting mixture was partitioned
between ether and H2O. The organic layer was washed with
H2O (3 × 10 mL), the combined organic layer was filtered,
concentrated, and dried by MgSO4. The crude compound was
purified by flash column (ether/hexane 6:1) to afford 94 mg
(50%) of 37. Further purification by reversed-phase HPLC,
using a linear gradient from 80% A/20% B to 100% B over 25
min (A, H2O; B, CH3CN; Vydac pH-stable C8 10 × 250 mm
column; flow rate, 4 mL/min; UV monitoring at 214 and 254
nm), afforded pure dipeptide. The retention time of the
dipeptide 37 was 24.4 min. 1H NMR (600 MHz, CDCl3) δ 1.416
(d, 3H), 1.576 (s, 3H), 1.619 (s, 3H), 1.657 (s, 6H), 1.92-2.09
(m, 8H), 2.80-2.99 (m, 2H), 3.04-3.19 (m, 2H), 3.724 (s, 3H),
4.212 (t, 1H), 4.306 (narrow m, 1H), 4.372 (narrow m, 2H),
4.749 (m, 1H), 5.063 (nm, 2H), 5.151 (t, 1H), 5.340 (d, Cys NH),
6.775 (d, Ala NH), 7.295 (t, 2H), 7.380 (t, 2H), 7.574 (d, 2H),
7.743 (d, 2H). FAB-MS: 633 [calcd for (C37H48N2O5S + H+) -
633.3].

1-Chloro-3,7,11-trimethyldodeca-2(Z),6(Z),10-triene (38).
NCS (N-chlorosuccinimide; 1.08 mmol, 144 mg), was dissolved
in 10 mL of CH2Cl2 (distilled from CaH2), and the resulting
solution was cooled to -30 °C with a dry ice/acetonitrile bath.
Dimethyl sulfide (1.08 mmol, 0.08 mL) was added dropwise
by a syringe, and the mixture was warmed to 0 °C, maintained
at that temperature for 15 min, and cooled to -30 °C. To the
resulting milky white suspension was added dropwise Z,Z-
farnesol 14 (0.45 mmol, 120 mg). The suspension was warmed
to 0 °C and stirred to 3 h. The ice bath was removed, and the
reaction mixture was stirred for an additional 2 h at room
temperature. The resulting solution was washed with hexane
(2 × 20 mL). The hexane layers were then washed with brine
(2 × 20 mL) and dried over MgSO4. Concentration afforded
72 mg (55%) of farnesyl chloride 38 as oil, which was used
directly in the next step without purification.

Cys[S-(Z,Z-farnesyl)]-OCH3 (39). The Z,Z-farnesyl chlo-
ride 38 (0.29 mmol, 72 mg) and l-cysteine methyl ester (0.35
mmol, 61 mg) were dissolved in 6.0 M NH3/MeOH (2.3 mL),
stirred at 0 °C for 3 h and then at room temperature for 1 h.
The resulting mixture was partitioned between ether and H2O.
The organic layers were washed with H2O (3 × 10 mL), the
combined organic layers were filtered, concentrated, and dried
over MgSO4. The crude compound was purified by flash
chromatography (ether/hexane 6:1) to afford 72 mg (73%) of
39. 1H NMR (300 MHz, CDCl3): δ 1.61 (s, 3H), 1.69 (s, 6H),
1.74 (s, 3H), 2.03 (m, 8H), 2.71, 2.87 (2q, 2H), 3.16 (t, 2H),
3.64 (q, 1H), 3.74 (s, 3H), 5.11 (t, 2H, H6 and H10), 5.23 (t, 1H,
H2).
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Fmoc-Ala-Cys[S-(Z,Z-farnesyl)]-OCH3 (40). Cys[S-(Z,Z-
farnesyl)]-OCH3 (39; 0.17 mmol, 57 mg), Fmoc-alanine (0.19
mmol, 58 mg), and HOBt (0.19 mmol, 25 mg), were dissolved
in CH2Cl2 (2.5 mL). This solution was cooled to 0 °C for 20
min, and then EDC was added (0.19 mmol, 36 mg). The
reaction was then stirred overnight at room temperature. The
solvent was removed and the resulting mixture was parti-
tioned between ether and H2O. The organic layer was washed
with H2O (3 × 10 mL), the combined organic layer was filtered,
concentrated, and dried by MgSO4. The crude compound was
purified by flash column (ether/hexane 6:1) to afford 70 mg
(65%) of 40. Further purification by reversed-phase HPLC,
using a linear gradient from 80% A/20% B to 100% B over 25
min (A, H2O; B, CH3CN; Vydac pH-stable C8 10 × 250 mm
column; flow rate, 4 mL/min; UV monitoring at 214 and 254
nm), afforded pure dipeptide. The retention time of the
dipeptide 40 was 25.22 min. 1H NMR (600 MHz, CDCl3): δ
1.416 (d, 3H), 1.570 (s, 3H), 1.657 (d, 6H), 1.69(s, 3H), 1.92-
2.09 (m, 8H), 2.80-2.99 (m, 2H), 3.04-3.19 (m, 2H), 3.731 (s,
3H), 4.210 (t, 1H), 4.309 (narrow m, 1H), 4.376 (narrow m,
2H), 4.749 (m, 1H), 5.060 (nm, 2H), 5.155 (t, 1H), 5.307 (d,
Cys NH), 6.605 (d, Ala NH), 7.304 (t, 2H), 7.398 (t, 2H), 7.594
(d, 2H), 7.753 (d, 2H). FAB-MS: 633 [calcd for (C37H48N2-
O5S + H+) - 633.3].

Fmoc-Ala-Cys[S-(E,E-farnesyl)]-OCH3 (41). This pro-
tected dipeptide was prepared as previously described.28 Its
proton NMR spectrum is given below for comparison to the
other isomers (dipeptides 32, 37, and 40). 1H NMR (600 MHz,
CDCl3): δ 1.408 (d, 3H), 1.565 (d, 6H), 1.616 (s, 3H), 1.652 (s,
3H), 1.92-2.08 (m, 8H), 2.82-2.98 (m, 2H), 3.04-3.18 (m, 2H),
3.736 (s, 3H), 4.207 (t, 1H), 4.288 (narrow m, 1H), 4.379
(narrow, m, 2H), 4.741 (m, 1H), 5.057 (m, 2H), 5.147 (t, 1H),
5.340 (d, Cys NH), 6.646 (d, Ala NH), 7.291 (t, 2H), 7.375 (t,
2H), 7.563 (m, 2H), 7.739 (d, 2H).

Peptide Synthesis, Purification, and Characterization
Methods. All stereoisomers of a-factor were synthesized by
coupling the protected amine terminal decapeptide [Fmoc-Tyr-
(tBu)-Ile-Ile-Lys(Boc)-Gly-Val-Phe-Trp(formyl)-Asp(OFm)-Pro-
OH] with the appropriate AlaCys(S-Far)-OMe following the
procedure originally used by Xue et al.28 N-R-Boc-Pro-OCH2-
PAM-resin was supplied by Applied Biosystems. Protected
amino acids were purchased from Bachem Inc. (Torrance, CA)
and Advanced ChemTech (Louisville, KY). 1-Hydroxybenzo-
triazole (HOBt) was purchased from Advanced ChemTech.
Reversed-phase HPLC was performed on a Waters system.
Analytical HPLC was run on a Waters µ-Bondapak-C18 column
(3.9 × 300 mm), and all peptides were eluted with either a
water/acetonitrile (both containing 0.025%TFA) or a water/
methanol (both containing 0.025%TFA) linear gradient. Pre-
parative HPLC was run on a Waters µ-Bondapak-C18 column
(19 × 300 mm or 19 × 150 mm) using a linear gradient of
water (0.025%TFA) and acetonitrile (0.025%TFA) from 10%
to 100% over 120 min. Detection in both cases was by UV at
220 nm. All peptides subjected to biological assays were
purified to over 99% homogeneity as judged by RP-HPLC.
Electron spray mass spectrometry was carried out at Pepti-
doGenics Inc., Livermore, CA. Amino acid analyses were
performed by the Biopolymers Laboratory at the Brigham and
Women’s Hospital, Cambridge, MA.

Synthesis of the Protected Decapeptide [Fmoc-Tyr-
Ile-Ile-Lys(Fmoc)-Gly-Val-Phe-Trp-Asp(OFm)-Pro-OH
(34)]. In the synthesis of the amine terminal protected
decapeptides, we utilized Boc as the temporary protecting
group for all R-amines except that of Tyr. A preloaded Boc-
Pro-OCH2-PAM resin was employed as the support. The
protected decapeptide was synthesized using an automated
solid-phase protocol on an Applied Biosystems Model 433A
peptide synthesizer. To ensure a high degree of coupling
efficiency, all amino acids were double coupled using DCC/
HOBt. After 9 cycles and removal of tert-butyl group of Tyr,
the partially protected decapeptide-resin was dried completely
in a vacuum and subjected to HF treatment as previously
described.28 The protected decapeptide was recovered as a
white powder in about 70-80% yield (based on the starting
amine content on the resin). Since the protected decapeptide

is very hydrophobic, the direct evaluation of its purity by
reverse- phase HPLC was complicated due to precipitation in
the tubing and on the column. After removal of all protecting
groups with 10% piperidine in DMF, the crude deprotected
decapeptides were found to be over 85% homogeneous on
HPLC. Thus the crude protected decapeptide was used for
10 + 2 couplings without purification.

Synthesis of Stereoisomeric a-Factor Analogues. The
final a-factor analogues were synthesized by condensing the
protected decapeptide with the appropriately farnesylated
dipeptide as previously performed in this laboratory.28 The
procedure for the synthesis of trans, cis-farnesylated a-factor
10 is presented as a representative example. Fmoc-Ala-Cys-
[S-(E,Z-farnesyl)]OCH3 (37; 10 mg, 27 µmol) was dissolved in
0.4 mL DMF, 25 mg of DMAP was added, and stirring was
continued at room-temperature overnight. HPLC indicated the
complete deprotection of the Fmoc group, and this solution was
added to a solution of protected decapeptide 24.5 mg in 1.6
mL DMF at 0 °C followed by BOP reagent (4.9 mg, 11 µmol)
and HOBt (1.5 mg, 11 µmol). The reaction mixture was stirred
at 0 °C for 1h, and analytical HPLC indicated that the
decapeptide had been consumed. The reaction was terminated,
and the Fmoc/OFm groups were removed by adding 0.5 mL
piperidine. After stirring for 1 h, the solution was added to 50
mL precooled ethyl ether and the precipitate was washed with
ethyl ether. The solid was dissolved in 0.5 mL methanol,
acidified with 1% aqueous TFA, and applied to a Waters
µ-Bondapak column (19 × 150 mm) for HPLC purification.
Amino acid analyses (values were not determined for Trp and
Cys): 9 - A(1)1.05; D(1)1.05; F(1)1.04; G(1)1.06; I(2)1.73
K(1)1.05; P(1) V(1)1.04; Y(1)0.98; 10 - A(1)1.05; D(1)1.04;
F(1)1.04; G(1)1.06; I(2)1.73; K(1)1.03; P(1) V(1)1.05; Y(1)1.01;
11 - A(1)1.14; D(1)1.08; F(1)0.98; G(1)1.20; I(2)1.78; K(1)1.10;
P(1)1.11; V(1)1.11; Y(1)0.51. Other analytical data for 9, 10,
and 11 are presented in Table 2.

Growth Arrest Assay. Saccharomyces cerevisiae strain
RC757 [MATR sst2-1 rme1 his6 met1 can1 cyh2] was a gift
from Russell Chan (University of Cincinnati). Biological activ-
ity of these pheromone analogues was measured by examining
their ability to induce a halo of growth arrest when spotted
onto a lawn of RC757 cells, a strain supersensitive to a-factor.
The endpoint of activity is defined as the minimum quantity
of peptide resulting in the formation of an observed halo, as
described previously.5 No variations in the activities of ana-
logues from those values reported were seen across three
experiments. All peptide stocks were verified to be ap-
proximately equal in concentration by absorbance at 279 nm
(ε ) 5600 cm2 mol-1).
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