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Abstract: Two di-C-labeled farnesyl diphosphates (2 and 4) have been prepared using modified versions of
the isoprenoid triflate route previously developed in this laboratory. The 3J« coupling constants for the precursor
alcohols 1 and 3 are 1.6 Hz and 3.6 Hz, respectively, in CDCl,, and very mmﬂar results were obtained for 2 and
4 in D,O. This indicates a skew or gauche conformation about the C,-C, bond and a trans conformation about the

C,-C; bond in both fammesol and FPP. © 1998 Elsevier Science Ltd. All rights reserved.

Isoprenoid diphosphates play a central role in cellular lipid metabolism, particularly the key intermediate
farnesyl diphosphate (FPP), which serves as a precursor to chol terol, dolichol, ubiquinone, and farnesylated
nroteins.!  Surprisinelv. little is known about the solution structure of isoprenoid dinho hn S Molecular
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mechanics and ab initio calculations23 and solid state structural studies®5 have been cmployed to examine the
conformations of prenyi derivatives and model systems. However, only Facke and Berger have examined the
solution phase conformation of an isoprenoid, farnesol (1),% and no studies have been done on the solution phase
conformation of any prenyl diphosphate. As shown below (Figure 1), the C,-C, bond in famesol could assume a
trans (conformer A) or eclipsed (C) conformation, or an intermediate skew or gauche conformation (represented
by B). Molecular mechanics and ab initio calculations indicate that the skew (B, where the angle between the
labeled carbons is ~90°) and eclipsed conformations C are preferred.2:6.7 Carbon-13 NMR of the C,-C,; di-"C-

labeled analog 1 should be able to distinguish between B and the other two conformers, as a Karplus relationship

is observed and the coupling constants between the labeled carbons in A and C are significantly larger (~4-5 Hz)
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to develop FPP-based inhibitors of protein-farnesyl transfer
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diphosphates 2 and 4 and obtained their *C-NMR spectra.14:15 These compounds provide evidence concerning
the preferred solution conformation about the C;-C, and C,-C, bonds of FPP, respectively.
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Work in this laboratory has demonstrated that vinyl triflates are very useful, versatile intermediates for the
preparation of isoprenoid analogs.11.12.16,17 Thus, the synthetic scheme shown in Figure 2 was used to prepare
1 and 2. Horner-Emmons coupling of the commercially available °*C-labeled phosphonate 5 with ketone 6,
followed by reduction and bromination, led to 1-'*C-geranyl bromide 9 in essentially the same manner as
previously described.18 Coupling of 9 and the acetoacetate dianion 10,11.16,19 afforded the B-ketoester 11.
Intermediate 11 was then transformed in a highly stereoselective fashion to the vinyl triflate 12, again in the same
fashion as described previously for the unlabeled triflate. The key new step in the synthcsis was the attachment of
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the unlabeled vinyl triflate 14 to give 15, the key intermediate in the synthesis of a potent protein-farnesyl
transferase inhibitor.12 Note that the unoptimized yield in this reaction was higher than that achieved in the
coupling of either tert-BuCu(CN)Li or tert-Bu,Cu(CN)Li, with 14.12 Thus the use of Grignard reagents
enhances the versatility of our vinyl triflate route to isoprenoids. Reduction of ester 13 to the alcohol 1, followed
by the two-step diphosphorylation procedure of Poulter and coworkers,2! led to the desired di-labeled FPP 2.
The incorporation of the appropriate '°C labels in 1 was confirmed by the intense, coupled (vide infra) *C-NMR
signals at 16.3 and 26.3 ppm, along with the observation of ’C coupling with the C,;-CH, and Cs-CH, signals in
the proton NMR spectrum.22

Figure 2 5 4 o
5O gv‘.b NaH, DME; /J;v’\vjivl"-oa DIBALH, /lvAvlv.w CBr,, PPh;,
N k'3 oy _b ——%“ =
5 " M 7 e ) ) R T
. 8
6
ONa OLi 0.0
10 [ KHMDS, THF; FCo0 o
)\/\/k/' ~ - * \)\/u\oa
~ ~ Br 'I'HF (44%) ~ N ~ S
9 11 12
13CH,Mgl, I | S Q  DIBALH PhMe 1) NCS, Me,S. CH,Cl;
PR A — . /\/\/\/O » 1 ad LA
CuCN, Et,0 = A~ om (96%) 2) (Bu,N),HP,0O,, MeCN
(49%) 13 (27% for both steps)
E r':s <0 . \l/ 0

/ .

/ .
-

/ p
]

Jere BV )\/\)\/\)\)LO
e —————
Et CuCN, Et,0 ~ A AN Et

14 (51%) 15

The 3,6-di-labeled derivatives 3 and 4 were prepared using a very similar synthetic route, as illustrated in
Figure 3. The appropriately labeled geranyl bromide 16 was prepared in the same manner as 9, with the
exception that 2-"*C-triethylphosphonoacetate was used as starting material. It was then coupled with 17, the
dianion of 3-'>C-ethyl acetoacetate, 23 10 give the di-C-labeled B-ketoester 18. Since tiflate 19 already

possesses the two appropriate '*C labels, it was transformed to ester 20 in high yield using the previously
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developed Pd/Cul-mediated coupling with organostannanes.!1.16.24

Reduction of 18 afforded 3, which was
then converted to 3,6-*C-FPP 4 in the same manner as described for 2. The incorporation of the appropriate °’C
labels in 2 was confirmed by the intense, coupled (vide infra) >*C-NMR signals at 123.8 and 139.8 ppm, along

with the observation of *C coupling with the C, vinylic signal in the proton NMR spectrum.22
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With the target compounds synthesized, the coupling constants of interest for the two alcohols and two
diphosphates were determined in a straightforward fashion using *C-NMR in CDCl,. The 1.6 Hz coupling
constant for 1 is consistent with a skew (~90°) conformation about the C,-C, bond of farnesol, while the 3.6 Hz
coupling observed for 3 indicates that the C,-C, bond primarily exists in a trans conformation. These values are
identical to those determined by Facke and Berger for unlabeled famesol using a pulse-transfer sequence for the

13
determination of J.. values® and this confirms the validity of their method. The “"C-NMR spectra of
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diphosphates 2 and 4 were determined in D,0, as FPP is water soluble and water is the biologically relevant

solvent. It might be supposed that the hydrophobic farnesyl moiety of FPP would exist in a more folded, globular
form in water, and that gauche conformations in the hydrocarbon chain would predominate. Such foided
conformations correspond to those required for the cyclization of FPP to various sesquiterpene structures.2>
However, the coupling constants observed for 2 (1.6 Hz) and 4 (3.5 Hz) in D,O are virtually identical to those
observed for 1 and 3 (respectively) in CDCl,. Thus the conformational stability of the trans arrangement about
the C,-C, bond in the farnesyl chain outweighs any unfavorable interactions incurred by the hydrophobic group in
D,O. This surprising observation is consistent with the findings of Menger and D’Angelo,26 who determined by
*J - measurements that the trans/gauche ratio of the C;-C, bond in n-undecane does not vary as the solvent is
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changed from chloroform to a water/ethanol mixture.2’ Therefore, the solution structure of FPP does not
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resembie the foided conformation found in ihe aciive siies of sesquiierpene cyclases,~>-~> but it closely
approximates the extended conformation proposed to exist in the high-affinity FPP binding site in mammalian
protein-farnesyl transferase.30 It is anticipated that various prenylated peptides and proteins derived from 1-4 will
prove to be valuable tools to investigate, in conjunction with solution phase or solid-state NMR,3! the
conformation of the farnesyl group in a variety of different environments.

Acknowledgement. This research was supported by NIH grant CA67292. RAG was supported in part by an
American Cancer Society Junior Faculty Research Award (JFRA-609), and TJZ was supported in part by a WSU

Wil

3993



[

NN AW

W NN
So®

(U8}
[oen

1. Dy
ornipi crwrmwe DLUlUSLLul

1998; Vol. 1, p 31-118.
Broekcr, J. L Hoffmann, R. W.; Houk, K. N. J. Am. Chem. Soc. 1991, 113, 5006-5017
m.

J.
Gung, B. W,; Zhu Z.; Fouch, R. A. J. Am. Chem. Soc. 1995, 117, 1783-1788.
EFrmcet T- l:nv-hnn I_u I iohioc Awn (Ch 1070 6‘1< 1642

AUl2iOty Jey L ULLIUY,y #.T1k LACUED L0166, cnem. BRI T Ty AUTT T AT Time

Murgolo N. J.; Patel, A.; Stivala, S. S.; Wong, T. K. Biochemistry 1989, 28, 253-260.

Facke, T.; Berger S. J. Am. Chem. Soc. 1995, 117, 9547-9550.

Note that Bilier and coworkers have reporied that FPP analogs that mimic the eclipsed conformation C
are very potent inhibitors of squalene synthase, which suggests that FPP assumes this conformation in
the active site of this enzyme: Biller, S. A.; Abt, J. W.; Pudzianowski, A. T.; Rich, L. C.; Slusarchyk,
D A Closek C P Jr Bzoorg Med Chem. Lert 1993 3, 595- 600

Marshall, J. L. Carbon-Carbon and Carbon-Proton NMR Lc}w;iﬁgs ; nppm.uuum to Oi‘gumc
Stereochemistry and Conformational Analysis; Verlag Chemie International: Deerfield Beach, FL, 1983.

Krivdin, L. B.; Della, E. W. Prog. Nucl. "Magn. Res. Spectrosc. 1991, 23, 301-610.
Menger, F. M.; Carnahan, D. W. J. Am. Chem. Soc. 1986, 108, 1297-1298.

ihle B A . Eeichnan .
Gibbs, R. A.; Krishnan, U.; Dolence, J. M.; Poulter, C. D. J. Org. Chem. 1995, 60, 7821-7829.

Mu, Y. Q.; Gibbs, R. A.; Eubanks L. M.; Poulter, C. D. J. Org. Chem. 1996, 61, 8010-8015.
Leonard, D. M. J. Med, Chem. 1997, 40, 2971-2990.

Although no similar di- C-labeled FPP analogs have been previously reported, several different BC.
labeled FPP analogs have been prepared by Cane and coworkers as mechanistic probes for sesquiterpene
cyclases.” In particular, our svntheuc route is closely related to that recently used by Eis and Schmalz
to prepare all-trrans-1,2,3, 4-%C- -geranylgeraniol: Eis, K.; Schmalz, H.-G. Syntheszs 1997, 202-206.

See aiso: Christensen, D. J.; Pouiter, C. D. Bzaorg Med. Chem. 1994, 2, 631-638.
Cane. D E. Chem. Rev IQQﬂ 90, 1089-1103,

NIV Bl Bve LTI ANC V. RS S U,y

Gibbs, R. A.; Krishnan, U. Tetrahedron Lett. 1994, 35, 2509-2512.
Mu, Y. Q Gibbs, R. A. Tetrahedron Lett. 1995, 36, 5669-5672.

aa Ty ~EIND AN

Uraﬂo, b Uta.nl l Ma[SUO M. Hel’erocyCles 1’53, ZJ, 2793-2756.
Sum. F. W Wm]er L. Can. J. Chem. 1979, 57, 1431-1441.

s iiiny

Groesbeek, M Lugtenburg, J. Photochem. and Photobiol. 1992, 56, 903-908.

Davisson, V. J.: Woodside, A. B.; Neal, T. R.; Stremler, K. E.; Muehlbacher, M.; Poulter, C. D. J.
Org. Chem. 1986 51, 4768- 4779

The level of °C incorporation into 1 and 3 was estimated by EI-MS to be >95%; the molecular ion peak

AR pure il A 2 a4l LA ¥ WU UG 1L Pren

for unlabeled farnesol at m/z 222 was absent in both spectra and was replaced by a peak at m/z 224.
HREIMS - calculated for BC,12C,,H,0 - 224.2052; found for 1: 224.2048; found for 3: 224.2050.

Talhalad nnotnnnatnta so Anceamatally, asla Tuoed 1 7a s ]
The labeled acetoacetate is buuuucxuaﬂ_y available {Cambridge Isotope Laboratories), or it can be

synthesized using the following method: Winkel, C.; Buitenhuis, E. G.; Lugtenburg, J. Recl. Trav.
Chim. Pays-Bas 1989, 108, 51-56.

Dawe, A. L.; Becker, J. M,; Jiang, Y.; Naider, F.; Eummer, J. T.; Mu, Y. Q.; Gibbs, R. A.

Dinnka 1007 24 1")(\’2( I’)n/l/i
UtUbllLlluD“_y AFFi, 00U, L&

Cane, D. E. Acc. Chem. Res. 1985, 1 8, 220-226.
Menger, F. M.; D'Angelo, L. L. J. Am. Chem. Soc. 1988, 110, 8241-8242.
The coupling constant observed for 4 could be due to its micellar form, but note that Menger and

coworkers have found that the gauche conformational preference can be increased, rather than decreased,

in micelles; Menger, F. M.; Dulany, M. A.; Carnahan, D. W ; Lee, L. H. J. Am. Chem. Soc. 1987,
109, 6899-6900.

Starks, C. M.; Back, K.; Chappeli, J.; Noel, J. P. Science 1997, 277, 1815-1820.

Lesburg, C. A Zhai, G Cane, D. E.; Christianson, D. W. Science 997 277, 1820-1824.

Park, H. W_; Bodulun S. R,; Moomaw,] F.; Casey, P. J.; Beese, L. S. Science 1997, 275, 1800-
1804.

Conlel. O £, Lo
SImain, o. UL, Aschheti m,

n

(Y o PUGIUI Spipis U V. I o Ry = L N . 1 L YN AN
K.; Groesbeek, M. Quart. Rev. of Biophys. 1996, 29, 395-449.



