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Syntheses of deuterium labeled
prenyldiphosphate and prenylcysteine
analogues for in vivo mass spectrometric
quantification
Thangaiah Subramanian,a Karunai Leela Subramanian,b Manjula Sunkara,b
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A Wittig reaction employing Li(CD3)2CP(C6H5)3 was used to prepare d6-farnesol and d6-geranylgeraniol. Reductive amination
of aniline-2,3,4,5,6-d5 was used to prepare the unnatural isoprenoid analogues d5-anilinogeraniol and d5-anilinofarnesol. All
of these deuterated isoprenols were elaborated into their diphosphate and cysteine thioether derivatives suitable for use as
stable-isotope labeled standards for quantitative mass spectrometric analysis.

Keywords: FPP; AGPP; GGPP; AFPP; FTase; protein prenylation; mass standards; stable labeled synthesis
aDepartment of Molecular and Cellular Biochemistry, University of Kentucky,
Lexington, KY 40536, USA

bDivision of Cardiovascular Medicine UK COM, University of Kentucky, Lexington,
KY 40536, USA

cLexington Veterans Affairs Medical Center, University of Kentucky, Lexington, KY
40536, USA

dMarkey Cancer Center, University of Kentucky, Lexington, KY 40536, USA

eKentucky Center for Structural Biology, University of Kentucky, Lexington, KY
40536, USA

fDepartment of Chemistry, University of Kentucky, Lexington, KY 40536, USA

*Correspondence to: H. Peter Spielmann, Department of Molecular and Cellular
Biochemistry, University of Kentucky, Lexington, KY 40536, USA.
E-mail: hps@uky.edu
Introduction

The mevalonate isoprenoid biosynthesis pathway provides the
cell with critical metabolic intermediates that are involved in
multiple cellular processes.1,2 Inhibition of enzymes in this
pathway with statins and bisphosphonates is clinically used in
the respective treatment of hypercholesterolemia and metabolic
bone disease.3–21 Farnesyl diphosphate (FPP) and geranylgeranyl
diphosphate (GGPP) are two important isoprenoid intermediates
at branch points of this pathway. Both FPP and GGPP serve
as prenyl donors for protein isoprenylation, which is essential
for many biological functions such as cell growth and cell
proliferation. Because protein isoprenylation is an important
therapeutic target in cancer research, there is substantial interest
in understanding the role that isoprenoid levels play in disease
pathology.22 Cells can take up both natural and unnatural
isoprenols from the exogenous media and appear to convert
them to the corresponding diphosphates for use in protein
isoprenylation.23–30 In addition, natural and unnatural isoprenoid
diphosphates are converted to their corresponding isoprenols by
the action of specific phosphatases.31 The unnatural FPP and
GGPP analogues anilinogeranyl diphosphate (AGPP) and
anilinofarnesyl diphosphate (AFPP) are particularly useful for
studying isoprenoid metabolism and protein isoprenylation
because of the desirable biochemical and mass spectrometric
properties of the aniline moiety.31–35 The accurate, quantitative
and easy measurement of isoprenoid diphosphate levels and
the products of protein isoprenylation are critical to increase
our knowledge about the regulation of isoprenoid metabolism.
Liquid chromatography coupled with tandemmass spectrometry
(LC–MS/MS) methods for detecting isoprenoid diphosphates are
two orders of magnitude more sensitive than analysis by
radio-HPLC.36 Accurate and sensitive quantitative LC–MS/MS
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analysis is greatly facilitated by employing stable-isotope
labeled standards.37

We report the synthesis of series of natural and unnatural, stable,
deuterium labeled isoprenoid analogues suitable as standards for
quantitative mass spectrometric analysis and for metabolic
labeling studies. Previous preparations of d6-farnesol introduced
the isotope in multiple steps.38,39 In our strategy, common
intermediates for the desired d6-farnesyl and d6-geranylgeranyl
derivatives were prepared by modifying a previously reported
synthesis of d6-geranyldiphosphate to simultaneously incorporate
all of the deuteriums via a Wittig reaction.40 Analogously, the
isotope was simultaneously incorporated into d5-anilinogeranyl
and d5-anilinofarnesyl derivatives by reductive amination of
aniline-2,3,4,5,6-d5.
Copyright © 2013 John Wiley & Sons, Ltd.
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Results and discussion

The preparation of hexadeuterated farnesyl and geranylgeranyl
derivatives is outlined in Scheme 1. Aldehydes 4a and 4b
were prepared in three steps from farnesyl acetate or
geranylgeranyl acetate respectively using a slight modification
of reported procedures.41–43 Epoxides 3a–b were obtained by
hydrobromination of farnesyl acetate 1a or geranylgeranyl
acetate 1b followed by ring closure of bromohydrins 2a–b with
NaH in THF. Oxidation of epoxides 3a–b with hydroiodic acid
provided the desired aldehydes 4a–b. The key intermediates
d6-farnesol 5a and d6-geranylgeraniol 5b were prepared in
39% yield by reaction of aldehydes 4a–b with 1.0 equivalent
of the anion of (CD3)2CDP(C6H5)3I using BuLi as the base. The
phosphonium salt (CD3)2CDP(C6H5)3I was prepared by heating
2-iodopropane-d7 (98 atom % D) and triphenylphosphine in a
sealed tube at 130�C for 6 h followed by recrystallization
from EtOH/EtOAc. Reaction of d6-farnesol 5a with Ph3PBr2 in
MeCN furnished d6-farnesylbromide 6, which was divided into
two portions and used without purification to prepare d6-
farnesylcysteine 8 and d6-farnesyldiphosphate 9. Trapping
bromide 6 with ((n-Bu)4N)3HP2O7 in MeCN gave d6-FPP 9,
which was converted to the NH4

+ form by ion exchange
chromatography and then purified by RP-HPLC. Condensation
of bromide 6 with L-cysteine methyl ester in 7 N NH3/MeOH
provided methyl ester 7, which was saponified with LiOH/i-PrOH
OAc
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Scheme 1. Synthesis deuterated isoprenoids
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to give the desired d6-farnesylcsyteine 8 in 92% yield after
RP-HPLC.

The unnatural isoprenoid analogues 16a (d5-AGPP), 16b
(d5-AFPP), 15a (d5-AG-cysteine) and 15b (d5-AF-cysteine) were
prepared using modified procedures from Spielmann and co-
workers and are outlined in Scheme 2.32 Oxidation of geranyl
acetate and farnesyl acetate with SeO2 provided aldehydes
10a and 10b, respectively.32,43 Reductive amination of
aniline-2,3,4,5,6-d5 (98 atom % D) with aldehyde 10a and
10b gave acetates 11a and 11b, which were saponified with
K2CO3 in MeOH/H2O to provide alcohols 12a and 12b. The
desired diphosphates 16a–b and cysteines 15a–b were
elaborated as described for the farnesyl derivatives above.

The final diphosphates and cysteines were characterized by
1H-NMR and both low resolution and high resolution MS. In
addition, the diphosphates were characterized by 31P-NMR. In
all cases, the levels of deuterium isotope incorporation were
identical to that in the starting synthons, and there was no
evidence of positional scrambling.

Experimental procedure
All RP-HPLC was performed on an Agilent 1200 HPLC system equipped
with a microplate autosampler, diode array and fluorescence detector
Scheme 2. Synthesis of deuterated unnatural isoprenoids
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(Santa Clara, USA). Reaction temperature refers to the external bath. All
solvents and reagents were purchased from VWR (Radnor, USA) (EM
Science-Omnisolv high purity) and Aldrich (St. Louis, USA), respectively,
and used as received. Synthetic products were purified by silica gel flash
chromatography (EtOAc/hexane) unless otherwise noted. RP-HPLC
purification of lipid diphosphates was carried out using a Varian (Santa
Clara, USA) Dynamax, 10mm, 300Å, C-18 (10mm� 250mm) column
and eluted with a gradient mobile phase and flow rate of 4mL/min: 0–
3min, 90% A; 3–18min, 0% A; 18–20min, 0% A; 20–23min, 90% A; and
monitored at 254 and 210 nm [A: Water with 0.1% TFA, B: CH3CN with 0.1%
TFA for cysteine purification; A is 25mm aqueous ammonium acetate, B is
CH3CN for diphosphates purification]. 1H NMR and 13C NMR spectra of
alcohols were obtained in CDCl3 and

1H and 31P of diphosphates in D2O with
a Varian Inova spectrometer operating at 400MHz (1H), 100.6MHz (13C) and
161.8MHz (31P). Chemical shifts are reported in ppm from CDCl3 internal peak
at 7.24ppm for 1H and 77.4ppm for 13C (TSP, 0ppm for 1H; H3PO4 as an
external reference, 0ppm for 31P). High resolution electrospray ionization
mass spectra were recorded with an AB Sciex Triple TOF 5600 instrument at
a resolution greater than 26,000. C17 Lysophosphatidyl choline with a mass
of 510.3554 was used as an internal reference to calibrate the spectrum.

Syntheses of (2E,6E)-10-bromo-11-hydroxy-3,7,11-trimethyl
dodeca-2,6-dien-1-yl acetate 2a and (2E,6E,10E)-14-bromo-
15-hydroxy-3,7,11,15-tetramethylhexadeca-2,6,10-trien-1-yl
acetate 2b

The synthesis of 2a and 2b was accomplished using a modification of
published procedures.42,44

To a stirred solution of farnesyl acetate 1a (4.68 g, 17.7mmol) in
THF/H2O (100mL:50mL) at 0�C was added N-bromosuccinimide
(3.53 g, 31.1mmol) in several portions over 1 h and then stirred for
4 h. EtOAc (200mL) was added, and the reaction mixture was
allowed to warm up to rt. The organic phase was separated, and
the aqueous phase was extracted EtOAc (3� 200mL), the combined
organic layers were washed with brine, dried over MgSO4 and
concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography to give compound 2a
(4.28 g, 67%). Geranylgeranyl acetate 1b (170mg) gave 147.4mg of
2b (67%).
2a 1H NMR (CDCl3) d 1.31 (s, 3H), 1.33 (s, 3H), 1.57 (s, 3H), 1.68 (s, 3H),
1.70–1.8 (m, 2H ), 1.90–2.0 (m, 2H), 2.03 (s, 3H), 2.04–2.15 (m, 2H),
2.24–2.32 (m, 2H ), 3.94 (dd, J= 1.6,11.2 Hz, 1H), 4.57 (d, J= 6.8 Hz, 2H),
5.15–5.18 (m, 1H), 5.29–5.34 (m, 1H).
2b 1H NMR (CDCl3) d 1.32 (s, 3H), 1.33 (s, 3H), 1.58 (s, 6H), 1.69 (s, 3H),
1.69–1.82 (m, 2H), 1.92–2.13 (m, 11H), 2.27–2.31 (m, 2H), 3.96 (dd,
J=1.6, 11.2 Hz, 1H), 4.57 (d, J=7.2Hz, 2H), 5.09 (t, J=6.0 Hz, 1H), 5.18
(t, J=6.8Hz, 1H), 5.33 (t, J=6.8 Hz, 1H).

Syntheses of (2E,6E)-9-(3,3-dimethyloxiran-2-yl)-3,7-
dimethylnona-2,6-dien-1-yl acetate 3a and (2E,6E,10E)-13-
(3,3-dimethyloxiran-2-yl)-3,7,11-trimethyltrideca-2,6,10-
trien-1-yl acetate 3b

To a stirred solution of bromohydrin 2a (3.68 g, 10.22mmol) in THF
(70mL) was added sodium hydride (673mg, 16.8mmol) in one
portion and then stirred for 2 h. The reaction was quenched with
2mL saturated ammonium chloride and extracted with EtOAc (50mL
3). The combined extracts were washed with brine, dried over
MgSO4 and concentrated under reduced pressure to give epoxide
3a (2.6 g, 93%). Bromohydrin 2b (742mg) gave 579mg of epoxide
3b (99%).

3a 1H NMR (CDCl3) d 1.26 (s, 3H), 1.30 (s, 3H), 1.59–1.60 (m, 2H), 1.62
(s, 3H), 1.70 (s, 3H), 2.05 (s, 4H), 2.06–2.22 (m, 6H), 2.69 (t, 6.4 Hz, 1H),
4.58 (d, J= 7.2 Hz, 2 Hz), 5.13–5.16 (m, 1H), 5.32–5.36 (m, 1H).

3b 1H NMR (CDCl3) d 1.25 (s, 3H), 1.29 (s, 3H), 1.55 (s, 6H), 1.59 (s, 3H),
1.96–2.10 (m, 15H), 2.69 (t, J= 7.6 Hz, 1H), 4.58 (d, J= 7.2 Hz, 2H), 5.09
(t, J= 6.8 Hz, 1H), 5.15 (t, J= 6.8 Hz, 1H), 5.34 (t, J= 6.8 Hz, 1H).
www.jlcr.org Copyright © 2013 John Wiley & Sons, Ltd
Syntheses of (2E,6E)-3,7-dimethyl-10-oxodeca-2,6-dien-1-yl
acetate 4a and (2E,6E,10E)-3,7,11-trimethyl-14-
oxotetradeca-2,6,10-trien-1-yl acetate 4b

To a solution of epoxide 3a (2.5 g, 8.93mmol) in 60mL 1:1 THF/H2O was
added 2.6 g of periodic acid (11.4mmol), stirred at rt for 2 h, extracted
with EtOAc (3� 50mL), dried over MgSO4 and concentrated under
reduced pressure. The crude aldehyde was purified by silica gel column
chromatography using EtOAc/hexanes with 0.5% triethylamine as
solvent to give 4a (1.9 g, 90%). Epoxide 3a (100mg) gave 54mg of
aldehyde 4b (61%).
4a 1H NMR (CDCl3) d 1.61 (s, 3H), 1.69 (s, 3H), 2.05 (s, 3H), 2.07 2.12 (m,
2H), 2.31 (t, J=7.6 Hz, 2H), 2.48–2.52 (m, 2H), 4.57 (d, J=7.2Hz, 2H),
5.09–5.13 (m, 1H), 5.29–5.34 (m, 1H), 9.74 (t, J=2.0 Hz, 1H).
4b 1H NMR (CDCl3) d 1.58 (s, 3H), 1.60 (s, 3H), 1.70 (s, 3H), 1.95–1.98
(m, 2H), 2.04–2.15 (m, 6H), 2.30 (t, J=7.2 Hz, 2H), 2.47–2.52 (m, 2H),
4.58 (d, J=6.8Hz, 2H), 5.09 (t, J=6.8 Hz, 1H), 5.13 (t, J=6.8 Hz, 1H),
5.33 (t, J=6.8 Hz, 1H), 9.74 (t, J=2.0 Hz, 1H).
Syntheses of (2E,6E)-3,7-(11-d3)-trimethyldodeca-(12-d3)-
2,6,10-trien-1-ol 5a and (2E,6E,10E)-3,7,11-(15-d3)-
tetramethylhexadeca-(14-d3)-2,6,10,14-tetraen-1-ol 5b

The required isopropyl-d7-triphenylphosphonium iodide was prepared
by heating a mixture of isopropyliodide-d7 (2 g, 11.3mmol) and
triphenylphosphine (3.07 g, 11.72mmol) in a sealed tube at 130�C for
6 h, followed by recrystallizing the resultant crude product from
ethanol (3.13 g, 63%). To the d7-isopropyl triphenylphosphonium iodide
(4.6 g, 10.5mmol) dissolved in THF(25mL) was added a 2.5-M solution
of BuLi (4.2mL, 10.5mmol) dropwise at �20�C and stirred for 1 h
before adding aldehyde 4a (2.51mg, 10.5mmol) in THF (10mL). The
reaction mixture was stirred for another 4 h at �20�C and quenched
with saturated NH4Cl solution (5mL). The resultant mixture was
extracted with CH2Cl2 (3� 50mL), and then the combined organic
extracts were washed with brine, dried over MgSO4 and concentrated
at reduced pressure. The crude product was purified by silica gel
column chromatography to give pure d6-farnesol (911mg, 38%).
4a (74mg) gave 25mg of 5b (35%).
5a 1H NMR (CDCl3) d 1.58 (s, 3H), 1.66 (s, 3H), 1.94–2.12 (m, 8H), 4.13
(d, J=7.6 Hz, 2H), 5.05–5.12 (m, 2H), 5.38–5.42 (m, 1H).

13C NMR (CDCl3) d 15.98, 16.25, 26.23, 26.66, 45.00, 59.38, 123.32,
123.75, 124.33, 131.17, 135.37, 139.84.

HR mass m/z (M-H2O+ 1) 211.2334
5b 1H NMR (CDCl3) d 1.59 (s. 3H), 1.60 (s, 3H), 1.68 (s, 3H), 1.95–2.13
(m, 12H), 4.15(d, J=6.4 Hz, 2H), 5.08–5.12 (m, 3H), 5.42 (t, J=7.2Hz, 1H)

13C NMR (CDCl3) d 16.02, 16.29, 26.31, 26.61, 26.74, 39.56, 39.68, 39.73,
59.43, 123.28, 123.76, 124.15, 124.40, 131.11, 134.98, 135.40, 139.90
HR mass m/z (M-H2O+ 1) 279.2960
Syntheses of (R)-methyl 2-amino-3-(((2E,6E)-3,7,11-d3-
trimethyldodeca-12-d3-2,6,10-trien-1-yl)thio)propanoate 7

To a 0�C solution of d6-farnesol (150mg, 0.66mmol) in acetonitrile
(10mL) was added dibromotriphenylphosphorane (285mg, 0.67mmol)
in CH3CN (10mL). The reaction mixture was stirred for 8 h, and then a
solution of L-cysteinemethylester HCl salt (2.26 g, 13.0mmol) in 7M
NH3/MeOH (40mL) was added. The resultant reaction mixture was
stirred at 0�C overnight, warmed to rt and then extracted with Et2O
(5� 50mL). The combined ether extracts were concentrated under
reduced pressure and purified by silica gel column chromatography to
give compound 7 (96.5mg, 43% in two steps).
1H NMR (CDCl3) d 1.59 (s, 3H), 1.67 (s, 3H), 1.94–2.10 (m, 8H), 2.81
(dd, J= 7.6, 14.0 Hz, 1H), 2.98 (dd, J= 4.40,13.76 Hz, 1H), 3.14–3.26
(m, 2H), 3.76 (s, 3H), 3.80–3.86 (m, 2H), 5.06–5.12 (m, 2H), 5.22
(t, J= 8.0 Hz, 1H)
LR mass m/z (M+ 1) 346.3
. J. Label Compd. Radiopharm 2013, 56 370–375
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Synthesis of (R)-2-amino-3-(((2E,6E)-3,7,11-d3-trimethyldodeca
-12-d3-2,6,10-trien-1-yl)thio)propanoic acid 8.

A mixture of compound 7 (68mg, 0.197mmol) and LiOH (47mg,
1.9mmol) was stirred in 1:1 water/i-PrOH (2mL) overnight at rt. The pH
of resultant reaction mixture was brought to 3 by adding drops of 1N
HCl. The cloudy solution was filtered through a syringe filter (Whatman,
13mm CD/X disposable polypropylene prefilter). The clear solution was
purified by RP-HPLC (C13 column) using CH3CN/H2O (0.1% TFA) to give
compound 8 (51.5mg, 79%).
1H NMR (CD3OD) d 1.60 (s, 3H), 1.73 (s, 3H), 1.94–2.14 (m, 8H), 2.87
(dd, J=8.8, 14.8Hz, 1H), 3.13 (dd, J=3.8, 14.8 Hz, 1H), 3.19–3.26 (m, 1H),
4.03 (dd, J=3.6, 8.8 Hz, 1H), 5.06–5.12 (m, 2H), 5.25 (t, J=8.4 Hz, 1H)
HR mass m/z (M+ 1) 332.2528

Synthesis of (2E,6E)-3,7,11-d3-trimethyldodeca-12-d3-2,6,10-
trien-1-yldiphosphate 9.

To the in situ made bromide 6 from alcohol 5 (25mg, 0.11mmol) in
acetonitrile (5mL) at 0�C was added ((n-Bu)4N)3HP2O7 (430mg, 0.44mmol)
in CH3CN (10mL). The resultant reaction mixture was stirred for 3h at rt and
then concentrated. The resultant residue was washed with Et2O (5mL), the
organic wash discarded, the residue suspended in 25mm NH4HCO3 solution
containing 2% i-PrOH (4mL) and purified as for compound 7 (16mg, 32%).
d6-FPP

1H NMR (D2O) d 1.48 (s, 3H), 1.58 (s, 3H), 1.86–1.90 (m, 2H),
1.95–2.03 (m, 2H), 4.33 (t, J=6.8 Hz, 2H), 5.03–5.09 (m, 2H), 5.33
(t, J=6.8 Hz, 1H)
31P NMR (D2O) d �6.95 (d, J=24.2 Hz, 1P), �10.54 (d, J=24.2 Hz, 1P)

HR mass m/z 387.1596 (M�H)

Syntheses of (2E,6E)-3,7-dimethyl-8-oxoocta-2,6-dien-1-yl acetate 10a
and (2E,6E,10E)-3,7,11-trimethyl-12-oxododeca-2,6,10-trien-1-yl acetate
10b were accomplished by following reported procedures.32

Syntheses of (2E,6E)-3,7-dimethyl-8-(2,3,4,5,6-d5-phenyl
amino)octa-2,6-dien-1-yl acetate 11a and (2E,6E,10E)-3,7,11-
trimethyl-12-(d5-phenylamino)dodeca-2,6,10-trien-1-yl
acetate 11b

A mixture containing aldehyde 10a (1 g, 4.8mmol), d5-aniline (550mg,
5.6mmol) and AcOH (0.3mL, 315mg, 5.3mmol) in DCE (15mL) was
stirred for 20min at rt. Then, freshly made NaBH(OAC)3 (2.4mg,
11.4mmol) was added in THF (25mL) and stirred overnight before
quenching with 5% NaHCO3. The reaction mixture was extracted with
CH2Cl2 (100mL� 2), and the combined organic extracts were washed
with brine, dried over MgSO4, filtered and concentrated under reduced
pressure. The crude product was purified by silica gel column
chromatography to give compound 11a (980mg, 70%). Aldehyde 10b
(450mg ) gave 422mg of compound 11b (73%).
d5-AGOAc 11a 1H NMR (CDCl3) d 1.64 (s, 3H), 1.67 (s, 3H), 2.01–2.06
(m, 5H), 2.12–2.17 (m, 2H), 3.61 (s, 2H), 4.55 (d, J=7.2 Hz, 2H), 5.32–5.32
(m, 1H), 5.34–5.38 (m, 1H)
d5-AFOAc 11b 1H NMR (CDCl3) d 1.56 (s, 3H), 1.63 (s, 3H), 1.67 (s, 3H),
1.94–1.98 (m, 2H), 2.01 (s, 3H), 2.05–2.10 (m, 2H), 3.60 (s, 2H), 4.55
(d, J=7.2 Hz, 2H), 5.05 (t, J=6.8 Hz, 1H), 5.31 (t, J=6.8 Hz, 1H), 5.37
(t, J=6.8 Hz, 1H)

Syntheses of (2E,6E)-3,7-dimethyl-8-(2,3,4,5,6-d5-phenyl
amino)octa-2,6-dien-1-ol 12a and (2E,6E,10E)-3,7,11-
trimethyl-12-(2,3,4,5,6-d5-phenylamino)dodeca-2,6,10-trien-
1-ol 12b.

A mixture of compound 11a (737mg, 2.52mmol), MeOH (8mL),
K2CO3 (600mg) and water (3mL) was stirred overnight at rt. The
resultant mixture was concentrated under reduced pressure to
remove MeOH and extracted with CH2Cl2 (50mL� 2). The combined
organic phases were washed with brine, dried over MgSO4 and
CopyJ. Label Compd. Radiopharm 2013, 56 370–375
concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography using 30% EtOAc/
hexanes to give compound 12a (508mg, 81%). compound 11b
(420mg) gave 282mg of compound 12b (76%).
d5-AGOH 12a 1H NMR (CDCl3) d 1.64 (s, 3H), 1.65 (s, 3H), 2.03
(t, J=8.0 Hz, 2H), 2.12–2.17 (m, 2H), 3.61 (s, 2H), 4.09 (d, J=2.8 Hz, 2H),
5.32–5.40 (m, 2H)
HR mass m/z (M+H) 251.2159
d5-AFOH 12b 1H NMR (CDCl3) d 1.58 (s, 3H), 1.62 (s, 3H), 1.65 (s, 3H),
1.95–2.08 (m, 4H), 2.09–2.18 (m, 4H), 3.60 (s, 2H), 4.18 (d, J=4.2 Hz, 2H),
5.08 (t, J=6.8 Hz, 1H), 5.38–5.41 (m, 2H)
HR mass m/z (M+H) 319.2792

Syntheses of (R)-methyl 2-amino-3-(((2E,6E)-3,7-dimethyl-8-
(2,3,4,5,6-d5-phenylamino)octa-2,6-dien-1-yl)thio)propa
noate 14a and (R)-methyl 2-amino-3-(((2E,6E,10E)-3,7,11-trime
thyl-12-(2,3,4,5,6-d5-phenylamino)dodeca-2,6,10-trien-1-yl)
thio)propanoate 14b

To a stirred solution of compound 12a (200mg, 0.8mmol) and N,N-
diisopropylethylamine (0.24mL, 2.9 equiv. 2.3mmol) in dry CH3CN
(5mL) was added Ph3PCl2 (450mg, 1.35mmol, 1.7 equiv.) evenly over a
7-min period. After the final addition of Ph3PCl2, the reaction mixture
was allowed to stir at 0�C for an additional 40min and then cooled to
�20�C. Then, a solution of L-cysteine methyl ester hydrochloride salt
(542mg, 3.2mmol) in 7M NH3/MeOH (10mL) was added and stirred for
5 h before warming to rt. The resultant reaction mixture was partitioned
between Et2O and water and extracted with Et2O (50mL� 4). The
combined Et2O extracts were then dried over MgSO4, concentrated
under reduced pressure and purified by silica gel chromatography using
1:2:8 ratio of i-PrOH, EtOAc and hexanes to obtain compound
14a (38mg, 13% in two steps). 12b (100mg) gave 15.9mg of 14b
(12% in two steps).
14a (CDCl3) d 1.62 (s, 3H), 1.63 (s, 3H), 2.01–2.07 (m, 2H), 2.10–2.16
(m, 2H), 2.68 (dd, J = 7.6, 13.6 Hz, 1H), 2.87 (dd, J= 4.4,13.6 Hz, 1H),
3.09–3.19 (m, 2H), 3.60 (s, 2H), 3.64–3.67 (m, 1H), 3.71 (s, 3H), 5.16–5.23
(m, 1H), 5.33–5.37 (m, 1H)

LR mass m/z (M+ 1) 368.3
14b (CDCl3) d 1.53 (s, 3H), 1.60 (s, 6H), 1.91–2.07 (m, 8H), 2.61
(dd, J=8.0, 13.6Hz, 1H), 2.81 (dd, J=4.4,13.6Hz, 1H), 3.06–3.18 (m, 1H),
3.56 (d, J=5.6Hz, 2H), 3.67 (s, 3H), 5.02 (t, J=6.8Hz, 1H), 5.16
(t, J=8.0Hz, 1H), 5.33 (t, J=7.6Hz, 1H)
LR mass m/z (M+H) 436.2

Syntheses of (R)-2-amino-3-(((2E,6E)-3,7-dimethyl-8-(2,3,4,5,6-
d5-phenylamino)octa-2,6-dien-1-yl)thio)propanoic acid 15a
and (R)-2-amino-3-(((2E,6E,10E)-3,7,11-trimethyl-12-(2,3,
4,5,6-d5-phenylamino)dodeca-2,6,10-trien-1-yl)thio)
propanoic acid 15b

A mixture of compound 14a (15mg, 0.041mmol), LiOH (10mg,
0.42mmol) in 1:1 ratio of isopropanol/water (1mL) was stirred
overnight. The pH of reaction mixture was adjusted to 5 using drops
of 1 N HCl, filtered through a syringe Whatman filter (13mm CD/X
disposable polypropylene prefilter). This crude product solution was
purified by RP-HPLC (C13 column) using CH3CN/H2O (0.1% TFA) to
give compound 15a (8mg, 56%). 14b (7.0mg) gave 3.5mg of
compound 15b (52%).
15a (CD3OD) d 1.65 (s, 3H), 1.67 (s, 3H), 2.03 (t, J=7.2 Hz, 2H), 2.12–2.17
(m, 2H), 2.85 (dd, J=8.8, 14.8Hz, 1H), 3.26–3.29 (m, 3H), 3.70 (s, 2H),
4.01 (dd, J=4.4, 8.8Hz, 1H), 5.18 (t, J=6.8 Hz, 1H), 5.42 (t, J=6.8 Hz, 1H)

HR mass m/z (M+H) 354.2267
15b (CD3OD) d 1.49 (s, 3H), 1.61 (s, 6H), 1.87–2.07 (m, 8H), 2.80 (dd, J=8.8,
14.8 Hz, 1H), 3.04 (dd, J=4.4, 15.2 Hz, 1H), 3.10–3.15 (m, 1H), 3.68 (s, 2H),
3.98 (dd, J=4.4, 8.8 Hz, 1H), 4.99 (t, J=6.8Hz, 1H), 5.15 (t, J=7.6 Hz, 1H),
5.36 (t, J=7.6 Hz, 1H)
HR mass m/z (M+H) 422.2889
www.jlcr.orgright © 2013 John Wiley & Sons, Ltd.

3



T. Subramanian et al.

374
Syntheses of (2E,6E)-3,7-dimethyl-8-(2,3,4,5,6-d5-
phenylamino)octa-2,6-dien-1-yl-diphosphate 16a and (2E,6E,
10E)-3,7,11-trimethyl-12-(d5-phenylamino)dodeca-2,6,10-
trien-1-yl-diphosphate 16b

To a stirred solution of compound 11a (192mg, 0.77mmol) in dry CH3CN
(10mL) at 0�C was added Ph3PBr2 (324mg, 0.77mmol). After stirring for
4 h, ((n-Bu)4N)3HP2O7 (2.96 g, 3.02mmol) was added. Then, the resultant
reaction mixture was stirred for 1 h and concentrated. The residue was
washed with Et2O (5mL), the organic wash discarded and then purified
as for compound 9 to give diphosphate 16a as a white powder
(37.9mg, 11% in two steps). Compound 11b (26mg) gave 4.5mg of
compound 16b (10% in two steps).

d5-AGPP 16a 1H NMR (D2O) d 1.36 (s, 3H), 1.42 (s, 3H), 1.78–1.82
(m, 2H), 1.87–1.91 (m, 2H), 3.38 (s, 2H), 4.20 (t, J=6.0 Hz, 2H), 5.15–5.20
(m, 2H)

31P NMR (D2O) d �6.10(d, J=22.0 Hz, 1P), �9.39 (d, J=22.0 Hz, 1P)
HR mass m/z (M�H) 409.6127
d5-AFPP 16b

1H NMR (D2O) d 1.39 (s, 3H), 1.41 (s, 3H), 1.53 (s, 3H), 1.80–
1.96 (m, 8H), 3.46 (s, 2H), 4.28 (t, J=6.8 Hz, 2H), 4.94 (t, J=6.4 Hz, 1H), 5.20
(t, J=6.4Hz, 1H), 5.27 (t, J=6.4 Hz, 1H)

31P NMR (D2O) d �9.53 (d, J=22.6 Hz, 1P), �6.80 (d, J=22.6 Hz, 1P)
LR mass m/z (M�H) 477.3

SUPPORTING INFORMATION

The 1H NMR, 13C NMR, HR mass spectra of 5a-b, 1H, 13P and HR
mass spectra of 9a, 1H NMR, HR mass spectra of 13a–b, 1H, 13P
spectra of 16a–b, and HR and LR mass spectrum of 16a and
16b, respectively, are available.

Acknowledgements

This work was supported by NIH grant R01 GM66152 to H. P. S.,
R01 GM50388, P20 GM103527 and with resources provided by
the Lexington Veterans Affairs Medical Center to A. J. M.

Conflict of Interest

The authors did not report any conflict of interest.

References
[1] J. L. Goldstein, M. S. Brown, Regulation of the mevalonate pathway,

Nature 1990, 343(6257), 425–30.
[2] J. Lombard, D. Moreira, Origins and early evolution of the mevalonate

pathway of isoprenoid biosynthesis in the three domains of life, Mol.
Biol. Evol. 2011, 28(1), 87–99.

[3] C. Garcia-Ruiz, A. Morales, J. C. Fernandez-Checa, Statins and protein
prenylation in cancer cell biology and therapy, Anti-Cancer Agents
Med Chem 2012, 12(4), 303–315.

[4] A. Rubinstein, National Cholesterol Education-Program, 2nd Report
of the Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults, Circulation 1995, 91(3), 908–909.

[5] S. M. Grundy, National Cholesterol Education-Program, 2nd Report
of the Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults – Reply, Circulation 1995, 91(3), 909–909.

[6] Detection, evaluation, and treatment of high blood cholesterol in
adults – (Adult Treatment Panel-II), Circulation 1994, 89(3), 1329–1445.

[7] A. Corsini, F. M. Maggi, A. L. Catapano, Pharmacology of competitive
inhibitors of Hmg-Coa reductase, Pharmacol. Res. 1995, 31(1), 9–27.

[8] F. M. Sacks, Hot papers– Coronary disease – The effect of pravastatin
on coronary events after myocardial infarction in patients with
average cholesterol levels by F.M. Sacks, M.A. Pfeffer, L.A. Moye, J.L.
Rouleau, J.D. Rutherford, T.G. Cole, L. Brown, J.W. Warnica, J.M.O.
Arnold, C.C. Wun, B.R. Davis, E. Braunwald – Comments, Sci. 1998,
12(12), 11–11.

[9] F. M. Sacks, et al., The effect of pravastatin on coronary events after
myocardial infarction in patients with average cholesterol levels, N.
Eng. J. Med. 1996, 335(14), 1001–1009.
www.jlcr.org Copyright © 2013 John Wiley & Sons, Ltd
[10] Tonkin, A., et al., Prevention of cardiovascular events and death with
pravastatin in patients with coronary heart disease and a broad
range of initial cholesterol levels, N. Eng. J. Med. 1998, 339(19),
1349–1357.

[11] T. R. Pedersen, et al., Randomized trial of cholesterol-lowering in
4444 patients with coronary-heart-disease – the Scandinavian
Simvastatin Survival Study (4s), Lancet 1994, 344(8934), 1383–1389.

[12] J. Shepherd, et al., Prevention of coronary heart disease with
pravastatin in men with hypercholesterolemia (Reprinted from N
Engl J Med, vol 333, pg 1307–7, 1995), Atheroscler. Suppl. 2004, 5
(3), 91–97.

[13] J. Shepherd, et al., Prevention of coronary heart-disease with
pravastatin in men with hypercholesterolemia, N. Eng. J. Med.
1995, 333(20), 1301–1307.

[14] P. H. Jones, et al., Comparison of the efficacy and safety of
rosuvastatin versus atorvastatin, simvalstaltin, and pravastatin across
doses (STELLAR* trial), Am. J. Cardiol. 2003, 92(2), 152–160.

[15] W. Hague, et al., Prevention and rehabilitation – effect of pravastatin
on cardiovascular events and mortality in 1516 women with
coronary heart disease: Results from the Long-Term Intervention
with Pravastatin in Ischemic Disease (LIPID) study, Am. Heart J.
2003, 145(4), 643–651.

[16] A. Corsini, The safety of HMG-CoA reductase inhibitors in special
populations at high cardiovascular risk, Cardiovasc. Drugs Ther.
2003, 17(3), 265–285.

[17] A. Blum, C. Simsolo, Y. Hasin, 3-Hydroxy-3-methylglutaryl coenzyme
a (HMG-CoA) reductase inhibitors (statins), atherosclerosis and
coronary syndromes, Atherosclerosis 2004, 175(1), 1–5.

[18] R. G. G. Russell, et al., Mechanisms of action of bisphosphonates:
similarities and differences and their potential influence on clinical
efficacy, Osteoporos. Int. 2008, 19(6), 733–759.

[19] P. Mansueto, et al., Mevalonate pathway: role of bisphosphonates
and statins, Acta Med. Mediterr 2011, 27(2), 85–95.

[20] J. A. Tobert, Lovastatin and beyond: the history of the HMG-CoA
reductase inhibitors, Nat. Rev. Drug Discov. 2003, 2(7), 517–526.

[21] E. Oldfield, Targeting isoprenoid biosynthesis for drug discovery:
bench to bedside, Acc Chem. Res 2010, 43(9), 1216–1226.

[22] G. Nurenberg, D. A. Volmer, The analytical determination of
isoprenoid intermediates from the mevalonate pathway, Anal.
Bioanal. Chem. 2012, 402(2), 671–685.

[23] D. C. Crick, D. A. Andres, C. J. Waechter, Farnesol is utilized for protein
isoprenylation and the biosynthesis of cholesterol in mammalian-
cells, Biochem. Biophys. Res. Commun. 1995, 211(2), 590–599.

[24] J. M. Troutman, et al., Tools to analyze protein farnesylation in cells,
Bioconjug. Chem. 2005, 16(5), 1209–1217.

[25] L. G. Fong, et al., Activating the synthesis of progerin, the mutant
prelamin A in Hutchinson-Gilford progeria syndrome, with antisense
oligonucleotides, Hum. Mol. Genet. 2009, 18(13), 2462–2471.

[26] A. J. DeGraw, et al., Evaluation of alkyne-modified isoprenoids as
chemical reporters of protein prenylation, Chem. Biol. Drug Des.
2010, 76(6), 460–471.

[27] Y. Kho, et al., A tagging-via-substrate technology for detection and
proteomics of farnesylated proteins, Proc. Natl. Acad. Sci. U. S. A.
2004, 101(34), 12479–12484.

[28] L. N. Chan, et al., A novel approach to tag and identify
geranylgeranylated proteins, Electrophoresis 2009, 30(20), 3598–3606.

[29] U. T. T. Nguyen, et al., Analysis of the eukaryotic prenylome by
isoprenoid affinity tagging, Nat. Chem. Biol. 2009, 5(4), 227–235.

[30] F. O. Onono, et al., A tagging-via-substrate approach to detect the
farnesylated proteome using two-dimensional electrophoresis
coupled with Western blotting, Mol. Cell. Proteomics 2010, 9(4),
742–751.

[31] S. Miriyala, et al., Functional characterization of the atypical integral
membrane lipid phosphatase PDP1/PPAPDC2 identifies a pathway
for interconversion of isoprenols and isoprenoid phosphates in
mammalian cells, J. Biol. Chem. 2010, 285(18), 13918–13929.

[32] K. A. H. Chehade, et al., Design and synthesis of a transferable farnesyl
pyrophosphate analogue to Ras by protein farnesyltransferase, J. Org.
Chem. 2000, 65(10), 3027–3033.

[33] J. M. Troutman, D. A. Andres, H. P. Spielmann, Protein farnesyl
transferase target selectivity is dependent upon peptide stimulated
product release, Biochemistry 2007, 46(40), 11299–11309.

[34] J. M. Troutman, et al., Selective modification of CaaX peptides
with ortho-substituted anilinogeranyl lipids by protein farnesyl
transferase: competitive substrates and potent inhibitors from a
. J. Label Compd. Radiopharm 2013, 56 370–375



T. Subramanian et al.
library of farnesyl diphosphate analogues, Biochemistry 2007, 46
(40), 11310–11321.

[35] V. R. Adams, et al., Anticancer activity of novel unnatural synthetic
isoprenoids, Anticancer Res. 2010, 30(7), 2505–2512.

[36] R. Nagel, J. Gershenzon, A. Schmidt, Nonradioactive assay for
detecting isoprenyl diphosphate synthase activity in crude plant
extracts using liquid chromatography coupled with tandem mass
spectrometry, Anal. Biochem. 2012, 422(1), 33–38.

[37] E. Stokvis, H. Rosing, J. H. Beijnen, Stable isotopically labeled internal
standards in quantitative bioanalysis using liquid chromatography/
mass spectrometry: necessity or not?, Rapid Commun. Mass
Spectrom. 2005, 19(3), 401–407.

[38] D. J. Miller, et al., Stereochemistry of eudesmane cation formation
during catalysis by aristolochene synthase from Penicillium
roqueforti, Org. Biomol. Chem. 2008, 6(13), 2346–2354.

[39] D. J. Schenk, et al., Stereochemistry and deuterium isotope effects
associated with the cyclization-rearrangements catalyzed by tobacco
epiaristolochene and hyoscyamus premnaspirodiene synthases, and
CopyJ. Label Compd. Radiopharm 2013, 56 370–375
the chimeric CH4 hybrid cyclase, Arch. Biochem. Biophys. 2006, 448
(1–2), 31–44.

[40] D. J. Comeskey, D. D. Rowan, A. J. Matich, Synthesis of d(8)-geranyl
diphosphate, J. Label. Compd. Radiopharm. 2006, 49(1), 47–54.

[41] J. A. Marshall, A. M. Mikowski, Synthesis of a bistetrahydrofuran C17-C32
fragment of the polyether antibiotic ionomycin, Org. Lett. 2006, 8(19),
4375–4378.

[42] J. A. Marshall,R. K. Hann, A cascade cyclization route to adjacent
bistetrahydrofurans from chiral triepoxyfarnesyl bromides, J. Org.
Chem. 2008, 73(17), 6753–6757.

[43] G. R. Labadie, R. Viswanathan, C. D. Poulter, Farnesyl diphosphate
analogues with omega-bioorthogonal azide and alkyne functional
groups for protein farnesyl transferase-catalyzed ligation reactions,
J. Org. Chem. 2007, 72(24), 9291–9297.

[44] S. A. Snyder, E. J. Corey, Concise total syntheses of palominol,
dolabellatrienone, beta-araneosene, and isoedunol via an
enantioselective Diels–Alder macrobicyclization, J. Am. Chem. Soc.
2006, 128(3), 740–742.
www.jlcr.orgright © 2013 John Wiley & Sons, Ltd.

375


