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Hepatitis C virus serine protease: synthesis
of radioactive and stable isotope-labeled
potent inhibitors
Bachir Latli,* Matt Hrapchak, Vida Gorys, Montse Llinàs-Brunet,
Scot S. Campbell, Jinhua Song, and Chris H. Senanayake
Drug candidates labeled with radioactive and stable isotopes are
 required for absorption, distribution, metabolism, and excretion
(ADME) studies, pharmacokinetics, autoradiography, bioanalytical, and other research activities. The findings from these studies
are crucial in the development of a drug candidate and its approval for human use. Herein, we report the synthesis of potent
and selective hepatitis C virus serine protease inhibitors related to BILN 2061 and BI 201335 labeled with radioactive and stable
isotopes. Synthetic efforts were focused on the common substituted thiazole moiety, which is easily accessible via a Hantzsch’s
reaction of α-bromoketones and mono-substituted thioureas. In the radioactive synthesis, commercially available carbon-14
thiourea was utilized to prepare mono-substituted thioureas, which upon condensation with α-bromoketones in isopropanol
followed by ester hydrolysis gave the desired carbon-14-labeled protease inhibitors. The same strategy was used to prepare these
inhibitors labeled with stable isotopes. Mono-substituted thioureas were obtained from commercially available deuterium-labeled
intermediates and then condensed with α-bromoketones followed by ester hydrolysis to give the deuterium-labeled inhibitors.
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Introduction

Since its identification in 1989, 1 hepatitis C virus (HCV) has been
viewed as the major cause of chronic hepatitis in humans.2 This
virus can cause liver diseases ranging from mild illness lasting a
few weeks to a serious condition that leads to liver cirrhosis or
cancer. About 25% of liver cancer is attributed to HCV. In the
USA, where the virus has overtaken HIV as a cause of death,3 four
million Americans are unknown carriers. The Centers of Disease
Control and Prevention has recently urged baby boomers to test
for HCV.4 Each year, between three to four million people get
infected, and more than 350,000 people die from HCV-related
liver disease worldwide.5,6 There are seven known genotypes
of HCV, with genotype 1 being the hardest to treat and
representing 60% of world infection.7,8 The challenge to tailor
treatments to these various genotypes represents a great
opportunity and huge potential market for pharmaceuticals
companies. Hepatitis C is a single-stranded RNA virus. Its genome
encoded a single protein of about 3000 amino acids. This protein
is cleaved by proteases into smaller structural and nonstructural
(NS) proteins9–11, with NS3/4A protease playing an important role
in viral replication.12,13 Drugs acting directly on the virus, such as
those working as NS3/4A protease inhibitors, are just emerging.
The first clinical proof of concept for this mechanism was achieved
with BILN 2061.14 Since then, two new drugs, telaprevir and
boceprevir were approved by the Food and Drug Administration
for HCV genotype 1.15 Both drugs inhibit HCV’s protease, but they
must be taken with interferon and ribavirin.16 The search for drugs
that are not used in conjunction with interferon-α is an ongoing
endeavor.17–19 Since the disclosure of BILN 2061, several other
series of C-terminus carboxylic acid tripeptides that are very
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potent and selective inhibitors of HCV NS3/4A protease have been
reported.20–22 Pharmacokinetics, excretion mass balance, isolation,
identification, and quantification of metabolites, and
determination of the partitioning of radioactivity between plasma
and red blood cells of these peptide mimetic inhibitors are best
performed when these inhibitors are co-administered with
carbon-14-labeled analogs. Indeed, carbon-14 has been the
radioisotope of choice for ADME studies.23,24 The radioactive
carbon is usually incorporated into the drug carbon skeleton in
a site where it is not lost through metabolism. In one such study,
BI201335 was mixed with carbon-14-labeled BI201335, 1% by
weight of the total dose and administered to healthy human
males.25 Blood, urine, feces, and saliva samples were then
collected at intervals through the study. The identification of the
metabolites in this human study was greatly aided with carbon-
14-labeled BI201335 because of the sensitivity of radio-detection.
Analytical methods, such as HPLC and liquid chromatography–
tandem mass spectrometry were used to identify the
metabolites.25 Along with radioactive isotopes, the use of stable
isotopes in drug development is critical for developing validated,
sensitive, and selective bioanalytical methods for the quantitative
evaluation of drug candidates and their metabolites in biological
matrixes (blood, plasma, serum, and urine).26 In this manuscript;
Copyright © 2014 John Wiley & Sons, Ltd.
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we report the synthesis of five HCV protease inhibitors labeled
with carbon-14 and with deuterium (Figure 1).

Results and discussion

The tripeptide HCV NS3/4A serine protease inhibitors 1–5 are
complex molecules, wherein even the most practical and
economical large-scale synthesis required 17 steps.27 Each
compound has five stereo centers, a cyclopropyl, quinoline, and
thiazole moieties. Introducing a radioactive carbon at the thiazole
moiety was envisioned as the simplest way to access carbon-14-
labeled HCV inhibitors in a fast and efficient manner, requiring
only α-bromoketones, which are available from in house
syntheses,20 and mono-substituted thioureas and using the
classical Hantzsch’s thiazole synthesis.28 The mono-substituted
thiourea derivatives were prepared with the carbon-14 in the
thiourea (14C= S) and not on the side chain, because of the fact
that 2-substituted aminothiazoles may be prone to metabolic
cleavage to aminothiazoles. Thus, carbon-14-labeled thiourea
was condensed with the corresponding acylchloride derivatives
in toluene to provide the labeled mono-substituted thioureas
[14C]-6, [14C]-7 (Scheme 1). The preparation of carbon-14
isopropylthiourea [14C]-8 was described previously.29

Simple condensations of the substituted thioureas [14C]-6, [14C]-
7, and [14C]-8 with α-bromoketones 9, 10, 11, and 12 in hot
isopropanol, followed by ester hydrolysis using aqueous solution
of lithium hydroxide in tetrahydrofuran and methanol at room
Figure 1. Some of Boehringer Ingelheim’s hepatitis C virus protease inhibitors.

Scheme 1. Synthesis of carbon-14-labeled thiourea derivatives; asterisks indicate po
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temperature, provided the carbon-14-labeled compounds 2, 3, 4,
and 5 in overall yields ranging from 31% to 65% after purifications
(Scheme 2). The low yields reported from the radiosynthesis is due
to the fact that radioactive reagents are not very stable, and only
fractions with more than 98% radiochemical purities of
radiolabeled compounds were combined during the purifications.

Similarly, for the synthesis of the deuterium-labeled HCV
inhibitors, the deuterium-labeled mono-substituted thiourea
derivatives were prepared. It is desirable to have the drug
candidate labeled with at least three amu higher to distinguish
it from the parent drug candidate during liquid
chromatography–tandem mass spectrometry analyses.
Commercially available [D7]-isobutyric acid was converted to
the acetylchloride derivative using oxalyl chloride in methylene
chloride and subsequently condensed with thiourea in toluene
at 110 °C to give [D7]-6 in 40% yield over two steps.
Deuterium-labeled tert-butyl acetic acid [D9]-7 was prepared
from the reaction of [D9]-tert-butyl alcohol and dichloroethylene
in concentrated deuterated sulfuric acid and deuterated
water.30 The acylchloride of this acid was then condensed as
previously described with thiourea to give [D9]-7 in 40% over
all yield after crystallization (Scheme 3). The synthesis of [D7]-
8, which was described previously, also proceeded well.29

Condensation of the deuterium-labeled mono-substituted
thioureas and α-bromoketones 9, 10, 11, and 12 in isopropanol
at 70 °C followed by acid hydrolysis gave [D7]-2, [D7]-3, [D9]-4,
and [D7]-5 in yields ranging from 66% to 93% (Scheme 4).
sition of carbon-14.
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Scheme 2. Synthesis of carbon-14-labeled hepatitis C virus serine protease inhibitors.
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Experimental

Materials and methods

Nuclear magnetic resonance (NMR) spectra of radioactive compounds were
recorded on a Bruker 500MHz spectrometer (Bruker-Biospin Corp., NMR
Division, Billerica, MA) using double encapsulated NMR tubes in deuterated
www.jlcr.org Copyright © 2014 Joh
dimethyl sulfoxide. These compounds exist in two slowly interconverting
conformational states. Only the major rotomer of each compound was
reported and compared with unlabeled standards. NMR spectra of
compounds labeled with stable isotopes were recorded on Bruker
400MHz spectrometer in a suitable deuterated solvent. Liquid scintillation
counting was accomplished using a Beckman LS6500TA and UltimaGoldTM

cocktail (PerkinElmer, MA). Pre-coated TLC sheets (silica gel 60F254) and silica
n Wiley & Sons, Ltd. J. Label Compd. Radiopharm 2014, 57 350–357



Scheme 3. Synthesis of deuterium-labeled mono-substituted thiourea derivatives.
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gel 60-200 Mesh (Nominal, I.D., grade 62) for flash chromatography were
obtained from EM Science (Gibbstown, NJ). HPLC analysis was performed
on an Agilent 1200 instrument with a Zorbax Eclipse XDB-C18 (5μm,
4.6×150mm) column and a mobile phase gradient of 20% to 100% MeCN
in H2O (both 0.1% TFA) over 30min, flow rate: 1mL/min. The chemical purity
of prepared compounds was greater than 98%. The radiochemical purity
was measured using a radio-HPLC detector β-Ram model 4 or model 3
(LabLogic systems, Inc. Brandon, FL) connected to the Agilent instrument.
The radiochemical purity of the final compounds was greater than 98%.
[14C]-thiourea was purchased from ViTrax (Plancentia, CA). [D7]- 2-Methyl
propionic acid (99.9 atom% D), [D10]-tert-butanol (99.9 atom % D) and [D7]-
isopropylamine (98.9 atom % D) were purchased from CDN (Pointe Claire,
Quebec, Canada). [D2]-Sulfuric acid 98 wt.% solution in D2O (99.8 atom%
D), and the rest of the reagents were purchased from Sigma-Aldrich
Company. Work up as usual refers to dissolving in ethyl acetate, washingwith
a saturated solution of NaHCO3, drying over Na2SO4 or MgSO4, filtration and
concentration under reduced pressure. Intermediates 9, 10, 11, and 12 were
prepared by reported procedures.20
35
Carbon-14 synthesis

Synthesis of [14C]-2
[14C]-N-Carbamothioyl-2-methyl-propanamide, [14C]-6. 2-Methylpropanoyl
chloride (201mg, 1.90mmol) was added to [14C]-thiourea (100mCi at
52mCi/mmol, 1.92mmol) in toluene (3mL). The reaction mixture was
heated at 110 ºC for 16 h. The mixture was cooled to room temperature
and worked up as usual. The crude solid was purified by flash
chromatography (0–3% MeOH/CH2Cl2) to give 152mg of a light yellow
solid in 54% yield, which eluted with unlabeled authentic material20 on
TLC and HPLC (98% radiochemical purity).
(Z)-(1-[2-(2-[2-14C]isobutyramidothiazol-4-yl)-7-methoxy-8-methylquinolin-

4-yloxy)-2,15-dioxo-3,16-diaza-tricyclo[14.3.0.04,6]nonadec-7-ene-4-carboxylic

acid, [14C]-2. α-Bomoketone 9 (815mg, 1.04mmol) was added to a solution
of [14C]-6 (152mg, 1.04mmol) in isopropanol (15mL) at room temperature.
Copyright © 2014 JohnJ. Label Compd. Radiopharm 2014, 57 350–357
The mixture was heated to 70 ºC and held at this temperature for 2 h. After
cooling to room temperature, the mixture was worked up as usual. The
crude solid was purified using silica gel flash chromatography (50%
EtOAc/hexanes) to give 367mg as a light yellow solid in 43% yield. The
product co-eluted with unlabeled authentic material on TLC plate and on
HPLC. A 3.2M LiOH aqueous solution (1.2mL, 3.8mmol) was added to a
solution of the aforementioned material (367mg, 0.44mmol) in THF
(7mL) and methanol (3.5mL) at room temperature. After 6 h, a second
portion of aqueous 3.2M LiOH (0.5mL, 1.6mmol) was added to complete
the reaction, and the mixture was stirred for 16h. The pH was adjusted to
≈5 by addition of 5% HCl, and the mixture was worked up as usual to give
yellow solid. The crude solid was purified using silica gel flash
chromatography (10–50% EtOAc/CH2Cl2) to give 262mg (16.7mCi) of a white
solid in 73%, yield with a specific activity of 52mCi/mmol. Radiochemical
purity of 99%, HPLC, tR=17.83min. 1H NMR (500MHz, DMSO-d6): δ 12.28
(s, 1H, NH), 12.21(s, 1H, OH), 8.60(s, 1H, NH), 8.04(d, J=9.1Hz, 1H), 8.02
(s, 1H), 7.43(s, 1H), 7.28(s, 1H), 7.21(d, J=9.1Hz, 1H), 5.52(m, 2H), 5.45(brs,
1H), 5.28(d, J=16.5Hz, 1H), 4.64(m, 1H), 4.53(d, J=8.3Hz, 2H), 4.47(t, J=8.3,
1H), 4.13(m, 1H), 3.93(s, 3H), 2.82(m, 1H), 2.61(s, 3H), 2.53(m, 2H), 2.52(m,
2H), 2.20(q, J=8.6, 1H), 1.74(m, 2H), 1.71–1.58(m, 4H), 1.64–1.35(m, 4H), 1.46
(m, 2H), 1.38(m, 2H), 1.36(m, 2H), 1.33(m, 2H), 1.16(d, J=7.5Hz, 6H).

Synthesis of [14C]-BI 201335, [14C]-3
(1R,2S)-1-{[(2S,4R)-4-[8-Bromo-2-(2-[14C]-2-isobutyrylamino-thiazol-4-

yl)-7-methoxy-quinolin-4-yloxy]-1-((S)-2-cyclopentyloxycarbonylamino-

3,3-dimethyl-butyryl)-pyrrolidine-2-carbonyl]-amino}-2-vinyl-cyclopropane

carboxylic acid, [14C]-3. A mixture of α-bromoketone 10 (795mg,
0.884mmol) and [14C]-6 (139mg, 0.938mmol) in isopropanol (10mL) was
placed in a preheated oil bath at 70 °C. The resulting solution was stirred
for 2 h. After cooling to room temperature, the solvent was evaporated
under a stream of nitrogen. The solid residue was dissolved in methylene
chloride (5mL) and worked up as usual. Purification by silica gel
chromatography using a 40g RediSepTM (Lincoln, NE) disposable column
and methylene chloride then 10% to 50% EtOAc : CH2Cl2 gave 336mg of
a cream colored solid in 43% chemical yield. Total activity= 19.85mCis.
www.jlcr.orgWiley & Sons, Ltd.
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Scheme 4. Synthesis of deuterium-labeled hepatitis C virus serine protease inhibitors.
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HPLC (98%) co-elutedwith unlabeled authentic sample. To a solution of the
aforementioned methyl ester in THF (3.5mL) and methanol (2mL) was
added a solution of LiOH in water (0.525mL, 3.2M solution). The reaction
was stirred at room temperature for 12h. TLC analysis showed no starting
material (100% EtOAc). The reaction was concentrated then treated with
www.jlcr.org Copyright © 2014 Joh
aqueous 1M HCl (2mL) and worked up as usual. The residue was purified
by silica gel chromatography using a 12g RediSep and methylene chloride
then 50% EtOAc : CH2Cl2 to give 145mg of a yellowish solid in 81%
chemical yield. Total activity = 8.54mCi and the specific activity= 51.35
mCi/mmol. HPLC co-elutes with unlabeled standard, tR=18.5min,
n Wiley & Sons, Ltd. J. Label Compd. Radiopharm 2014, 57 350–357
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radiochemical purity> 99%. 1H NMR (500MHz, DMSO-d6): δ 12.47(s, 1H),
12.34(s, 1H), 8.56(s, 1H), 8.16(d, J=9.1Hz, 1H), 8.04(s, 1H), 7.46(s, 1H), 7.34(d,
J=9.1Hz, 1H), 7.00(d, J=7.5Hz, 1H), 5.72(m, 1H), 5.41(s, 1H), 5.20(m, 1H),
5.06(m, 1H), 4.61(m, 1H), 4.45(m, 1H), 4.37(m, 1H), 4.01(d, J= 11.6 Hz,
1H), 4.00(s, 3H), 3.95(dd, J= 8.3 Hz, 1H), 2.82(m, 1H), 2.56(m, 1H), 2.26
(m, 1H), 2.02(q, J= 8.6 Hz, 1H), 1.69(m, 1H), 1.60(m, 1H), 1.56(m, 1H),
1.26–1.81(m, 4H), 1.45(m, 1H), 1.31(m, 1H), 1.28(m, 1H), 1.16(d,
J= 7.5 Hz, 6H), 0.99(s, 9H).

Synthesis of [14C]-4
[14C]-N-Carbamothioyl-3,3-dimethyl-butanamide, [14C]-7. 3,3-Dimethylbutanoyl
chloride (158mg, 1.92mmol) was added via a syringe to a solution of [14C]-
thiourea (100mCi, 1.92mmol) in toluene (4.0mL) at room temperature in a
sealed tube. The mixture was heated at 110°C for 16 h before it was cooled
to room temperature. The mixture was worked up as usual to give 200mg
of [14C]-N-tert-butylacetylthiourea in 60% yield as a yellow solid. TLC (50%
EtOAc : hexanes), Rf = 0.6, same as unlabeled authentic sample.23

(R)-1-[(1-(2S-Cyclopentyloxycarbonylamino-3,3-dimethyl-butyryl)-4-{2-[(14C)-

[2-(3,3-dimethyl-butyrylamino)-thiazol-4-yl]]-7-methoxy-quinolin-4R-yloxy}-

pyrrolidine-2S-carbonyl)-amino]-2-vinyl-cyclopropanecarboxylic acid,

[14C]-4. α-bromoketone 11 (1.1 g, 1.45mmol) was added to a solution
of [14C]-7 (200mg, 1.13mmol) in isopropanol (25mL) at room
temperature and heated at 70 °C for 1.5h. The mixture was cooled to
room temperature and concentrated under reduced pressure to a solid
residue. The residue was worked up as usual giving 1.3g of a solid.
The crude was purified by silica gel flash chromatography using 50%
ethyl acetate/hexane to give 460mg of light yellow foam (HPLC
radiochemical purity 99%) and 337mg (HPLC radiochemical purity
97%) as a yellow solid for a total of 797mg in 66% yield. The total
activity of the pure product was found to be 30.6mCi, with a specific
activity of 55.55mCi/mmol. The activity of the 97% pure product was
found to be 22.5mCi. A solution of LiOH (40mg, 1.74mmol) in H2O
(2.5mL) was added to a solution of the above 99% pure material
(167mg, 11.1mCi, 0.2mmol) in THF (5mL) and MeOH (2.5mL) at room
temperature. The mixture was stirred at room temperature overnight.
The reaction mixture was concentrated and then diluted with ethyl
acetate (10mL) and brine (10mL). The pH was adjusted to ca. 5.0 by
addition of 1N aqueous HCl and worked up as usual giving 164mg as
a light yellow solid. The total activity of the pure product was found
to be 11.02mCi, with a specific activity of 55.1mCi/mmol. HPLC, tR=16.5
min (99% radiochemical purity). 1H NMR (500MHz, DMSO-d6): δ 12.47
(s, 1H, OH), 12.32(s, 1H, NH), 8.53(s, 1H, NH), 8.14(d, J = 8.6Hz, 1H), 8.03
(s, 1H), 7.51(s, 1H), 7.32(s, 1H), 7.02(d, J=8.6Hz, 1H), 7.00(s, 1H, NH),
5.85(m, 1H), 5.44(s, 1H), 5.22(d, J=16.5Hz, 2H), 5.08(d, J=11.8Hz, 1H),
4.82(m, 1H), 4.47(t, J=8.7Hz, 1H), 4.35(d, J=11.8Hz, 1H), 4.21
(d, J=8.7Hz, 1H), 3.95(s, 3H), 3.93(m, 1H), 2.65(m, 1H), 2.34(s, 2H), 2.21
(m, 1H), 2.02(m, 1H), 1.21–1.85(m, 9H), 1.04(s, 9H), 0.99(s, 9H).

Synthesis of [14C]-5
(R)-1-{[(2S,4R)-4-[8-Bromo-2-(2-[2-14C]-2-isopropylamino-thiazol-4-yl)-7-methoxy-

quinolin-4-yloxy]-1-((S)-3,3-dimethyl-2-propoxycarbonylamino-butyryl)-pyrrolidine-

2-carbonyl]-amino}-2-vinyl-cyclopropanecarboxylic acid, ([14C]-5. α-bromoketone
12 (1.43 g, 1.77mmol) was added to a solution of [14C]-8 (172mg,
1.46mmol) in isopropanol (15mL) at room temperature. The mixture was
heated at 70 ºC for 1h. The reaction mixture was cooled to room
temperature and concentrated to a solid residue. This residue was diluted
with 5% Na2CO3 (10mL), extracted with CH2Cl2 (10mL ×3). The combined
extracts were dried over Na2SO4 and concentrated. The crude residue
was purified twice using CombiFlash Companion (40g, 40–60% EtOAc/
hexanes) to give 790mg (48.1mCi) as light yellow solid in 65% yield. HPLC:
tR=12.94min (99% radiochemical purity), co-eluted with unlabeled
authentic material. A solution of LiOH (5.0mmol) in water (5.0mL) was
added to a solution of the aforementioned material (263mg, 0.32mmol)
in THF (10mL) and MeOH (5.0mL) at room temperature. The mixture was
Copyright © 2014 JohnJ. Label Compd. Radiopharm 2014, 57 350–357
stirred for 3 h. The pH was adjusted to ≈5 by addition of 5% HCl. The
mixture was worked up as usual giving an orange solid. The crude solid
was crystallized from n-propanol (3mL) to give 118mg as light orange solid
after drying under high vacuum in 45% yield. A total of 8.07mCi at
55.8mCi/mmol was obtained. HPLC: tR=15.51min, radiochemical purity
99%. 1H NMR (500MHz, DMSO-d6): δ 12.45(s, 1H, COOH), 8.54(s, 1H, NH),
8.12(d, J=9.12Hz, 1H), 7.71(d, J=7.51Hz, 1H, NH), 7.51(s, 1H), 7.45(s, 1H)
7.33(d, J=9.12Hz, 1H), 7.05(d, J=8.58Hz, 1H, NH), 5.75(m, 1H), 5.43(s, 1H),
5.21(d, J=16.45Hz, 1H), 5.06(d, J=11.76Hz, 1H), 4.46(t, J=8.34Hz, 1H),
4.32(d, J=11.76Hz, 1H), 4.15(d, J=8.65Hz 1H), 4.05(m, 2H), 4.01(S, 3H),
3.82(septet, J=6.36Hz, 1H), 3.74 (m, 2H), 2.52(m, 2H), 2.03(q, J=8.64Hz,
1H), 1.56(m, 2H), 1.41(m, 2H), 1.25(d, J=6.36Hz, 6H), 0.98(brs, 8H), 0.81(t,
J=7.32Hz, 3H).
Synthesis of deuterium-labeled inhibitors

Synthesis of [D7]-2
[D7]-N-Carbamothioyl-2-methyl-propanamide, [D7]-6. To a solution of [D7]-
2-methylpropionic acid (1.5 g, 15.78mmol) in methylene chloride (10mL)
was added oxalyl chloride (7mL, 78.64mmol) drop wise at 0 °C. The
resulting colorless solution was warmed to room temperature and stirred
overnight. The solution was then concentrated in vacuo and then diluted
with methylene chloride (10mL ×2) and concentrated to remove excess
oxalyl chloride. The remaining residue of deuterium-labeled 2-
methylpropanoyl chloride and thiourea (1.22 g, 15.86mmol) were heated
in toluene (20mL) at 110 °C for 12 h. After cooling to room temperature,
the mixture was concentrated in vacuo to a yellow solid residue and
dissolved in ethyl acetate (20mL) and worked up as usual. Crystallization
from (1:1) hexane: ethyl acetate gave 0.8 g of a pale yellow solid in 33%
yield. 1HNMR (400MHz, CDCl3): δ 10.01(s, 1H), 9.57(s, 1H), 7.72(s, 1H).
13CNMR (90MHz, CDCl3): δ 182.44, 178.02, 39.2(m), 17.63(m). MS (ES+)
calculated for C5H3N2OSD7 +H+ 154.25, found 154.20.

(Z)-(1S,4R,6S,14S,18R-14-Cyclopentyloxycarbonylamino)-18-[2-(2-[D7]-

isobutyramidothiazol-4-yl)-7-methoxy-8-methylquinolin-4-yloxy)-2,15-dioxo-

3,16-diaza-tricyclo[14.3.0.04,6]nonadec-7-ene-4-carboxylic acid, [D7]-2. This
material was prepared as described for [14C]-2 from α-bromoketone 9
(0.4 g, 0.487mmol) and [D7]-6 (90mg, 0.59mmol) to give 390mg of the
pure methyl ester product as a white solid in 96% yield. MS (ES+)
calculated for C43H47N6O9SD7 +H+ 839.05, found 839.27. The ester
(390mg, 0.465mmol) was hydrolyzed similarly and Purified by silica
gel flash chromatography using methylene chloride and 10 to 50%
EtOAc:CH2Cl2. The product was dissolved in 2mL of methylene chloride
and precipitated by addition of hexanes to give 377mg of a white solid
after drying in vacuo in 98% yield. HPLC, tR = 18.17min (99% chemical
purity). MS (ES+): calculated for C42H45N6O9SD7 + H+ 825.02, found
825.6 1H NMR (400MHz, DMSO-d6): δ 12.28 (s, 1H, NH), 12.21(s, 1H,
OH), 8.6(s, 1H, NH), 8.04(d, J= 9.1 Hz, 1H), 8.02(s, 1H), 7.43(s, 1H), 7.28
(s, 1H), 7.21(d, J= 9.1 Hz, 1H), 5.51(m, 2H), 5.45(s, 1H), 5.28
(d, J= 16.5 Hz, 1H), 4.64(m, 1H), 4.53(d, J= 8.3 Hz, 2H), 4.47(t, J= 8.3 Hz,
1H), 4.13(m, 1H), 3.93(s, 3H), 2.61(s, 3H), 2.53(m, 2H), 2.52(m, 2H), 2.2
(q, J= 8.6 Hz, 1H), 1.74(m, 2H), 1.71-1.58(m, 4H), 1.64-1.35(m, 4H), 1.46
(m, 2H), 1.38(m, 2H), 1.36(m, 2H), 1.33(m, 2H).

Synthesis of [D7]-BI 201335, [D7]-3
(1R,2S)-1-{[(2S,4R)-4-[8-Bromo-2-(2-[D7]-(isobutyrylamino-thiazol-4-yl)-7-

methoxy-quinolin-4-yloxy]-1-((S)-2-cyclopentyloxycarbonylamino-3,3-dimethyl-

butyryl)-pyrrolidine-2-carbonyl]-amino}-2-vinyl-cyclopropanecarboxylic

acid, [D7]-3. This material was prepared as previously described for [14C]-3
from [D7]-6 (0.16 g, 1.04mmol) and α-bromoketone 10 (0.41g, 0.46mmol)
to give after purification by flash chromatography using a 40g RediSep
disposable column and using CH2Cl2 then 10 to 50% EtOAc: CH2Cl2 as
eluent, 382mg of methyl ester derivative as yellowish solid (98% chemical
purity) in 94% yield. This ester (0.32 g, 0.36mmol) was hydrolyzed as in
www.jlcr.orgWiley & Sons, Ltd.
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2:1 THF: MeOH (10mL) and solution of 3.2M LiOH in water (1.0mL) to give
after the usual work up 400mg of a yellow solid. Purification using a 40g
RediSep column and methylene chloride, then% 10 to 50% EtOAc:CH2Cl2
gave 270mg of product in 86% yield as a white solid. HPLC: tR=17.5min,
99.6% chemical purity, MS (ES+): calculated for C40H42BrN6O9SD7+H+

877.88, found 877.50. 1H NMR (400MHz, DMSO-d6): δ 12.47(s, 1H), 12.34
(s, 1H), 8.56(s, 1H), 8.16(d, J=9.1Hz, 1H), 8.04(s, 1H), 7.46(s, 1H), 7.34
(d, J=9.1Hz, 1H), 7.00(d, J=7.5Hz, 1H), 5.72(m, 1H), 5.41(s, 1H), 5.20
(m, 2H), 5.06(m, 1H), 4.61(m, 1H), 4.45(m, 1H), 4.37(m, 1H), 4.01
(d, J=11.6Hz, 1H), 4.00(s, 3H), 3.95(dd, J =, 8.3Hz, 1H), 2.56(m, 1H), 2.26
(m, 1H), 2.02(q, J= 8.6 Hz, 1H), 1.69(m, 1H), 1.60(m, 1H), 1.56(m, 1H),
1.26–1.81(m, 4H), 1.45(m, 1H), 1.31(m, 1H), 1.28(m, 1H), 0.99(s, 9H).

Synthesis of [D9]-4
[D9]-tert-Butylacetic acid. In a three-neck round bottom flask fitted with a
thermometer, a dropping funnel and a condenser, was placed
concentrated [D2]-sulfuric acid (30mL). A solution of [D9]-tert-butanol
(4.6 g, 62.1mmol) and vinylidene chloride (6.2mL, 76.8mmol) is added
dropwise at temperature of 4–6 °C in a 2-h period. The resulting yellowish
solution was further stirred at this temperature for 90min. The solution
was then poured into 150mL of crushed ice and extracted with hexane
(150mL ×3). The combined extracts were washed with 300mL of 2 N
aqueous KOH. The basic solution was then treated with 80mL of
concentrated HCl and extracted with methylene chloride, dried over
MgSO4, filtered, and concentrated in vacuo to give 3.53 g of colorless
oil in 49% yield. 1H NMR (400MHz, CDCl3): δ 2.2 (s).

[D9]-N-Carbamothioyl-3,3-dimethyl-butanamide, [D9]-7. To a solution of
the aforementioned acid (2.0 g, 17.22mmol) in methylene chloride
(12mL) was added oxalyl chloride (10mL, 113.5mmol) at room
temperature. The solution was then stirred overnight. The yellow solution
was then concentrated in vacuo to give 2.5 g of material. Thiourea (1.32 g,
17.2mmol) was added to this acetyl chloride (2.5 g, 17.22mmol) in
toluene (25mL) and refluxed for 12 h. The yellow solution was cooled
to room temperature, and the mixture was concentrated in vacuo. The
solid residue was dissolved in ethyl acetate (20mL) and worked up as
usual to give 1.95 g of a yellow solid. Crystallization from ethyl acetate
(5mL) and hexanes (10mL) gave white needles, which were filtered,
washed with hexane and dried under pressure to give 1.2 g of material
in 40% yield. 1H NMR (400MHz, DMSO-d6): δ 10.92(s, 1H), 9.61(s, 1H),
9.34(s, 1H), 2.22(s, 2H). MS (ES+): calculated for C7H5N2OSD9 + H+

184.18, found 184.10.

(R)-1-[(1-(2-Cyclopentyloxycarbonylamino-3,3-dimethyl-butyryl)-4-{2-[2-[D9]-

(3,3-dimethyl-butyrylamino)-thiazol-4-yl]-7-methoxy-quinolin-4R-yloxy)-

pyrrolidine-2S-carbonyl)-amino]-2-vinyl-cyclopropanecarboxylic acid,

[D9]-4. This compound was prepared similar to [14C]-4 from α-
bromoketone 11 (0.76 g, 1.0mmol) and [D9]-t-butylacetyl thiourea (0.21 g,
1.1mmol) to obtain 0.88 g of a yellowish solid. TLC (5% MeOH/CHCl3): t-
butylacetyl thiourea, Rf = 0.6; starting material, Rf = 0.7. Purification by flash
chromatography using CHCl3 then 5 to 50% EtOAc:CHCl3 gave 728mg of
cream colored solid. A second purification using silica gel packed in
hexanes and 30% to 40% EtOAc in hexane provided 707mg of material
in 84% yield and more than 98% chemical purity by HPLC. MS (ES+):
calculated for C43H47N6O9SD9+H+ 843.1, found 843.0. TLC (10% MeOH/
CHCl3): Rf = 0.58. co-eluted with unlabeled sample. The methyl ester
derivative (0.7g, 0.84mmol) was hydrolyzed and worked up as before
to give 537mg of a bright yellow solid. The solid was dissolved in
isopropanol and left to crystallize at -4 °C overnight. The solid was
filtered and dried under reduced pressure to give 256mg of a bright
yellow solid in 78% yield. TLC (5% MeOH/CH2Cl2): starting material,
Rf = 0.36; product, Rf = 0.25. HPLC: tR= 16.8min, 99% chemical purity,
MS (ES+): calculated for C42H45N6O9SD9 + H+ 829.05, found 829.70.
MS (ES-) calculated C42H45N6O9SD9-H

+ 827.03, found 827.70. 1H NMR
(400MHz, DMSO-d6): δ 12.47(s, 1H), 12.32(s, 1H), 8.53(s, 1H), 8.14(d,
J= 8.6 Hz, 1H), 8.03(s, 1H), 7.51(s, 1H), 7.32(s, 1H), 7.02(d, J= 8.6 Hz,
1H), 7.00(s, 1H), 5.85(m, 1H), 5.44(s, 1H), 5.22(d, J= 16.5 Hz, 2H), 5.08
www.jlcr.org Copyright © 2014 Joh
(d, J= 11.8 Hz, 1H), 4.82(m, 1H), 4.47(t, J= 8.7 Hz, 1H), 4.35(d,
J= 11.8 Hz, 1H), 4.21(d, J= 8.7 Hz, 1H), 3.95(s, 3H), 3.92(m, 1H), 2.64(m,
1H), 2.35(s, 2H), 2.20(m, 1H), 2.02(m, 1H), 1.21–1.87(m, 9H), 0.99(s, 9H).

Synthesis of [D7]-5
(R)-1-{[(2S,4R)-4-[8-Bromo-2-(2-[D7]-isopropylamino-thiazol-4-yl)-7-methoxy-

quinolin-4-yloxy]-1-((S)-3,3-dimethyl-2-propoxycarbonylamino-butyryl)-

pyrrolidine-2-carbonyl]-amino}-2-vinyl-cyclopropanecarboxylic acid,

[D7]-5. α-bromoketone 12 (300mg, 0.37mmol) and [D7]-8 (46mg,
0.37mmol) were used as described for [14C]-5 giving 387mgof an off white
solid in 95% yield. HPLC: 13.9min, 98% chemical purity. Ester hydrolysis of
this product (387mg, 0.37mmol) gave 320mg of an orange solid in
100% yield. Half of the crude solid was purified by CombiFlash
Companion using a 12-g disposable silica gel column and 0–10%
MeOH/CH2Cl2, to give 138mg of an orange solid. MS (ES+): calculated
for C37H40BrN6O8SD7 +H+ 823.83, found 823.50. HPLC (retention time):
12.8min, 99% pure. 1H NMR (500MHz, DMSO-d6): δ 12.45(s, 1H, COOH),
8.54(s, 1H, NH), 8.12(d, J= 9.12 Hz, 1H), 7.71(d, J= 7.51 Hz, 1H, NH), 7.51
(s, 1H), 7.45(s, 1H) 7.33(d, J= 9.12 Hz, 1H), 7.05(d, J= 8.58 Hz, 1H, NH),
5.75(m, 1H), 5.43(s, 1H), 5.21(d, J= 16.45 Hz, 1H), 5.06(d, J= 11.76 Hz,
1H), 4.46(t, J= 8.34 Hz, 1H), 4.32(d, J= 11.76 Hz, 1H), 4.15(d, J= 8.65 Hz
1H), 4.05(m, 2H), 4.01(S, 3H), 3.82(s, 1H), 3.74 (m, 2H), 2.52(m, 2H),
2.03(q, J= 8.64 Hz, 1H), 1.56(m, 2H), 1.41(m, 2H), 0.98(brs, 8H), 0.81
(t, J= 7.32 Hz, 3H).

Conclusion

Simple and efficient syntheses of radioactive and stable isotopes of
Boehringer Ingleheim’s leading HCV NS3 protease inhibitors
were developed to support drug metabolism, pharmacokinetics,
mass balance, bioanalytical, and other studies. In the radioactive
synthesis, commercially available carbon-14 thiourea was utilized
to prepare mono-substituted thiourea derivatives, which were then
condensed with α-bromoketones according to Hantzsch’s
reaction. Subsequent ester hydrolysis gave the desired radioactive
compounds. For the preparation of stable isotopes labeled
compounds, a similar strategy was employed by initially preparing
the mono-substituted thiourea derivatives from commercially
available deuterium-labeled intermediates, followed by
condensation with α-bromoketones, and then, ester hydrolysis
provided the desired deuterium-labeled compounds. These labeled
compounds are indispensable in enabling clinical studies and other
ADME studies.
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