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Large-scale preparation of 13C-labeled 2-
(phenylthio)acetic acid and the corresponding
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We have developed large-scale efficient procedures for the conversion of commercially available [13C]- or [2H3,
13C]methanol

and 13CO2 or
13C-labeled bromoacetic acid to 2-(phenylthio)[1,2-13C2]-, [1-

13C]-, and [2-13C]acetic acid. The resulting deriva-
tives are versatile, chemically stable, and nonvolatile two-carbon labeling precursors. We have used the 13C-isotopomers of
2-(phenylthio)acetic acid in the synthesis of 13C-labeled acrylic acid, methacrylic acid, and trans-crotonic acid.
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Introduction

Stable isotopes 13C, 15N, 17O, 18O, and 2H have the benefit that they
are detected bymass spectrometry and, with the exception of 18O,
by NMR spectroscopy, yielding information about both the
extent and the position of the stable isotope labels. 13C-labeled
compounds have proven to be especially useful in studying
complex biological systems. For example, stable isotope labels
have been used to obtain detailed information about the biosyn-
thetic pathways1–4 leading to useful products such as enzyme
cofactors, vitamins, antibiotics, and anticancer drugs. In addition,
13C-labeled compounds are useful in many phases of drug devel-
opment including hit-to-lead optimization, pharmacokinetics,
and elucidation of drug metabolism pathways.5–7

Carbon-13 is enriched from its lighter isotope by cryogenic
distillation of carbon monoxide; thus, all 13C-labeled carbons
must ultimately be derived from 13CO. Highly efficient conver-
sion of 13CO to useful chemical precursors is essential to
stable-isotope-labeling chemistry. Because inefficiencies in the
initial steps of conversions add greatly to the expense of isotope
labeling, considerable effort has been devoted to the prepara-
tion of useful synthetic precursors and has led to efficient
methods for the large-scale synthesis of one-carbon, stable-
isotope-labeled synthons including methane,8 methanol,9,10

methyl iodide,11–14 [13C]methyl phenyl sulfide,15 sodium
formate,16,17 potassium cyanide,18–20 carbon dioxide, carbon
disulfide,21 and urea.22 Similarly efficient methods for the
synthesis of two-carbon-labeled synthons are essential for
the economical preparation of complex labeled compounds.
By far, the most useful of the two-carbon-labeled synthons
have been [1-13C]-, [2-13C]-, and [1,2-13C2]acetic acid that are
prepared on the large scale by the carbonylation of methanol
where the carbonyl carbon is derived from carbon monoxide and
the alkyl carbon is derived from methanol.23 Efficient large-scale
methods have also been reported for the conversion of 13C-labeled
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acetic acid into the corresponding labeled ethanol,24 ethyl iodide,
bromoacetic acid,25 and glycine.26

Another potentially useful two-carbon precursor if prepared
with isotopic labels would be 2-(phenylthio)acetic acid, which
has been used extensively in organic synthesis. For example, 2-
(phenylthio)acetic acid has been used to make beta-lactones,27

beta-lactams,28 and benzo[b]thiophenes29 in the synthesis
of natural products and anticancer therapeutics. The dianion
of 2-(phenylthio)acetic acid provides access to a wide variety of
b-hydroxysulfides, providing key intermediates for the synthesis
of olefins, oxiranes, and ketones.30 In addition, Reeves and cowor-
kers31 have used 2-(phenylthio)acetic acid in the conversion of
carboxylic acids to trifluoromethyl ketones.

Described in this manuscript is the synthesis of 2-(phenylthio)
[1,2-13C2]acetic acid (1) and its conversion to its corresponding
ethyl ester 2. We also describe simple conditions for the conver-
sion of ethyl 2-(phenylthio)[1,2-13C2]acetate (2) to its correspond-
ing sulfoxide 3 and sulfone 4 (Scheme 1). Our synthetic routes
are also useful for the preparation of the 13C-isotopomers
labeled at either C1 or C2 of the acetyl group.
Copyright © 2013 John Wiley & Sons, Ltd.
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Scheme 1. The conversion of 2-(phenylthio)[1,2-13C2]acetic acid to its ethyl ester
and oxidation of ethyl 2-(phenylthio)[1,2-13C2]acetate to its corresponding sulfox-
ide and sulfone.
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We have found that all of these compounds are versatile label-
ing precursors. Representative applications of these reagents to
labeling chemistry are diagrammed in Scheme 2. For example,
ethyl 2-(phenylthio)acetate can be converted to a nucleophile
by treatment with lithium diisopropylamide.32 The correspond-
ing anion can be readily alkylated to extend the carbon chain.
The phenylthio group can be removed by treatment with Raney
Ni to yield extended-chain carboxylic acids.33,34 The relative acid-
ity of the methylene protons can be adjusted by oxidizing
the sulfide (Scheme 2A) to sulfoxide (Scheme 2B) or sulfone
(Scheme 1C). Similarly, the oxidation of the sulfur activates it
for elimination to yield alkenes (Scheme 2B and 2C). For exam-
ple, we have prepared deuterated acrylates by alkylation of ethyl
2-(phenylsulfinyl)acetate followed by thermal elimination of the
sulfoxide.35,36 In our experience, elimination of the sulfone under
basic conditions yields predominately the trans product as detected
by NMR. For example, we have prepared trans-[U-13C4]crotonic
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Scheme 2. Useful application of ethyl 2-(phenylthio)acetate to prepare simple
carboxylic acids (A), acrylates (B), crotonates (C), and mixed thioacetals (D).
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acid by treatment of 3-(phenylsulfonyl)[U-13C4]butanoic acid
with aqueous sodium hydroxide. 13C NMR analysis of the
[U-13C4]crotonic acid showed >99.5% the trans isomer. Finally,
treatment of the sulfoxide with acetic anhydride under Pummerer
conditions37–39 produces a protected aldehyde (Scheme 2D).
Specifically, we have used 13C-isotopomers of 2-(phenylthio)
acetic acid in the synthesis of 13C-labeled acrylic acid,35,36

methacrylic acid,35,36 and trans-crotonic acid.
Results and discussion

Synthesis of 2-(phenylthio)[1,2-13C2]-, 2-(phenylthio)[1-
13C]-,

and 2-(phenylthio)[2-13C]acetic acid

Spinelli and coworkers previously reported the preparation of
isotopically labeled 2-(phenylthio)acetic acid that they used for
the synthesis of [2-13C]benzo[b]thiophene-3-one.29 In that paper,
the authors describe the preparation of 2-(phenylthio)[2-13C]
acetic acid in a 86% yield through the treatment of an aqueous
solution of sodium bromo[2-13C]acetate with sodium thiophen-
oxide at 90–100 �C. In our studies, we have identified more
efficient conditions for the near-quantitative conversion of
13C-labeled bromoacetic acid to 13C-labeled 2-(phenylthio)acetic
acid (Scheme 3A). We prepared 2-(phenylthio)[1,2-13C2]acetic acid
in 99% yield by mixing of bromo[1,2-13C2]acetic acid with benze-
nethiol in a suspension of potassium carbonate in acetone
(Scheme 3A). Similarly, by starting with bromo[1-13C]- and bromo
[2-13C]acetic acid, we have used this procedure to prepare
2-(phenylthio)[1-13C]- and 2-(phenylthio)[2-13C]acetic acid in
near-quantitative yields. As such, the route we have identified is
convenient for converting commercial 13C-labeled bromoacetic
acids to the corresponding 13C-labeled 2-(phenylthio)acetic acids.

We have also identified an efficient route to 2-(phenylthio)[1-13C]
acetic acid from 13CO2 and methyl phenyl sulfide (Scheme 3B). A
solution containing 2 equivalents of (phenythio)methyl lithium in
THF is treated with 13CO2 to form 2-(phenylthio)[1-13C]acetic acid
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with an excellent yield (97%). The second equivalent of
(phenythio)methyl lithium is required because one equivalent
is consumed in the reaction by the formation of the dianion
of the product 2-(phenylthio)[1-13C]acetic acid. Quenching
the reaction leaves a mixture of methyl phenyl sulfide and 2-
(phenylthio)[1-13C]acetic acid, which are easily separated by a
simple acid/base extraction. Rapid addition or addition of an
excess of 13CO2 generates 2-(phenylthio)[1,3-

13C2]malonate that
decarboxylates during the workup. Thus, for good recovery of
the label, it is essential to be careful about the stoichiometry
of the reagents. We also prepared C2-labeled isotopomers of
2-(phenylthio)acetic acid in good yield (theoretical 50%) using
this route by starting with a twofold excess of [13C]methyl
phenyl sulfide and being careful to recover the excess (Scheme 3C).
To prepare 2-(phenylthio)[1-13C]acetic acid by the methyl phenyl
sulfide route requires a pressure/vacuum manifold to handle
labeled 13CO2, whichmay not be commonly available in a standard
organic chemistry laboratory. However, considering the lower
overall yields (81%26) of expensive isotope and number of steps
involved in the preparation of labeled bromoacetic acid, the
methyl phenyl sulfide route achieves a greater overall recovery of
the isotope, making it particularly economical for large-scale
syntheses. The efficiency of themethyl phenyl sulfide route can also
be appreciated by considering the published price of the labeled
precursors, which is most straightforward for 2-(phenylthio)[1-13C]
acetic acid. Bromo[1-13C]acetic acid (~$30.15/mmol, Aldrich
Chemical Co) is more than an order of magnitude more expen-
sive than 13CO2 (~$2.36/mmol, Aldrich Chemical Co).

Synthesis of ethyl 2-(phenylthio)[1,2-13C2]acetate, ethyl 2-
(phenylsulfinyl)[1,2-13C2]acetate, and ethyl 2-(phenylsulfonyl)
[1,2-13C2]acetate

As outlined in Schemes 1 and 2, we have described the use of
AmberlystW to catalyze the conversion of labeled 2-(phenylthio)
acetic acids 1 and 5 to their corresponding ethyl esters 2 and
6 in 96–98% yield. Using a modest excess (1.2 equiv) of sodium
periodate, ethyl 2-(phenylthio)[1,2-13C2]acetate is oxidized to its
corresponding sulfoxide, ethyl 2-(phenylsulfinyl)[1,2-13C2]acetate
(3) in near-quantitative yield (99%). Finally, we have described
the oxidation of ethyl 2-(phenylthio)[1,2-13C2]acetate (2) to ethyl
2-(phenylsulfonyl)[1,2-13C2]acetate (4) in 89% yield using an
excess of oxone.

Conclusion

In this paper, we have described two routes to produce 2-
(phenylthio)[1-13C]-, [2-13C]-, and [1,2-13C2]acetic acid and the
conversion to their corresponding ethyl esters. In addition, we
have described the oxidation of labeled ethyl 2-(phenylthio)acet-
ates to their corresponding sulfones and sulfoxides. All of these
compounds are versatile, chemically stable, and nonvolatile two-
carbon-labeling precursors.

Experimental

General

[13C]Carbon monoxide and [13C]carbon dioxide enriched to 99.2% were
supplied by the Los Alamos ICONS facility. All labeled precursors were
prepared by the National Stable Isotope Resource at Los Alamos using
published methods. Bromo[1,2-13C2]acetic acid was prepared from
[1,2-13C2]acetic acid by the method of Roberts and Poulter25 and purified
by sublimation. [1,2-13C2]Acetic acid

23, [13C]methanol,9,10 and [13C]methyl
CopyrJ. Label Compd. Radiopharm 2013, 56 31–35
phenyl sulfide15 were prepared as described. Anhydrous THF (Aldrich
Sure/SealTM), sec-butyllithium 1.4M in cyclohexane (Aldrich Sure/SealTM),
potassium carbonate powder �325 mesh, and AmberlistW 15 H+-form
were purchased from Sigma-Aldrich (Milwaukee, WI USA) and used with-
out purification. Because it is difficult to precisely determine the concen-
tration of sec-butyllithium, we monitored our reaction mixtures to ensure
complete formation of the desired anion in the following manner.
A small aliquot of the reaction mixture was quenched with D2O and
deuterium incorporation analyzed by 13C NMR (1JDC = 18Hz). Proton-
decoupled 13C (75MHz) and 1H (300MHz) NMR spectra were obtained
at 25 �C using a Bruker DRX-300 NMR spectrometer (Bruker BioSpin
Corporation, Billerica, MA USA). Samples were dissolved in CDCl3, and
the resonance signals from CDCl3 (13C, 77.23 ppm) or CHCl3 (1H,
7.27 ppm) were used as an internal chemical shift standards. High-resolu-
tion mass spectra were obtained using a Thermo-Finnigan LTQ FT mass
spectrometer (Thermo Scientific, San Jose, CA, USA). Samples were dis-
solved in methylene chloride containing formic acid (0.1% V/V).

2-(Phenylthio)[1,2-13C2]acetic acid (1) and 2-(phenylthio)
[1-13C]acetic acid (5)

Bromo[1,2-13C2]acetic acid (51.0 g, 0.362mol, 1.00 equiv) was dissolved in
acetone (765mL) in a 2-L round-bottom flask and was cooled to 0 �C.
After 15min of stirring, potassium carbonate (150 g, 1.09mol, 3.00 equiv)
was added slowly while the reaction mixture was vigorously stirred. After
another 15min of stirring, benzenethiol (97%, 40.7mL, 43.9 g, 0.398mol,
1.1 equiv) was added slowly. The reaction mixture progressively thick-
ened, making the stirring difficult. After 10min, an aliquot was taken
out of the reaction mixture, placed in a test tube with water and dichlor-
omethane, then acidified to pH= 2 using 1N HCl. The organic layer was
separated and then dried over sodium sulfate; it was then filtered
and subsequently evaporated under reduced pressure using a rotary
evaporator. The resulting solid was dissolved into CDCl3 and analyzed
by 13C NMR. The disappearance of bromo[1,2-13C2]acetic acid (C1
d= 168 ppm, C2 d= 26 ppm) and subsequent appearance of the desired
2-(phenylthio)[1,2-13C2]acetic acid (C1 d= 175 ppm, C2 d= 35 ppm) were
noted so the reaction was found to be complete at this time. The
volatiles were removed from the reaction mixture under reduced
pressure using a rotary evaporator. The resulting solids were then
washed with dichloromethane (500mL) to remove excess benzenethiol.
Dichloromethane (500mL) was added to the solids. The heterogeneousmix-
ture was then cooled to 0 �C over 10min of stirring; then, the mixture was
acidified to pH=2 using 1N HCl. The organic layer was separated, and the
aqueous layer was washed with more dichloromethane (2�, 100mL).
The organic layers were combined, dried over sodium sulfate, filtered,
and evaporated using a rotary evaporator to yield 1 as a colorless solid
(60.96 g, 99.0%) that was used without further purification. Using the
same procedure, 5 was prepared from bromo[1-13C]acetic acid in 99.6%
yield. Compound 1 1H NMR (CDCl3, 300MHz): d=3.66 (dd, 2JCH=5.3Hz,
1JCH=141.3Hz, 2H, S

13CH2), 7.17–7.49 (m, 5Harom), 10.68 (bs, 1H, OH). 13C
NMR (CDCl3, 75MHz): d=36.8, (d, 1JCC=59.5Hz, S

13CH2), 127.5 (Carom),
129.4 (Carom), 130.2 (d,

3JCC=2.2 Hz, Carom), 134.6 (Carom), 176.5 (d,
1JCC= 59.

Hz, 13C=O). HRMS (ESI+) (Calculated 171.0384) Found 171.0383 (M+). Melt-
ing point of 63.9 �C, literature value 63.5 �C40. Compound 5 1H NMR (CDCl3,
300MHz): d=3.67 (d, 2JCH=5.3Hz, 2H, SCH2), 7.18–7.50 (m, 5Harom), 10.96
(bs, 1H, OH). 13C NMR (CDCl3, 75MHz): d=36.8, (d, 1JCC= 59.5Hz, SCH2),
127.5 (Carom), 129.4 (Carom), 130.3 (Carom), 134.6 (d, 3JCC=1.1 Hz, Carom),
176.1 (13C=O). Melting point of 64.0 �C, literature value 63.5 �C40.

Ethyl 2-(phenylthio)[1-13C]acetate (6) and ethyl 2-(phenylthio)
[1,2-13C2]acetate (2)

2-(Phenylthio)[1-13C]acetic acid (5) (126 g, 0.745mol) was dissolved in
ethanol (700mL) in a 2-L round-bottom flask. AmberlystW 15 H+-form
(31.75g, 25 wt.%) was rinsed with ethanol and then added to the reaction
mixture. This mixture was then refluxed for 8.5 h until the reaction was
complete. Completion was determined by hourly analysis via 13C NMR
noting the disappearance of a resonance at 176.1 ppm (13C=O of 5)
www.jlcr.orgight © 2013 John Wiley & Sons, Ltd.
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and the appearance of a resonance at 169.9 ppm (13C=O of 6). The reac-
tion mixture was filtered through a celite-packed frit funnel to remove
the AmberlystW. The volatiles were removed using a rotary evaporator
to yield 6 as a slightly yellow and viscous liquid (142 g, 96.6%), which
was used without further purification. Using the same procedure, 2 was
prepared from 2-(phenylthio)[1,2-13C2]acetic acid (1) in 98.1% yield. Com-
pound 6 1H NMR (CDCl3, 300MHz): d=1.22 (t, 3JHH=7.2Hz, 3H, CH3),
3.63 (d, 2JCH = 5.5 Hz, 2H, SCH2), 4.16 (dq, 3JCH = 3.2 Hz, 3JHH = 7.2 Hz, 2H,
OCH2), 7.20–7.43 (m, 5Harom).

13C NMR (CDCl3, 75MHz): d=14.3 (d, 3JCC= 2.0
Hz, CH3), 36.9, (d,

1JCC=61.9Hz, SCH2), 61.7 (d, 2JCC=2.5Hz, CH2), 127.1
(Carom), 129.2 (Carom), 130.2 (Carom), 135.2, 169.9 (13C=O). Compound 2 1H
NMR (CDCl3, 300MHz): d=1.22 (t, 3JHH=7.2Hz, 3H, CH3), 3.63 (dd,

2JCH= 5.4
Hz, 1JCH=141.3Hz, 2H, S

13CH2), 4.16 (dq, 3JCH=3.2Hz,
3JHH=7.2Hz, 2H,

OCH2), 7.20–7.43 (m, 5Harom).
13C NMR (CDCl3, 75MHz): d=14.3 (d, 3JCC= 2.0

Hz, CH3), 36.9, (d,
1JCC=61.9Hz, S

13CH2), 61.7 (d, 2JCC=2.5Hz, CH2), 127.1
(Carom), 129.2 (Carom), 130.2 (Carom), 135.2 (Carom), 169.9 (d, 1JCC= 61.9Hz,
13C=O).

Ethyl 2-(phenysulfinyl)[1,2-13C2]acetate (3)

Ethyl 2-(phenylthio)[1,2-13C2]acetate (2) (10.0 g, 0.05mol, 1.0 equiv) was
dissolved in a 50% solution of methanol in distilled water (100mL). Then,
sodium periodate (13.0 g, 0.06mol, 1.2 equiv) was added. The resulting
solution was stirred at room temperature using a magnetic stir bar.
Product formation was monitored by 13C NMR noting the disappearance
of resonance doublets at 36.9 (S13CH2 of 2) and 169.9 ppm (13C=O of 2)
and the appearance of resonance doublets at 61.7 (S13CH2 of 3) and
164.5 ppm (13C=O of 3). A white precipitate formed after approximately
30min. The mixture becomes very thick, and more solvent (100mL)
was added to allow continuous stirring. After approximately 24 h, the
reaction was determined to be complete by 13C NMR. The white precipi-
tate was then filtered, and most of the methanol was removed using a
rotary evaporator. The aqueous phase was extracted with ethyl acetate
(3�, 200mL). The organic layer was dried over sodium sulfate and
filtered, and the volatiles were removed by a rotary evaporator to obtain
a clear, colorless oil (10.7 g, 99%) that was used without further purifica-
tion. 1H NMR (CDCl3, 300MHz): d=1.19 (t, 3JHH = 7.1Hz, 3H, CH3), 3.81
(dddd, 1JCH = 141.8 Hz, ABJHH = 39.3 Hz; 13.8 Hz; 6.1 Hz, 2H, S13CH2), 4.13
(dq, 3JHH = 7.1Hz, 3JCH = 3.2 Hz, 2H, OCH2), 7.21–7.83 (m, 5Harom).

13C
NMR (CDCl3, 75MHz): d=13.7 (d, 3JCC = 2.0 Hz, CH3), 61.1 (d,

1JCC = 60.2 Hz,
S13CH2), 61.7 (d, 2JCC = 2.0 Hz, CH2), 123.9, 129.1, 131.5, 142.4 (d, 2JCC = 2.2
Hz, Carom), 164.5 (d, 1JCC = 60.2Hz, 13C=O).

Ethyl 2-(phenylsulfonyl)[1,2-13C2]acetate (4)

Oxone (44.6g, 0.072mol, 3.0 equiv) was dissolved in distilled water (200mL)
and the solution stirred with a magnetic stir bar. Ethyl 2-(phenylthio)
[1,2-13C2]acetate (2) (4.8g, 0.024mol, 1.0 equiv) was dissolved in a 50% solu-
tion of ethanol in ethyl acetate (50 mL) and added dropwise to the stirred
oxone solution. The resulting solution was incubated at room temperature
for 3hwith continued stirring. Product formationwasmonitored by 13CNMR
noting the disappearance of resonance doublets at 36.9 (S13CH2 of 2)
and 169.9 ppm (13C=O of 2) and the appearance of resonance doublets at
61.1 (S13CH2 of 4) and 162.4ppm (13C=O of 4). After oxidation was
complete, the solution was extracted (3�, 200mL) with ethyl acetate. The
organic layer was dried over sodium sulfate and then filtered. The volatiles
were removed using a rotary evaporator to obtain a clear, colorless oil
(4.94 g, 88.6%) that was used without further purification. 1H NMR
(CDCl3, 300MHz): d= 1.18 (t, 3JHH = 7.1 Hz, 3H, CH3), 4.14 (dd, 2JCH = 6.6
Hz, 1JCH = 140.1 Hz, 2H, S13CH2), 4.14 (dq, 3JCH = 3.3 Hz, 3JHH = 7.1 Hz,
2H, OCH2), 7.52–7.98 (m, 5Harom).

13C NMR (CDCl3, 75MHz): d= 13.9
(d, 3JCC = 2.2 Hz, CH3), 61.1, (d,

1JCC = 60.7 Hz, S13CH2), 61.7 (dd, 3JCC = 1.0
Hz, 2JCC = 2.7 Hz, OCH2), 128.6 (Carom), 129.3 (Carom), 134.4 (Carom), 138.8
(d, 3JCC = 8.3 Hz, Carom), 162.4 (d, 1JCC = 60.7 Hz, 13C=O).

2-(Phenylthio)[1-13C]acetic acid (5)

This reaction was carried out using a pressure/vacuum manifold to which
the 13CO2 supply cylinder, a 250-mL stainless steel lecture bottle, a
www.jlcr.org Copyright © 2013 John Wiley & Sons, L
vacuum/pressure gauge, and the reaction flask could be affixed and iso-
lated by metering valves. The 250-mL lecture bottle was evacuated and
tared. [13C]Carbon dioxide (3.6 g, 0.08mol, 1.0 equiv) was condensed into
the lecture bottle, and the quantity of 13CO2 was verified by the change
in mass of the lecture bottle. The rest of the reagents were scaled to the
amount of 13CO2. Then, methyl phenyl sulfide (19.9 g, 0.16mol, 2.0 equiv)
was added to a 1-L round-bottom flask equipped with a magnetic stir bar
and placed under a stream of argon. Anhydrous THF (300mL) was added
to the flask, and this solution was cooled to �78 �C. To this solution, sec-
butyllithium (1.4M, 129mL, 0.180mol, 2.2 equiv) was added dropwise
over 10min and monitored to ensure complete formation of the anion
as described earlier. The reaction flask containing the (phenylthio)methyl
lithium was evacuated three times until the solvent boiled vigorously
(0.1–0.2mBar� vapor pressure of THF at�78 �C). Then, 13CO2 was slowly
introduced into the reaction vessel through a metering valve over
approximately 30min. During the addition of 13CO2, the pressure in the
reaction flask was always below atmospheric pressure. The addition of
13CO2 was judged complete when the pressure in the system returned
to ~0.1–0.2mBar after which the reaction was stirred for 1 h. The mixture
was then brought to room temperature while stirring for an additional
2 h. The reaction was quenched by adding distilled water (100mL). The
reaction mixture was extracted with hexane (3�, 100mL) to remove
methyl phenyl sulfide. The aqueous layer was then acidified using hydro-
chloric acid (6N) to pH= 2. At this time, compound 5 precipitated as a
white solid. The heterogeneous aqueous layer was then extracted with
ethyl acetate (3�, 200mL). The ethyl acetate layer was then dried over
solid sodium sulfate and filtered, and volatiles were removed using a rotary
evaporator to yield a yellowish solid (13.1g, 97% based on 13CO2) that can
be used without further purification. 1H NMR (CDCl3, 300MHz): d=3.67 (d,
2JCH= 5.3Hz, 2H, SCH2), 7.18–7.50 (m, 5Harom), 10.96 (bs, 1H, OH). 13C NMR
(CDCl3, 75MHz): d=36.8, (d, 1JCC=59.5Hz, SCH2), 127.5 (Carom), 129.4
(Carom), 130.3 (Carom), 134.6 (d,

3JCC=1.1Hz, Carom), 176.1 (
13C=O). Elemental

analysis of 5: Calculated: 13CC7H8O2S: C, 57.37; H, 4.77; S, 18.95. Found: C,
57.44; H, 4.73; S, 18.88. Melting point of 63.9 �C, literature value 63.5 �C40.

2-(Phenylthio)[2-13C]acetic acid (7)

The [13C]methyl phenyl sulfide15 (20.1 g, 0.160mol, 2.0 equiv) was added
to a 1-L round-bottom flask equipped with a magnetic stir bar and
placed under a stream of argon. Anhydrous THF (200mL) was added to
the flask, and this solution was cooled to �78 �C. To this solution, sec-
butyllithium (1.4M, 129mL, 0.180mol, 2.2 equiv) was added dropwise
over a 10-min period and monitored to ensure complete formation of
the anion as described earlier. An excess of CO2 was bubbled through
the reaction until a white precipitate formed. The mixture was then
allowed to come to room temperature while stirring for an additional
2 h. The reaction was quenched by adding distilled water (100mL). The
reaction mixture was extracted with hexane (3�, 100mL) to remove
unreacted [13C]methyl phenyl sulfide, which was recovered by evapora-
tion of the solvent using a rotary evaporator. The aqueous layer was
acidified using hydrochloric acid (6 N) to pH= 2, which caused 7 to
precipitate as a colorless solid. The heterogeneous aqueous layer was
then extracted with ethyl acetate (3�, 200mL). The combined ethyl
acetate fractions were dried over solid sodium sulfate, filtered, and
evaporated to yield a colorless solid (13.53 g, 99.6%) that was used without
further purification. The recovered [13C]methyl phenyl sulfide (8.4g, 84%)
was used in subsequent reactions without further purification. 1H NMR
(CDCl3, 300MHz): d=3.66 (d, 1JCH=141.3Hz, 2H, S13CH2), 7.17–7.49
(m, 5Harom), 10.68 (bs, 1H, OH). 13C NMR (CDCl3, 75MHz): d= 36.8,
(s, S13CH2), 127.5, 129.4, 130.2

3JCC = 1.9 Hz, 134.6, 176.5 (d, 1JCC = 59.5
Hz, C=O); Melting point of 64 �C, literature value 63.5 �C40.
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