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Isotopically labeled compounds have numerous applications in drug discovery and development. (R)-9-
(2-Hydroxypropyl)adenine 1 is an important intermediate in the synthesis of various acyclic nucleoside
phosphonates including tenofovir. We have developed a short synthetic method to prepare deuterium
and tritium labeled 1 using a ketoreductase enzyme catalyzed reduction as the key step to introduce
the label in a highly efficient and enantioselective way.

� 2016 Elsevier Ltd. All rights reserved.
Introduction

Isotopically labeled compounds have numerous applications in
drug discovery and development. Stable isotope labeled (SIL) com-
pounds (i.e., compounds containing non-radioactive isotopes such
as 13C, 15N and 2H) are most commonly used as internal standards
for mass spectroscopy studies for the accurate determination of
drug concentration in biological samples.1 For this application,
the SIL internal standard is added to the biological matrix to cor-
rect for variability in dilution, evaporation, degradation, recovery,
adsorption and derivatization. SIL compounds have also been used
in the assessment of drug pharmacology to determine the pharma-
cokinetic profile or mode of action of a drug substance; for the
assessment of drug products or drug delivery systems by determi-
nation of parameters such as the bioavailability or the release pro-
file; and for assessment of patient-specific drug treatment.2 In
addition, radioactive isotopes of drug candidates (e.g., 14C, 3H iso-
tope analogs) are required during the course of pre-clinical and
clinical development. Because radioactive compounds, such as tri-
tium-labeled isotopes, can be detected and quantified at nanomo-
lar levels of concentration, they are indispensable tools for drug
metabolism and pharmacokinetic (DMPK) studies such as initial
metabolism studies, binding assays, receptor occupancy and
plasma-protein binding assays.3
(R)-9-(2-Hydroxypropyl)adenine 1 is an important intermedi-
ate in the synthesis of various acyclic nucleoside phosphonates.
Most notably it is a key intermediate in the synthesis of tenofovir
2 which has been shown to display broad activity against viral
infections. The corresponding prodrug, tenofovir disoproxil fuma-
rate, has been approved as an anti-HIV and anti-Hepatitis B drug.4

Other compounds of this class which have been synthesized and
evaluated for antiviral activity include the boranophosphonate
nucleoside 35 and the thiophosphonate nucleoside 46 (Fig. 1). We
were interested in developing an efficient synthetic method to pre-
pare SIL-1 intermediate which can be further elaborated to SIL drug
candidates to be used as mass spectrometry internal standard. In
addition, we would like to apply the same synthetic methodology
to prepare a tritium labeled analog of 1.

Results and discussion

Synthetically viable labeling strategies to prepare isotopically
labeled 1 include incorporation of the label into the adenine core
or into the hydroxypropyl side chain. A number of synthetic meth-
ods for preparing 13C and 15N labeled adenines have been pub-
lished.7 One can consider converting these SIL adenines to the
desired SIL-1 via alkylation with various electrophiles following
known procedures developed for the preparation of unlabeled 1.8

Alternatively, a deuterium labeled side chain can be prepared fol-
lowing a procedure previously described by Czarnik.9

Biocatalysis is a growing field and has numerous applications in
the synthesis of pharmaceutical compounds. For example,
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Figure 1. (R)-9-(2-Hydroxypropyl)adenine 1 and (R)-9-(2-hydroxypropyl)adenine
containing compounds.
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Scheme 2. Enzymatic asymmetric reduction with KRED and NADP with a cofactor
recycling system using isopropanol.

Table 1
Representative KRED reduction enzyme screen results

Entry Enzyme % conversiona % eeb

1 P1B02 97.3 >99 (R)
2 P1B10 30 97.7 (R)
3 P1H10 12.2 >99 (R)
4 P2C02 99.7 97.5 (S)
5 P2D11 44.6 97.5 (R)
6 KRED 101 2.3 68.4 (R)
7 KRED 119 23.3 40.6 (R)
8 KRED 130 19.2 81.6 (R)
9 KRED NADH 101 11.9 92.8 (S)

a Conversion, as area % of alcohol 1 relative to ketone 5, was determined by HPLC
analysis.

b ee was determined by chiral HPLC.

Table 2
Isotopic distribution of ketone [D5]-5

m/z Isotopic species % distribution

192 D0 0.01
193 D1 0.02
194 D2 0.17
195 D3 2.38
196 D4 19.10
197 D5 67.87
198 D6 10.47
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ketoreductase (KRED) enzymes have been widely used in our lab-
oratories for the preparation of chiral alcohols.10 Furthermore,
KRED enzymes have been used to prepare deuterium labeled alco-
hols from ketones.11 We envisioned that a short and direct route to
SIL-[D6]-1 and [3H]-1 would be through a biocatalytic enantiose-
lective reduction of a ketone intermediate (Scheme 1).12 For SIL
synthesis (Path A), the acidic protons of ketone 5 would allow for
facile H/D exchange followed by an enzymatic reduction with an
appropriate deuterium source to give the desired SIL-[D6]-1. A sim-
ilar approach (Path B) would provide tritium labeled alcohol [3H]-1
via a direct enzymatic reduction of ketone 5 with an appropriate
tritium source.

With this synthetic approach in mind, we first sought to iden-
tify conditions to reduce ketone 513 enzymatically. A number of
KRED enzymes14 were screened using NADP as a cofactor and
iPrOH to regenerate the cofactor (Scheme 2). The representative
results summarized in Table 1 show that either enantiomer can
be accessed in very high enantioselectivities and conversions
(entries 1 and 4). With the optimal enzyme identified (entry 1,
P1B02 enzyme), the reaction conditions were optimized with
respect to enzyme and cofactor loading, reaction concentration,
and amount of iPrOH required. Typically with these reactions, in
order to drive the reaction equilibrium in favor of the desired pro-
duct, an excess amount of iPrOH is used. Furthermore, the acetone
byproduct can be vented to drive the product formation.

In practice SIL compounds to be used as internal standards gen-
erally require a molecular weight increase of at least 4 atomic mass
units (amu). When the difference is less than 3 amu the isotope
peaks mass signal of the analyte may interfere with the signal of
the internal standard.15 In addition, as a general guideline, we typ-
ically require that the unlabeled content (D0) cannot be above 0.1%.
For this particular substrate, we targeted a mass increase of 6 amu.
With these specifications in mind, we began the synthesis of SIL-
[D6]-1 with hydrogen–deuterium exchange of the acidic protons
of ketone 5. After some optimization with regard to deuterated sol-
vents used, pH and temperature, we found that the exchange can
be accomplished by heating ketone 5 in a mixture of D2O/MeOD/
ACN at 50 �C to give ketone [D5]-5 in very high isotopic incorpora-
tion with [D5] as the most abundant isotope as shown in Table 2.16
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Scheme 1. Enzymatic synthesis of isotopically labeled (R)-9-(2-hydroxypropyl)
adenine.
Some minor H/D exchange was observed at the C-8 position in the
adenine core resulting in [D6] isotope species with m/z = 198.

The final deuterium was introduced enzymatically using
[2-2H]-iPrOH as the deuterium source. We initially established that
a single deuterium transfer experiment using P1B02 enzyme with
unlabeled ketone 5 and [2-2H]-iPrOH gave the corresponding [D1]-
labeled alcohol with 100% deuterium incorporation as measured
by MS analysis. Thus, taking ketone [D5]-5 and subjecting it to
KRED reduction conditions gave the desired isotopically labeled
alcohol SIL-[D6]-1 in high enantiopurity (>99% ee) and yield
(90%). More importantly, the isotopic distribution is such that D0

is less than 0.1% as shown in Table 3, with [D6] as the most abun-
dant isotope. It is important to note that due to the propensity of
the (acidic) deuterium labels of ketone [D5]-5 to back exchange
to hydrogen, the enzymatic reduction was carried out in
Table 3
Isotopic distribution of alcohol SIL-[D6]-1

m/z Isotopic species % distribution

194 D0 0.01
195 D1 0.03
196 D2 0.04
197 D3 0.29
198 D4 2.25
199 D5 16.79
200 D6 58.80
201 D7 21.79
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deuterated aqueous buffer system. During the course of the reduc-
tion with deuterated aqueous buffer, an increase in deuteration at
the C-8 position occurred giving rise to a [D7] isotope with
m/z = 201.

Following the same KRED strategy used for the SIL synthesis,
our initial attempt to prepare [3H]-1 from ketone 5 using [2-3H]-
iPrOH (prepared by reduction of acetone with NaBT4)17 resulted
in less than 5% conversion of 5 to [3H]-1 as measured by HPLC-
UV. We attributed this low conversion to the fact that the [2-3H]-
iPrOH that was used contained acetone (3:1 ratio acetone relative
to iPrOH) which caused the reaction equilibrium to shift toward
the starting material. Due to the volatility of the tritium reagent
and the microscale amounts that we were operating in, a nitrogen
sweep which can be implemented to remove excess acetone was
not practical in this case. Thus, we sought to investigate other
cofactor recycling systems that are typically used for KRED reduc-
tions. After a series of experiments, we found that the sodium for-
mate/Formate Dehydrogenase (FDH) system gave no reaction.
Fortunately, on the other hand, the glucose/glucose dehydrogenase
(GDH) system gave very high conversion of ketone 5 to the desired
alcohol 1. The main advantages with the glucose/GDH system over
the previous iPrOH system is that [1-3H]-glucose is non-volatile
thus safer to handle and the byproduct of the reduction, glucono-
lactone, spontaneously hydrolyzes to gluconic acid in a non-rever-
sible process (Scheme 3). Furthermore, in contrast to the iPrOH
system, we were able to use glucose as the limiting reagent. Thus,
treatment of [1-3H]-glucose18 with 1.1 equiv of ketone 5 resulted
to complete consumption of the tritium reagent and 90% conver-
sion of 5 to [3H]-1 was observed. After purification using reverse
phase preparative chromatography, [3H]-1 was obtained in good
yield (54%) and very high ee (>99%). 3H NMR confirmed the tritium
location as expected.

Conclusion

We have developed efficient enzymatic routes to access both
deuterium and tritium labeled (R)-9-(2-hydroxypropyl)adenine 1.
SIL-[D6]-1 was prepared via H/D exchange followed by enzymatic
reduction with [2-2H]-iPrOH in very high yield and enantiopurity.
More importantly, the isotope distribution of the resulting product
was such that the unlabeled content [D0] was less than 0.1%. Sim-
ilarly, a method to prepare the tritiated analog [3H]-1 was also
developed using the same enzyme but with [1-3H]-glucose as a
non-volatile tritium source. Although the enzymatic methodology
presented here is used to prepare isotopically labeled 1, it should
be emphasized that it can be used to make non-labeled (R)-9-(2-
hydroxypropyl)adenine which is a key intermediate to tenofovir
and other pharmaceutically interesting acyclic nucleoside
phosphonates.
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