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Abstract—Some commercial batches of dichloroacetic acid (DCA) contain traces of chloral (trichloroacetaldehyde). Using such
DCA to effect detritylation during solid-phase oligonucleotide synthesis results in the formation of a family of process impurities
in which the atoms of chloral (Cl3CCHO) are incorporated between the 5 0-oxygen and phosphorus atoms of an internucleotide link-
age. The structure was elucidated by HPLC with UV and MS detection, digestion of the oligonucleotide, synthesis of model com-
pounds, and 1H and 31P NMR spectroscopy. By understanding the chemistry behind its formation, we are now able to limit levels of
this impurity in synthetic oligonucleotides by limiting chloral in DCA.
� 2005 Elsevier Ltd. All rights reserved.
Synthetic oligonucleotides are widely used in molecular
biology and diagnostics. Recently, DNA and RNA ana-
logs have also emerged as potential drugs for treatment
of diseases through antisense mechanisms of action.1–4

The most advanced drug candidates are phosphorothio-
ate oligonucleotides (PS-oligonucleotides) in which one
of the non-bridging oxygens of the phosphate diester
internucleotide linkage of DNA or RNA is replaced by
sulfur. Automated synthesis of PS-oligonucleotides is
normally performed on a solid support using commer-
cially available nucleoside phosphoramidites as the start-
ing materials.5 The typical synthesis cycle (Scheme 1)
consists of four chemical reactions that are separated
by rinsing steps designed to remove excess reagents.
The four reactions are:

• Acid-induced removal of the 4,4 0-dimethoxytrityl
(DMTr) protecting group to liberate the 5 0-hydroxyl
group of the support-bound oligonucleotide (reaction
a).

• Extension of the oligonucleotide chain by coupling of
a protected nucleoside phosphoramidite in the pres-
ence of a weak acid (reaction b).

• Incorporation of a sulfur atom by oxidative sulfuriza-
tion of the trialkyl phosphite triester intermediate to
form a phosphorothioate triester (reaction c).
0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.06.018

Keywords: Antisense; Oligonucleotides; Trichloroacetaldehyde.
* Corresponding author. Tel.: +760 603 2532; fax: +760 603 4655;

e-mail: dcapaldi@isisph.com
• Capping of unreacted 5 0-hydroxyl groups to prevent
elongation of failure sequences (reaction d).

Repetition of this synthesis cycle allows for assembly of
PS-oligonucleotides on scales ranging from a few nano-
moles to several hundreds of millimoles. Cleavage and
separation of the oligonucleotide from the solid support,
deprotection steps, purification and isolation of the final
product complete the synthesis (reactions e). This syn-
thesis cycle was used to prepare the target PS-oligode-
oxyribonucleotide 1, the nucleotide sequence of which
is shown here: PS-d(TCCGTCATCGCTCCTC
AGGG).6 Despite recent advances in oligonucleotide
chemistry, the development of improved methods for
the synthesis of therapeutic grade oligonucleotides re-
mains an area of intense research.7–13 During the course
of studies aimed at optimizing synthesis of 1, we ob-
served the occurrence of low levels of an impurity that
had a mass of 147 Da more than the desired product.
In this report, we describe the structure elucidation of
this component and suggest a potential mechanism of
formation.

The strong anion exchange (SAX) HPLC chromato-
gram14 of a batch of 1 is shown in Figure 1. The chro-
matogram shows a later-eluting impurity (arrowed)
that accounted for 3% of the total UV area.

To facilitate identification of this component, we used
preparative SAX chromatography15 to obtain an en-
riched sample, which was then analyzed by HPLC with
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Figure 1. Strong anion exchange chromatogram of a batch of 1.

Scheme 1. Typical synthetic scheme for the solid-phase synthesis of phosphorothioate oligonucleotides.
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UV and MS detection (HPLC–UV–MS).16 The upper
panel of Figure 2 shows the chromatogram obtained
by HPLC–UV analysis. Two poorly resolved peaks were
visible; the average mass spectrum of the earlier eluting
peak (Fig. 2, middle panel) showed signals at m/z =
1269.0 and m/z = 1586.5 attributable to the �5 and �4
charge states, respectively, of 1 (MW Calcd: 6349.6,
found 6350.0). The later-eluting peak gave a mass
spectrum (Fig. 2, lower panel) that contained signals
at m/z = 1298.5 and m/z = 1623.3, attributable to the
�5 and �4 charge states of a component with a molec-
ular weight of 6497.4, or 147.4 Da more than that mea-
sured for 1.

We next converted the phosphorothioate diester linkag-
es of the enriched sample to phosphate diester linkages
using an iodine/N-methyl imidazole procedure17 and
analyzed the resulting mixture by HPLC–UV–MS.16

As expected, the average mass spectrum of the main
UV component (Fig. 3) showed signals that could be as-
cribed to the �5 and �4 charge states (m/z = 1207.9 and
m/z = 1510.2, respectively) of the phosphate diester ana-
logue of 1 (MW Calcd: 6045.6 Da, found: 6044.7). Also
present were signals due to the �5 and �4 charge states
(m/z = 1237.4 and m/z = 1547.0, respectively) of a com-
ponent with a molecular weight of 6192, or 147 Da more
than that found for desulfurized 1. The fact that the
mass difference between the two components was the



Figure 4. HPLC–UV analysis of the sample enriched in the 147 Da

impurity following desulfurization and enzymatic digestion.

Figure 5. Mass spectrum of region a of the UV chromatogram shown

in Figure 4. The mass spectrum was consistent with the addition of

C2HOCl3 to dinucleoside phosphate d(CpG) or d(GpC). Inset: The

calculated isotopic distribution pattern for d(CpG) + C2HOCl3,

[M�H]�.

Figure 2. Upper panel: HPLC–UV trace of a sample enriched in the

147 Da impurity. Middle panel: The average mass spectrum under

peak a. Lower panel: The average mass spectrum under peak b.

Figure 3. Mass spectrum of the sample enriched in the 147 Da

impurity following desulfurization.
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same following conversion to their phosphate diester
analogues indicated that the impurity, like 1, possessed
19 phosphorothioate internucleotide linkages.

We obtained further structural information by enzymat-
ically digesting the desulfurized sample using snake ven-
om phosphodiesterase and alkaline phosphatase.
HPLC–UV analysis18 of the digest showed, in addition
to the four natural nucleosides [dC (4.6 min), dG
(9.2 min), T (11.2 min), and dA (13.3 min)], a number
of small, later-eluting peaks (Fig. 4). Particularly inter-
esting were several groups of peaks that eluted between
19 and 25.5 min (labeled a to g).

HPLC–MS analysis18 of these regions showed the pres-
ence of a number of different compounds that had
molecular weights and isotopic distribution patterns
consistent with those calculated for a series of dinucleo-
side phosphates modified by the addition of two carbon,
one hydrogen, one oxygen, and three chlorine atoms.

For example, in region a, the observed masses and their
distribution were consistent with those calculated for the
�1 charge state of d(CpG), or d(GpC), plus C2HOCl3
(Fig. 5). Identical signals were noted in region b, along
with others that could be attributed to modified
d(CpC) and d(GpG). Region c contained masses attrib-
utable to modified d(CpG), d(CpA), d(ApG), and
d(TpC)/d(CpT), while masses in regions d and e indicat-
ed the presence of modified d(TpC)/d(CpT). Finally, sig-
nals in regions f and g could be attributed to modified
d(GpT) and d(ApT).19 The simplest way in which the
atoms 2C, H, O, and 3Cl can be added to an oligonu-
cleotide is in the form of chloral (trichloroacetaldehyde),
the most likely source of which is the DCA that is used
to promote detritylation at the beginning of each syn-
thetic cycle (Scheme 1, reaction a).20 Seeking to establish
a link between chloral and formation of the 147 Da
impurity, we synthesized 1 by standard solid-phase
phosphoramidite chemistry, using for the detritylation
reaction a solution of DCA in toluene9 to which we add-
ed 300 ppm chloral hydrate.21 Under these conditions,
the support bound oligonucleotide was exposed to
approximately 1.2 molar equivalents of chloral over a
period of 2 min during each detritylation reaction. Fol-
lowing synthesis and ammonolysis, the crude material
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was analyzed by HPLC–UV–MS.16 The results of these
analyses are shown in Figure 6.

The average mass spectrum under the main UV peak
(lower panel) contained a set of signals (m/z = 1661.9,
1329.3, and 1107.7) that corresponded to the �4, �5,
and �6 charge states, respectively, of DMTr-protected
1 (MW Calcd: 6651.8, found 6652.4) and another set
(m/z = 1698.8, 1358.9, and 1132.2) attributable to the
same charge states of the corresponding 147 Da impuri-
ty (MW 6799.3). These results confirmed the proposed
link between chloral and formation of the 147 Da impu-
rity of 1. In fact, in this experiment, the extent of mod-
ification was sufficient to allow detection of a signal at
m/z = 1388.2, consistent with the �5 charge state of a
component that had added two molecules of chloral.
By extracting and integrating the ion currents due to
the �5 charge states of the three components, we esti-
mated they were present in a 1.00:0.37:0.08 ratio, sug-
gesting that about 2% of molecules were modified
during each detritylation step under these conditions.22

We next sought to produce simple model compounds
that we anticipated would facilitate characterization
by NMR spectroscopy. Treatment of the four, sup-
port-bound 2 0-deoxynucleosides with a solution of
chloral hydrate (0.15% w/v) in DCA and toluene, fol-
lowed by ammonolysis at 60 �C for 5 h, however, gave
only unmodified nucleosides (data not shown). Reason-
ing that steps subsequent to the detritylation reaction
might somehow stabilize the chloral adduct, we treated
thymidine-loaded support under the same conditions,
this time following the detritylation reaction with
coupling, using 5 0-O-DMTr-N6-benzoyl-2 0-deoxyadeno-
sine-3 0-(2-cyanoethyl)-N,N-bis(diisopropyl) phospho-
ramidite, oxidation and detritylation steps. The
support-bound material was treated with ammonium
hydroxide and the crude products analyzed by
HPLC–UV–MS18 (Fig. 7).
Figure 6. Upper panel: HPLC–UV chromatogram of crude DMTr-protected

spectrum of the main UV peak.
The HPLC–UV chromatogram of the reaction mixture
showed, in addition to d(ApT) (tR = 15.0 min), the pres-
ence of two later-eluting impurities (tR = 23.2 and
25.2 min) that accounted for 23% of the total UV area
(Fig. 7, upper panel). Mass spectral analysis of the
tR = 23.2 min component (Fig. 7, lower panel) showed
signals at m/z = 700, 702, and 704 that were consistent
with those expected for d(ApT) following addition of
chloral. The signals at m/z = 565 and 567, and at
m/z = 574 and 576, respectively, were attributed to loss
of adenine and thymine in the gas phase.23 The average
mass spectra of the tR = 23.2 min and 25.2 min compo-
nents were identical. The chromatographic, UV, and
mass spectral properties of these components and the
modified d(ApT) dimer detected following desulfuriza-
tion and enzymatic digestion of the sample enriched in
the 147 Da impurity of 1 were also identical. With the
identity of the synthetic and authentic dimers confirmed
as the same, it was necessary to isolate sufficient quanti-
fy of the former to allow an unambiguous structural
determination by 1H and 31P NMR analysis.24 The re-
sults of these analyses led to the structure shown in
Chart 1.

The spectra were consistent with those expected of a dia-
stereoisomeric mixture of compounds in which the
atoms of chloral are inserted between the 5 0-oxygen
and phosphorus atoms of the internucleotide linkage
of 2 0-deoxyadenylyl-(3 0 ! 5 0)thymidine as pictured in
Chart 1.25 The acetal proton of each diastereoisomer ap-
peared as a doublet at 5.58 and 5.51 ppm (3JPH = 7.6
and 7.1 Hz, respectively).

Chloral reacts with the sulfur atom of phosphorothioate
diesters and a-thiotriphosphates to give the correspond-
ing phosphates,26 with amides and amines to give the
corresponding hemiaminals,27,28 and with alcohols and
diols to give the corresponding hemiacetals29 and ace-
tals,30 respectively. In the present case based in solid-
1 synthesized in the presence of chloral. Lower panel: The average mass



Figure 7. Upper panel: HPLC–UV trace of d(ApT) made in the presence of chloral hydrate. Lower panel: Average mass spectrum of the

tR = 23.2 min component.

Chart 1. Structure of chloral-modified d(ApT).
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phase oligonucleotide chemistry, we provide evidence
suggesting that low levels of chloral in the DCA used
to promote detritylation lead to the formation of a fam-
ily of oligonucleotides in which chloral is inserted be-
tween the 5 0-oxygen and phosphorus atoms of an
internucleotide linkage. Most probably this reaction
proceeds by way of an acid-catalyzed acetalation reac-
tion that gives a 5 0-terminal hemiacetal, the hydroxyl
function of which can react further with an activated
phosphoramidite in the subsequent coupling reaction.
The coupling step stabilizes the product toward ammo-
nia treatment, presumably by preventing degradation
via the haloform reaction, while the electron-withdraw-
ing nature of the trichloromethyl group prevents hydro-
lysis during subsequent acidic steps.31

The above observations, of course, suggest that some
commercially available lots of DCA are contaminated
with traces of chloral. By our initial SAX analysis of 1
(Fig. 1), we estimated that the 147 Da impurity was
present at about the 3% level, much less than the
approximately 40% that was formed by adding
300 ppm of chloral hydrate to the detritylation solution.
This suggested that the DCA used in our initial synthesis
of 1 contained a very small amount of chloral. Unfortu-
nately, we did not have access to this particular lot
of acid and so were unable to determine whether it
contained chloral. A survey of our drug substance
inventory, however, revealed several batches of phosp-
horothioate oligonucleotides other than 1 that also con-
tained the corresponding 147 Da impurity, for which we
were able to locate retained samples of DCA. Analysis
of these lots by gas chromatography confirmed they
contained traces of chloral.32 The amount of 147 Da ad-
duct formed will undoubtedly depend on the level of
chloral, the concentration of DCA in the detritylation
solution, the volume of solution used, and the detrityla-
tion time. Our results employing 10% w/v DCA in tolu-
ene9 suggest that using acid containing 100 ppm chloral
(or 10 ppm of the detritylation solution) leads to slightly
less than 1% of the 147 Da impurity under our standard
detritylation parameters. We have also demonstrated
that atmospheric pressure distillation of DCA is suffi-
cient to reduce chloral to undetectable levels.33

The above results highlight the power of HPLC–UV–MS
techniques for the routine analysis of phosphorothioate
oligonucleotides intended for use as therapeutics. In
addition, they indicate that the synthesis of high quality
oligonucleotides is dependent not only on a thorough
understanding of the manufacturing process, but also
on detailed knowledge and control of the raw material
supply chain. While it is certain that the quality of most
drug substances, including 1, benefit from post-synthetic
purification steps, it is often the case that avoiding for-
mation of an impurity is a more efficient strategy. Be-
cause of the work described in this paper, we are now
able to employ this second approach, and currently con-
trol levels of the 147 Da by controlling chloral in DCA.
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