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DNA Catalyzed Dithioacetalization in Water
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Abstract The most popular hypothesis of precellular life is the “RNA World”, which is utilizing RNA as both genetic as
well as catalytic material. The chemical similarity between RNA and DNA leads researchers to investigate whether DNA has
the catalytic function, although DNA is commonly viewed as a genetic carrier with a ubiquitous double-stranded architecture
in living world. Nevertheless, the catalytic DNA has not been discovered in nature to date. In recent years, the catalytic func-
tion of DNA in nonbiological applications has aroused much interest to chemists in chemical synthesis such as
DNA-templated organic synthesis and DNA-based asymmetric catalysis. However, the investigation of DNA as a direct cata-
lyst for organic synthesis is largely elusive. Here we report that double-stranded DNA from herring sperm can catalyze the
dithioacetalization in water for a wide range of aldehydes under mild reaction conditions. It is proposed that the phosphate

groups of DNA together with the duplex architecture are responsible for the catalytic reaction.
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1 Introduction

Dithioacetalization of carbonyl compounds is a common
practice in organic synthesis, which is usually catalyzed by
strong protic or Lewis acids."”! The products in the form
of 1,3-dithiolanes are often serving as protecting groups,
precursors of acyl anions and masked methylene functions
in carbon-carbon bond forming reactions.®'” Unfortu-
nately, many of the existing methods have drawbacks such
as using toxic organic solvents, stoichiometric amounts of
catalysts and drastic reaction conditions. For this reaction,
using water as a reaction solvent has particularly received a
great deal of attention,!''' because water is not only a
cheap, safe, and environmentally benign solvent, but also
possibly helpful for improving the performances of the
catalytic reactions.!”?% To date, dithioacetalizations in
water media were reported by InBrs,”!! dodecylbenzene-
sulfonic acid,”** sulfonic acid/Si0,,** copper bis(dode-

cylsulfate),[zs] IZ/A1203[26] and trichloroacetic acid/sodium
dodecylsulfate!”! as the catalysts.

In the presumed “RNA World” , RNA is proposed to be
the origin of cellular life, which acts as genes like DNA

Scheme 1 DNA catalyzed dithioacetalization in water
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and enzymes like proteins.”*>*! Since RNA was discovered
to be not only a genetic material but also a catalytic species
in nature,”** it has been inevitable to speculate whether
DNA possesses the catalytic function. Double-stranded
DNA is commonly regarded as a carrier of genetic infor-
mation in living organisms. Although the biological under-
standing of DNA is extensively exploited, DNA for non-
biological applications arouses much interest to chemists in
chemical s?/nthesis, e.g. DNA-templated organic
synthesis®**"" and DNA-based asymmetric catalysis.***"
Since DNA is chemically stable and commercially avail-
able, there are some reported examples of the Henry, Aldol
and Michael reactions using natural duplex DNA as a cat-
alyst."**! Very recently, human telomeric G-quadruplex
DNA is reported to show enantioselective catalytic func-
tion.****) However, the investigation of DNA as a direct
catalyst for organic synthesis is still an open question.
Herein, we report that double-stranded DNA from herring
sperm (hsDNA) can catalyze the dithioacetalization in wa-
ter for a wide range of aldehydes under mild condition
(Scheme 1). It is proposed that the phosphate groups of
DNA together with its duplex structure are responsible for
the catalytic reaction.

2 Results and discussion

2.1 Dithioacetalization in water using DNA as a cata-
lyst

As an initial attempt, the dithioacetalization of benzal-
dehyde and 1,2-ethanedithiol in water was selected as a
model reaction to test the catalytic performance of hsDNA.
In the absence of hsDNA, the benzaldehyde was trans-
ferred to 2-phenyl-1,3-dithiolane at a very low yield at 3%
(Table 1, Entry 1) at 310 K for 12 hours. After a small
amount of hsDNA (5 mg) was added, the yield is increased
to 16% (Table 1, Entry 2), which suggests that DNA may
play a catalytic role in the dithioacetalization. The dithio-
acetalization of benzaldehyde and 1,2-ethanedithiol in the
presence of hsDNA proceeded cleanly with 2-phenyl-

Table 1 Dithioacetalization of benzaldehyde with 1,2-ethanedithiol in
the presence of hsDNA

o} N\
hsDNA S__S
©)LH + HS/_\SH I ©><H
Entry* hsDNA/mg T/K GC yield”/%
1 0 310 3
2 5 310 16
3 10 310 39
4 20 310 55
5 30 310 67
6 40 310 72
7 30 310 82
8 30 323 90
9 30 333 94
10 30 343 95
11 30 353 >99

¢ Reaction conditions: benzaldehyde (0.25 mmol), 1,2-ethanedithiol (0.5
mmol), hsDNA, H,0 (2 mL), 12 h. * Determined by GC averaged by two
experiments with the reproducibility within +3%. “ 40 mg hsDNA can not be
completely dissolved in 2 mL H,0. ¢ 24 h reaction time.
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1,3-dithiolane as the sole product and no by-product was
observed on the GC traces (see supporting information).
With increasing the amount of hsDNA, the yield of the
dithioacetalization is increasing nearly proportionally (Ta-
ble 1, Entries 3—5). However, hsDNA is not completely
dissolved when the DNA/H,O ratio reaches 20 mg/mL
(Table 1, Entry 6). The reactivity of the dithioacetalization
can be improved slightly with prolonging the reaction time
(Table 1, Entry 5 vs. Entry 7). Furthermore, the effect of
the reaction temperature was also investigated for the di-
thioacetalization in the presence of DNA. Compared with
the dithioacetalization at 310 K, the yield reaches 90%
when the reaction is conducted at 323 K (Table 1, Entry 8
vs. Entry 5). Continue increasing the reaction temperature,
both the reactivity of the DNA-catalyzed dithioacetaliza-
tion and the corresponding background reaction are rea-
sonably enhanced (Table 1, Entries 9—11 and Table S1),
but the contribution from the background reaction is be-
coming more. According to the above results, it is obvious
that DNA could function as a catalyst in the dithioacetali-
zation.

2.2 Active species of DNA in the dithioacetalization

To illustrate the catalytic function of DNA, it is neces-
sary to determine the activation energy for the dithio-
acetalization in the absence or presence of DNA. The ini-
tial rates (Vi) of the dithioacetalization at different reac-
tion temperatures were measured in Table S2. The activa-
tion energy (E,) is derived from the Arrhenius plots of the
natural logarithm of the V. vs. 1/T for the dithioacetaliza-
tion (Figure 1). In the absence of DNA, E, ca 1S estimated
to be 76.3 kJ/mol. While in the presence of DNA, E, . is
estimated to be 18.3 kJ/mol. The considerable decrease in
the activation energy (AE,=E,uncat—Eacar =58.0 kJ/mol)
using DNA confirms that DNA acts as a catalyst in the di-
thioacetalization.
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Figure 1 Arrhenius plots for the dithioacetalization in the absence (©)
and presence (®) of hsDNA. The initial rate (V. ) of the dithioacetaliza-
tion between benzaldehyde and 1,2-ethanedithiol is calculated during the
first 30% of the reaction in the temperature range of 293—333 K.

To rationalize the catalytic role of DNA for the dithio-
acetalization, a series of control experiments with various
amount of DNA were conducted for the dithioacetalization
between benzaldehyde and 1,2-ethanedithiol in aqueous
media at 323 K. As shown in Table 2, the reactivity of the
dithioacetalization at 323 K in H,O is enhanced with in-
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creasing the amount of hsDNA (Table 2). However, the pH
value of the reaction medium is detected to be decreased
after the addition of hsDNA (Table 2). In order to rule out
the influence of the pH value, we carried out the bench-
mark reaction using a phosphate buffer (Na,HPO,-Citric
acid) and a non-phosphate buffer (Potassium biphtha-
late-HCI). Using a phosphate buffer at pH 2.3 as the reac-
tion medium, compared to the reaction without hsDNA
(67%, Table 2, Entry 1), the reactivity of the dithioacetali-
zation is slightly improved at a constant pH value when the
amount of hsDNA is increasing (Table 2, Entries 2 and 3).
When the amount of DNA reaches 30 mg, the yield is up to
84% (Table 2, Entry 4). Continue increasing the amount of
DNA, the yield can not be significantly changed (Table 2,
Entry 5). The similar trend was obtained when using a
non-phosphate buffer (Table 2). Taken together, these
above results suggest that DNA really shows catalytic
function for the dithioacetalization.

To further identify the active species of DNA, we carried
out the control experiments in aqueous media with the
component of DNA as a catalyst (Table 3). Using H,O as
the reaction medium, we firstly ran the dithioacetalization
in the presence of various salts to rule out the salt effect

Table 2 Control experiments of benzaldehyde and 1,2-ethanedithiol
with various amount of hsDNA in different reaction media

GC yield"/%
Entry* hs/]r)nNA H,O Phosphate buffer Non-phosphate buffer
€ (pHvaluey  (pH=23)’ (PH=2.3)°
1 0 17 (6.5) 67 56
2 10 57 (3.3) 73 64
3 20 77 (2.8) 78 71
4 30 90 (2.3) 84 83
5 40 90 (2.2) 85 84

¢ Reaction conditions: benzaldehyde (0.25 mmol), 1,2-ethanedithiol (0.5
mmol), hsDNA, reaction media (2 mL), 323 K, 12 h. * Determined by GC
averaged by two experiments with the reproducibility of £3%. ¢ pH values
were detected after hsDNA was added. ¢ Na,HPO, (0.2 mol/L)-Citric acid (0.1
mol/L) buffer.  Potassium biphthalate (0.2 mol/L)-HCI (0.2 mol/L) buffer.

Table 3 Control experiments of benzaldehyde and 1,2-ethanedithiol in
aqueous media

GC yield /%
Entry” Catalyst H,O Phosphate buffer
(pH value)* (pH=2.3)*
1 none 17 (6.5) 67
2 NaCl 17 (6.5) 64
3 MgCl, 19 (6.5) 70
4 Thymine 12 (6.5) 68
5 Guanine 15 (6.5) 46
6 Adenine <1(6.5) 66
7 Cytosine <1(6.8) 72
8 dTMP 44 (2.7) 73
9 dGMP 48 (2.8) 67
10 dAMP 61(2.8) 76
11 dCMP 45(2.7) 66
12 hsDNA 90 (2.3) 84
13 ctDNA® 86 (2.1) 79
14 DPP/ >99 (1.5) >99

¢ Reaction conditions: benzaldehyde (0.25 mmol), 1,2-ethanedithiol (0.5
mmol), catalyst (30 mol%), reaction media (2 mL), 323 K, 12 h. ” Determined
by GC averaged by two experiments with the reproducibility within £3%. ¢ pH
values were detected after hsDNA was added. ¢ Na,HPO, (0.2 mol/L)-Citric
acid (0.1 M) buffer. ¢ Calf thymus DNA.” Diphenyl phosphate.

compared with the reaction without catalyst (Table 3, En-
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tries 2,3 vs. Entry 1). The use of four nucleobases of DNA
as catalysts performs poor in the dithioacetalization (Table
3, Entries 4—7). Different deoxyribonucleotides of DNA
i.e. dTMP, dGMP, dAMP and dCMP were investigated to
obtain the modest yields yet the pH values of the reaction
medium are changing from 6.5 to about 2.7 (Table 3, En-
tries 8—11), leading us to propose that phosphate groups
of DNA provides protons to achieve the reaction. In the
presence of DNA such as hsDNA and calf thymus DNA
(ctDNA), the reaction media become more acidic than
those of the deoxyribonucleotides, thus higher yields were
obtained (Table 3, Entries 12 and 13). A simple phosphate
such as diphenyl phosphate (DPP) was tested and a quanti-
tative conversion was obtained (Table 3, Entry 14). Bases
on the above results, it seems that phosphate group of DNA
is the catalytic species. However, when we investigated the
pH effect to the dithioacetalization (Table S3), the results
show that the presence of DNA performs better than that of
no catalyst at a constant pH value in a phosphate buffer,
although the proton concentration is demonstrated to be the
key factor. Therefore, we deduced that the phosphate
groups of DNA may not be the only active species. To ex-
clude the pH effect, we employed a phosphate buffer
(Na,HPO,-Citric acid, pH 2.3) as the reaction medium in-
stead of pure water. Without catalyst, the protons in the
phosphate buffer promoted the reaction to provide a 67%
yield (Table 3, Entry 1). The salt effect is ruled out in a
phosphate buffer compared to the background reaction
(Table 3, Entries 2,3 vs. Entry 1). Nucleobases and deoxy-
ribonucleotides were screened to find that they are not effi-
cient catalysts in a phosphate buffer (Table 3, Entries
4—11). Compared to the background reaction at pH=2.3,
the dithioacetalization in phosphate buffer by hsDNA ex-
hibits little higher activity (Table 3, Entry 12 vs. Entry 1)
and similar result was obtained as represented by ctDNA
(Table 3, Entry 13 vs. Entry 1). Although the difference is
not significantly high, it suggests that architecture of dou-
ble-stranded DNA might be also responsible for the cata-
lytic performance in the dithioacetalization besides the
main catalytic species of the phosphate groups. We specu-
late that both substrates might be involved in simultaneous
binding to the major groove of DNA, thus enhancing the
local effective concentrations of the reactants. The above
control experiments were also investigated in a
non-phosphate buffer and similar trends were obtained as
those in the phosphate buffer (Table S4).

2.3 Substrate scope of the dithioacetalization by DNA

In order to demonstrate the catalytic function of DNA
for the dithioacetalization, DNA was tested for the dithio-
acetalization in water with a broad scope of substrates (Ta-
ble 4). Several aromatic and aliphatic aldehydes with both
electron-withdrawing and donating substituents produced
the desired dithioacetals in modest to excellent yields (Ta-
ble 4, Entries 1—S8). Compared to benzaldehyde as a sub-
strate (90%; Table 4, Entry 1), p-methoxybenzaldehyde
with a strong electron-donating substituent provides little
higher yield at 94% of the corresponding product (Table 4,
Entry 2). However, p-methylbenzaldehyde provides the
corresponding dithioacetal at a relatively lower yield at
78% (Table 4, Entry 3). When the aromatic aldehydes
bearing electron-withdrawing substituents such as p-fluoro
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and p-trifluoromethyl, the corresponding dithioacetaliza-
tions both provide lower yields than that of benzaldehyde
(Table 4, Entries 4, 5 vs. Entry 1). The aldehyde with a
bulk aromatic substitute (1-naphthyl) shows much lower
activity compared with benzaldehyde (Table 4, Entry 6 vs.
Entry 1), implying that a bulk substitute may block the
interaction between substrate and DNA. a,f-Unsaturated
aromatic aldehyde such as cinnamaldehyde gives an excel-
lent yield of 97% (Table 4, Entry 7). The above results
show that the reactivity of aromatic aldehydes in
DNA-catalyzed dithioacetalization reaction is strongly af-
fected by the electronic and steric effects. Aliphatic alde-
hyde such as n-butanal provides 89% yield in the corre-
sponding DNA-catalyzed dithioacetalization (Table 4, En-
try 8). In addition, aliphatic ketone such as cyclohexanone
was tested and a modest yield of the corresponding dithio-
acetal was obtained (Table 4, Entry 9).

Table 4 Substrate scope for the DNA-catalyzed dithioacetalization in
water

JJ\ + /_\ hsDNA S/_\S
R R? HS  SH H,0 R"R?
Entry” Carf‘:;lonyl compoundli2 Yield/%
1 CeHs H 90
2 p-MeOC6H4 H 94
3 p-MeCgH, H 78
4 p-FCeH, H 67
5 p-CF3C(,H4 H 16
6 1-naphthyl H 22
7 CsHsCH:CH H 97
8 n-propyl H 89
9 -(CH,)s- 71

“ Reaction conditions: carbonyl compound (0.25 mmol), 1,2-ethanedithiol (0.5
mmol), hsDNA (30 mg, 30 mol%), H,O (2 mL), 323 K, 12 h. All data are
averaged by two experiments. ” Determined by GC yield of the product of
benzaldehyde with the reproducibility of £3% and isolated yields of others
with the reproducibility of £5%.

3 Conclusions

In summary, we found that natural double-stranded DNA
can catalyze the dithioacetalization to dithioacetals in water
under mild reaction conditions. We proposed that phos-
phate groups of DNA together with its duplex architecture
are responsible for the catalytic performance. This work
offers a protocol to the synthesis of dithioacetals in water
using DNA through a simple procedure under mild condi-
tions. Although this reaction may have little or no relevant
to life process, it is helpful for us to understand the cata-
lytic function of DNA which might shed light on the possi-
ble catalytic reactions of DNA in biological systems.
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