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Aldolisation of Bis(glycolaldehyde)
Phosphate and Formaldehyde

James M. Smith and John D. Sutherland*®!

In the seminal work of Eschenmoser and co-workers on pyra-
nosyl-RNA (pRNA),™M it was pointed out that the backbone of
this potentially prebiotic nucleic acid can be formally derived
from bis(glycolaldehyde) phosphate 1 and formaldehyde by al-
dolisation (Scheme 1).0? This derivation, involving hypothetical
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Scheme 1. Constitutional relationship of bis(glycolaldehyde) phosphate (1)
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and formaldehyde to the p-RNA backbone 3.



hydroxymethylation to give 2 followed by oligomerisation to
the ribose-2,4-phosphate backbone 3, closely paralleled the
documented conversion of glycolaldehyde phosphate and
formaldehyde to ribose-2,4-diphosphate.”’ In considering an
experimental investigation of this aldol oligomerisation, how-
ever, it was evident from the outset that intramolecular aldoli-
sation would be a major competing reaction—indeed the cyc-
lisation of 1 to a mixture of the tetrose-2,4-cyclic phosphates 4
had been shown to occur very readily.** We recently discov-
ered that 2, as prepared by conventional synthesis, does not
undergo intermolecular aldolisation to 3 to a detectable
extent, but undergoes easy cyclisation, and, at pH 9.5, ribose-
and xylose-2,4-cyclic phosphates 5 were both obtained, each
in 30% yield.”! The weakly alkaline conditions required to
effect this cyclisation contrast with the harsh conditions re-
quired to induce aldolisation in the phosphate monoester
series.” Although the oligomerisation of 2 could not be dem-
onstrated, the mild and stereoselective formation of the phos-
phorylated ribose and xylose derivatives 5 by intramolecular al-
dolisation of 2 appeared to us to be etiologically relevant.
Since the diester 1 has been shown to be prebiotically plausi-
ble, we then wondered if it would be possible to demonstrate
the formation of ribose- and xylose-2,4-cyclic phosphates 5
from 1 in one reaction sequence.” However, the great ease
with which the cyclisations of 1 and 2 proceed suggested that
the intermolecular reaction between 1 and formaldehyde
might only be possible at high formaldehyde:1 ratios. We were
concerned that the excess of formaldehyde thought necessary
to drive the formation of 2 kinetically might also result in dihy-
droxymethylation of 1 and competing Cannizzaro chemistry, so
we first focused on establishing conditions for intermolecular
aldolisation in a model system. The mixed phosphate diester 6
was selected as a model substrate for these studies
(Scheme 2); the phenylethyl group providing a hydrophobic
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Scheme 2. Synthesis of model substrate 6 and standards 8 and 9. a) POCl;, Et;N, THF;
e) NaBH,,

b) H,0, THF, Et;N; ¢) Na*-Dowex-50°, H,0; d)
H,0; f) H"-Dowex-50", H,0.
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and chromophoric handle for the synthesis of 6 and certain
product standards.” The allyl phosphate diester 7 was pre-
pared by standard phosphorus(v) coupling, and then subjected
to ozonolysis to liberate the sensitive aldehyde group of 6.
Standard 8 was prepared by reduction of 6, whilst 9 was pro-
duced by hydrolysis of the protected diester 10. With these
standards in hand, we proceeded to investigate the behaviour
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of 6 (Scheme 3). At pH 9.5 and at the concentrations used, we
observed no self-aldolisation of 6 in the absence of formalde-
hyde, but were gratified to see smooth hydroxymethylation in

OH
z s
aldol O/\K\OH aldol O/\g\
6 —— RO._.O —— RO._.O OH
- CH0 R\ CH,0O ,P\\
, Na*O0 O 11 Na*"O0 O 12
X
I CH,0 CHZO)— Cannizzaro —‘CHZO
' OH
8 9 HO
RO._.O OH
R
Na*"0 O 13

Scheme 3. Model study of the reaction of a glycolaldehyde phosphate di-
ester 6 with formaldehyde.

its presence (Table 1). The yield of the monohydroxymethylat-
ed product 11 was highest in the experiment with 1 equivalent
of formaldehyde. Using 2 or 3 equivalents of formaldehyde re-

Table 1. Aldolisation of 6 in the presence of varying amounts of formal-
dehyde.

Equiv CH,O 6 [%] 8 [%] 11 [%] 9 [%] 12 [%] 13 [%]
1 15@ 0 80 0 5 0
2 15 0 65 0 20 0
3 0 0 50 0 50 0
5 5 0 10 20 50 15

[a] Yields are based on integration of 'H NMR spectra from individual ex-
periments, and are given to the nearest 5%.

sulted in the formation of the dihydroxymethylat-
ed product 12, and decreased the yield of 11.
When the ratio of formaldehyde:6 was increased
to 5, Cannizzaro chemistry was also observed, but
interestingly only the formaldehyde adducts 11
and 12 were seen to be reduced—to 9 and 13, re-
spectively. No "H NMR signals for 8, the reduction
product of 6, were apparent in samples in which
subsequent spiking with 8 revealed that its pro-
duction from 6 would have been readily detecta-
ble. The Cannizzaro chemistry was more extensive
at higher pH values (data not shown), and it is
possible that it might have been caused in the ex-
periments described here by locally elevated hy-
droxide concentrations during the pH adjustment
process. This caveat notwithstanding, the lack of
reduction of 6, given the reduction of 11 and 12, is somewhat
surprising. It is possible that 11 and 12 are reduced intramolec-
ularly, via mixed hemiacetals with formaldehyde, in a process
akin to the aldol-Tishchenko reaction (see Supporting Informa-
tion).®! The formate esters that would result from such a pro-
cess would be rapidly hydrolysed under the conditions of the
reaction.”
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The behaviour of 6 did not bode well for the attempted
conversion of 1 to the ribose and xylose phosphates 5
(Scheme 4). For successful production of 5, the hydroxymethy-
lation of 1 would have, at least, to compete with its cyclisation
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Scheme 4. By-products and competing reactions anticipated for the aldolisa-
tion of 1 in the presence of formaldehyde.

to 4, and yet the cyclisation of any 2 produced would be ex-
pected to be slower than the cyclisation of 1 due to steric hin-
drance. Further hydroxymethylation of 2 to give 14 would pre-
sumably be similar to the hydroxymethylation of 1 on steric
grounds, and the production of 12 in the model series sug-
gested that the alternate dihydroxymethylation of 2 to give 15
would also be possible (Scheme 4). The probability of Canni-
zzaro reactions further increased the number of likely by-prod-
ucts. This analysis suggested that our only hope of demon-
strating the production of 5 in significant amounts was by
using 1 equivalent of formaldehyde, and only then if the intrin-
sic rate constant for the hydroxymethylation of 1 turned out
to be sufficiently high to allow this reaction mode to compete
with cyclisation of 1 at low formaldehyde concentrations. As a
control for the intermolecular reaction of 1 with formaldehyde,
we carried out a reaction at pH 9.5 in the absence of formalde-
hyde, and observed efficient production of the tetrose-2,4-
cyclic phosphates 4, as previously described.”* Both products
exist as hydrates (h) in solution in D,0, and were easily identi-
fied by "H NMR. Lack of by-products and signal overlap ena-
bled the relative amounts of the two diastereoisomers to be
determined, and the threo-isomer was found to predominate
(threo-4 63 %; erythro-4 37 %). We then carried out a reaction in
the presence of 1 equivalent of formaldehyde. The 'H NMR
spectrum was more complicated, and again we observed the
production of 4, but we could also detect signals that we
thought were due to the hydrated aldehyde forms of ribo-5
and xylo-5 (Figure 1). Sample spiking with authentic standards
of both pentose derivatives® confirmed these assignments. In
D,0O, xylo-5 exists exclusively in the hydrated aldehyde form,
but ribo-5 also exists in pyranose forms (ribo-5h, 78-80%; ribo-
5 B-p 18-20%; ribo-5 a-p 0-4%).” This structural complexity,
and the presence of unidentified materials amongst the prod-
ucts of the reaction of 1 and formaldehyde, makes accurate
quantitation difficult, but the relative abundance of identifiable
tetrose and pentose derivatives is threo-4> erythro-4~ribo-5 >
xylo-5. The absolute combined vyield of these four products is
of the order of 70-80%, and only one unknown (signal at 6=
5.17) contributes >10%. Given the results of the model study
and the number of by-products possible, the diastereoselective
production of ribo-5 at the same (high) level as erythro-4 is re-

1982

www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0] 0]
I OH

-o-P~ -o-P-
ribo-5 h OW O%'ZQ?\/
+ HO H HO OH

| HO R a--xylo-5h HO H

I b
/\“/ U‘K m/ | \//\V/\\

OH

KRR
! o | cdee-threo-dh Q
. “0-P~07 o/ o-P-o
erythro-4 h Q‘Z\ZOH QZ\Z
. ' Ho : HO
_ : H i OH
HO ; Ho "

515 510 505 500
6/ ppm

4.95

Figure 1. 'H NMR analysis of the aldolisation of 1 and 1 equiv of formalde-
hyde. Expansion of the region of the spectrum showing signals due to alde-
hyde hydrates with spectra from spiked samples (inset).

markable. Given the chemistry of threose nucleic acid (TNA) re-
cently described by Eschenmoser and co-workers however, the
predominance of threo-4 is possibly of greater etiological rele-
vance.”’
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