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A New Class of Nucleosides Possessing Unusual Physical Properties:
Syntheses, Hydration, and Structural Equilibria of
1-(8-D-Glycofuranosyl)uracil-6-carboxaldehydes!
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The 1-8-D-ribofuranosyl, 1-(2’-deoxy-8-D-ribofuranosyl), and 1-8-D-arabinofuranosyl derivatives (1a-
¢) of uracil-6-carboxaldehyde have been prepared for physicochemical analysis. The NMR-determined
hydration and structural equilibria of 1a—c¢ in both D;0 and (CD3)2SO solution are compared, and
the single-crystal X-ray structure of la is presented. Due to the high degree of electrophilic nature
of their aldehyde moiety, all three nucleosides exhibit a strong proclivity toward existing as cyclic
hemiacetal structures in solution; one such structure was found to be the sole constituent in the solid
state for 1a. Using a [formyl-13C]-labeled derivative of a synthetic precursor to la, the 1A18C(180)
shielding isotope shift effects produced upon hydrate formation were determined at a £1 ppb level,
giving reference values of biomechanistic importance.

Introduction

As the uridine-, thymidine-, and cytidine-based nucleic
acids play such a central role in the cellular processes of
metabolism and replication,?it is not surprising that many
synthetic pyrimidine nucleoside analogs have been found
to exhibit some degree of antitumor, antiviral, antibac-
terial, antifungal, or even multiple or “crossover” activity.?
This broad spectrum of medicinally-important associated
bioactivities provides encouragement for the continued
development of new classes of these compounds which
might also possess useful biological properties. Among
the known bioactive nucleoside agents, some possess
inherently reactive functionalities which can be exposed
or internally-masked by reversible intramolecular inter-
actions. Others have latent reactivities which are revealed
only upon activation in specific mechanistic fashion by
biomacromolecules.4

Interestingly, the 8-formylated versions of the naturally-
occurring pyrimidine nucleosides have been overlooked
thus far in this search for new bioactive materials, in part
due to the fact that investigators have until recently been
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laboring under certain misconceptions concerning their
stability.’ As an initial research effort in a new program
of study seeking to investigate the physicochemical and
biological properties of 6-acylpyrimidine nucleosides, we
firmly established that a carboxaldehyde moiety attached
to the 6-position of a tri-O-protected uridine possessed an
unusually high susceptibility toward undergoing 1,2-
addition reactions with weakly nucleophilic hydroxylic
species (e.g., water and alcohols) and suggested that the
previous observations of “instability” reported for these
compounds could have arisen as a direct consequence of
such a heightened reactivity.® This characteristic of
“stable” hydrate formation’ exhibited by the 6-formyl-
uridines can be found in other electrophilic carboxalde-
hydes such as those with a-halogens like trichloroacetal-
dehyde (chloral),? those with a-carbonyl groups like glyoxal
and glyoxylic acid,® and those with a-imine groups in
heterocyclic rings like pyridine-2-carboxaldehyde.1®
Our first study culminated in the preparation and a
preliminary physicochemical evaluation of the parent
compound uridine-6-carboxaldehyde (la), which was
found to exhibit a propensity toward existing in 5’-cyclic
hemiacetal form in both protic and aprotic solution.
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Scheme I. Synthesis of la—c¢
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Herein, we report the results of an expanded investigation
designed to compare and contrast the effect that this highly
electrophilic 6-carboxaldehyde moiety has on the struc-
tural properties of the three members of this new class of
pyrimidine nucleosides which contain sugar moieties
known to be integral parts of well-established bioactive
nucleosides. These are the 1-(8-D-ribofuranosyl)-, 1-(2’-
deoxy-8-D-ribofuranosyl)-, and 1-(8-D-arabinofuranosyl)-
uracil-6-carboxaldehyde nucleosides la-c. Extensive
solution and solid-state data for these structurally unusual
nucleosides have been obtained, and an additional benefit

o}
HN I
O)\N o 18, R, =OH, Ry = H
R. b,R;=RyaH
HO 2 H
,.‘-0- 1, C, R1 =H, Rg =0H
HO R,

of this investigation has been realized by utilizing the facile
hydration phenomenon associated with these compounds
to obtain a highly accurate measurement of a biomech-
anistically-important 'A18C(180) isotope shift effect.

Results and Discussion

The synthesis of target nucleosides la—c is shown in
Scheme 1. In each instance, the 2,4-dioxopyrimidine-3,6-
diyl dianion of a suitably-protected nucleoside precursor
(compound 3, 6, or 9) was generated upon treatment with
excess LDA according to Miyasaka’s methodology,5¢-¢and
then the 6-carboxaldehyde substituent was introduced by
quench with ethyl formate. Subsequent deprotection (of
compound 4, 7, or 10) afforded the desired target. In the
route to la, the 2/,3",5’-tri-O-methoxymethylated uridine
3 was prepared directly from uridine (2) according to our
efficient one-pot triprotection method as previously re-
ported.® Attempts to employ a similar di-O-MOM pro-

tection strategy for the synthesis of the 2’-deoxyribonu-
cleoside 1b, however, were not successful as loss of the
C1’-N1 linkage was observed to have occurred (by 'H
NMR spectral analysis) under each of the reaction
conditions found to promote removal of the MOM
protecting groups from 3’,5'-bis-O-(methoxymethyl)-1-(2-
deoxy-g-D-ribofuranosyl)uracil-6-carboxaldehyde. The
glycosidic linkage of 2’-deoxyribonucleosides is well known
to be more hydrolytically labile than that of their ribo-
nucleoside counterparts under acidic conditions.!! 1,1,3,3-
Tetraisopropyldisiloxanediyl protection!? of 2’-deoxyuri-
dine (5) upon treatment with TIPDS-Cly!® afforded
compound 6% in 93% yield, and this was formylated in
the manner described above to give a modest yield (31%)
of the protected 2'-deoxyuridine-6-carboxaldehyde 7.
Removal of the TIPDS protecting group from 7 under
standard conditions (tetrabutylammonium fluoride in
THF at 25 °C) then afforded, after chromatographic
purification, target 1b in 77% yield. For the synthesis of
1c, starting material 1-8-D-arabinofuranosyluracil (8)1415
was prepared in slightly improved overall yield from 2 via
2,2’-anhydrouridine!4-16 (not shown in Scheme I). Initial
attempts at formylation of the 3’,5-TIPDS-protected
version of this anhydro nucleoside were examined, but
these were found instead to promote an LDA-mediated
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elimination reaction that introduced C1’-C2’ unsaturation,
according to 'H NMR spectral analysis. arabino-Uridine
8 underwent one-pot tri-O-MOM protection to give
compound 9 (60% yield), which was formylated as above
to give the protected arabino-uridine-6-carboxaldehyde
10 (30% yield, based upon unrecovered starting material).
Deprotection of compound 10 was accomplished using 50 %
aqueous TFA at room temperature, and the target 1¢c was
obtained in 99% yield.

The hydration and structural equilibria determined for
ribonucleoside 1a are shown in Scheme IL.}7 We had
previously determined that 1a exists as a 10:1 mixture of
a 5’-cyclic hemiacetal diastereomer and the free aldehyde
in (CD3)2S0 solution and as a 2:1 mixture of the hydrate
(gem-diol) and a 5’-cyclic hemiacetal diastereomer in D,O
solution.8 We now report that 1a in the solid state exists
exclusively as a single 5-cyclic hemiacetal diastereomer.
In addition, a ribosyl conformational analysis of the 5'-
cyclic hemiacetal structure present in (CD3)sSO solution
by an examination of 3%Jy_g coupling constant magnitudes
has provided evidence consistent with an S-type conformer
similar to that described next for the solid-state structure.

The single-crystal X-ray structure determination!8 of
la reveals several important structural features (Figure
1). Although the suitable crystal of 1la had been grown
from an aqueous solution in which the hydrate structure
had been found to predominate (67%), the solid-state
structure determination revealed a single diastereomer of
a 5’-cyclic hemiacetal structure. Upon concentration, the

(17) All solution structures reported herein were determined in part
by 1H/'H COSY and short- and long-range !H/3C HETCOR NMR spectral
analyses. For reasons of clarity, structures determined to exist in D;O
solution are not shown in their 2H-labeled form in Schemes II-IV.

(18) The crystallographic data for this structure have been deposited
with the Cambridge Crystallographic Data Centre. These data can be
obtained, on request, from the Director, Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge, CB2 1EZ, UK.
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Figure 1. X-ray crystal structure of 1-(8-D-ribofuranosyl)uracil-
6-carboxaldehyde (1a).

aqueous solution equilibrium between hydrate and 5’-cyclic
hemiacetal (with its intervening aldehyde) apparently
shifts with concomitant loss of water as the latter is
removed by crystal deposition. Many of the available
donor and acceptor sites of 1a were found to be part of an
intermolecular hydrogen-bonding network (not shown in
Figure 1), a finding connected to the somewhat high
calculated crystal density (1.7 g! cm-3). The C5'-05-C7
glycosyl~aglyconlinkage in crystalline 1a traverses directly
over the g-face of the furan ring in a manner virtually
identical to that reported recently in the D;O/DMSO-d;
solution structure determination of OY,6-methanouri-
dine.!® Finally, it is noted that the small C4-04'-C1’-
C2 dihedral angle of —~1.5(8)° renders these atoms coplanar
to within 0.01 A. Thus, this sole solid-state structure of
la is an S-type ribosyl conformer which, due to its 3’-exo
orientation, is described by the notation 3;E.20 The
pseudorotation angle P was calculated to be 197°.

A kinetic process leading to the formation of the observed
crystalline diastereomer can be envisaged to begin with
rotations about the C4’-C5' and C1’-N1 bonds of the
aldehyde structure which position the 5-OH group fa-
vorably close to the re face of the aldehyde moiety. From
this putative rotamer, a stereofacially-specific 1,2-addition
reaction would produce the (7R)-configurational isomer
found in the solid-state structure determination.? Al-
ternatively, the detection of only one 5’-cyclic hemiacetal
diastereomer in the solid state by X-ray analysis as well
as in the two different solution media by NMR analysis
might be a consequence of the outcome of thermodynam-
ically-controlled processes, in which case there are at least

(19) Otter, B. A,; Patil, S. A.; Spada, M. R.; Jelicks, L. A.; Yoshimura,
Y.;Matsuda, A.; Klein, R. S. Nucleosides Nucleotides 1992,11,615. These
investigators also reported the preparation of the 2’,3’-O-isopropylidene
derivative of uridine-6-carboxaldehyde, which they found by NMR to
exist as a single 5’-cyclic hemiacetal diastereomer in DMSO-d, solution.
The solution structure of their diastereomer has the same 7R configuration
(not S as stated) as that determined herein for 1a in the solid state. We
thank Dr. Otter for correspondence regarding his group’s findings.

(20) (a) Altona, C.; Sundaralingam, M. J. Am. Chem. Soc. 1972, 94,
8205. (b) Altona, C.; Sundaralingam, M. Ibid. 1973, 95, 2333.

(21) This description assumes a predominance of that C6-C7 rotamer
of the syn carboxaldehyde structure in which the aldehydic C=0 group
is coplanar (and thus conjugated) with the heterocyclic enone system and
is oriented such that its oxygen atom is positioned away from the ribosyl
moiety for steric reasons. Preliminary analysis by molecular mechanics
calculations has revealed that such a structure does indeed represent at
least a local energy minimum, and further, that rotation about the C1’-
N1 bond of this structure is energetically favored when H7 of the aldehyde
moiety is positioned directly above O4’ (rather than above C2'), thereby
presenting the re face to the 5-OH group above the furanose ring.
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two mechanisms to consider. The ready reversibility of
1,2-addition reactions coupled with a significant difference
in product stabilities would provide one thermodynamic
explanation for the substantial presence of only one &'-
cyclic hemiacetal. However, such an equilibration argu-
ment is dependent upon both re and si facial attack
pathways being energetically accessible, which in turn is
dependent upon the inconsequence of any steric hindrance
to the directions of rotation about C1’~N1 producing the
anti conformer necessary for the proximity of the 5-OH
and CHO moieties. It is known that the presence of
6-position steric bulk even as modest as that afforded by
a methyl group is sufficient to force uracil-based nucle-
osides into the syn conformational form (with O2 posi-
tioned over the furanose ring),?? and so it is likely that 1a
as its aldehyde structure also exists in such form. From
this conformer, both directions of rotation about C1’-N1
are expected to be energetically-demanding, but that which
moves the 6-carboxaldehyde group over C2’ would more
likely be due to the presence of the S-oriented H2’ atom.
If the energy difference between these two rotational
pathways is sufficiently large, then the (7R)-isomer of la
5-cyclic hemiacetal may indeed be the thermodynamically
more stable product, but one produced along a kinetic
pathway. A second thermodynamics-based explanation
involves epimerization. The H7 of the §’-cyclichemiacetal
structures of la could experience the same electron-
withdrawing effect that is likely responsible for the
activation of the carboxaldehyde moiety toward nucleo-
philic attack, namely, that due to the C6-C5-C4-04 enone
fragment. Enhanced by partial protonation of O4 during
the acidic conditions of O-MOM group removal from 4,
this effect could have led to an epimerization at the
hemiacetal C7 center, producing the single most stable
diastereomer subsequently detected in both solution
media and in the solid state. However, !H NMR spectral
analysis of 1a in D,O/CF3;CO:H solution has not provided
any evidence of H7 exchange.

The hydration and structural equilibria determined for
the 2’-deoxyribonucleoside 1b and the arabinonucleoside
1c are shown in Schemes III and IV, respectively. In D;0
solution, a ratio of 1:3 was found for the hydrate and a
5’-cyclic hemiacetal diastereomer structure for 1b, while
in (CD3)2SO solution the ratio of free aldehyde to a 5'-
cyclic hemiacetal diastereomer for this compound was
determined to be 1:49. Thus, 1b shows an even greater
propensity toward existing in 5-cyclic hemiacetal form
than does 1a in both media. This is undoubtedly a result
of the former’s lack of a 2’-OH substituent, whose presence
in the latter might serve to destabilize the 5’-cyclic
hemiacetal form somewhat due to its tendency towards
attaining a pseudoaxial site for the stabilizing gauche effect
with 04’.22 For arabinonucleoside lc, only 2'-cyclic
hemiacetal diastereomeric structures were found in both
media. From these determinations, it is evident that the
presence of the 2’-8 hydroxyl substituent in l¢ provides
for the formation of a quite stable 5,6-cis fusion of the
arabinofuranose and hemiacetal-containing [1,4]oxazine
rings. The initial ratio of diastereomers was found to be
3:1 in (CD3)2S0 solution and 2:1 in D50 solution, and all
1H and 13C NMR characterization data for lc were

(22) (a) George, A. L.; Hruska, F. E,; Olgilvie, K. K.; Holy, A. Can. J.
Chem. 1978, 56, 1170. (b) Schweizer, M. P.; Banta, E. B.; Witkowski, J.
T.; Robins, R. K. J. Am. Chem. Soc. 19783, 95, 3770.

(23) Koole, L. H,; Wy, J.-C.; Neidle, S.; Chattopadhyaya, J. J. Am.
Chem. Soc. 1992, 114, 2687 and refs contained therein.

J. Org. Chem., Vol. 58, No. 15, 1993 4087

Scheme II1
(o)
HN '
0PN NP
HO
2% in DMSO-dy solution
+HO
74 N
[0}
58 )O':\ﬂ ?
Ay o X
HOW OH \2/ "\g
HO HO
25% in DO solution 98% in DMSO-d;s solution,
75% in DO solution
Scheme IV
(o]

H
o NP
N
H
y\ﬁ/e{
OH
HO
100% in DMSO-d, solution,
100% in DO solution

obtained exclusively from solutions which exhibited these
ratios. The (CDj3)2SO solution structures of this compound
were examined in greater detailby tH/'HROESY 2D NMR
spectroscopy.?* By this method, a through-space inter-
action between the H2’ and hemiacetal-CH protons of the
minor component was revealed. This observation permits
us to make the unequivocal stereochemical assignment of
S to the C7 configuration of the minor (25% ) component’s
structure and, by default, of R to that of the major (756%)
component’s structure. It was noted that the ratio of
diastereomers of 1¢ in both solutions changed slowly over
time to favor the presence of the initially less abundant
one, thus identifying it as the thermodynamically more

(24) Kessler, H.; Griesinger, C.; Kerssebaum, R.; Wagner, K.; Ernst,
R. R. J. Am. Chem. Soc. 1987, 109, 607.
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stable structure. Preliminary structural analysis by mo-
lecular mechanics calculations has been interpreted to
suggest that the hemiacetal OH group of the 7S diaste-
reomer not only is able to assume a pseudoaxial orientation
on the [1,4]oxazine ring (energetically favored by the
anomeric effect), but also is able to participate in in-
tramolecular hydrogen bonding with the 5-OH moiety.
One or a combination of these effects may be responsible
for the greater stability of this diastereomer. We are
currently seeking to obtain ROESY-derived diagnostic
structural information for 1¢ in DO solution and of target
nucleosides 1a,b in both deuterated NMR solvents.

Up to now, an accurate determination of the magnitude
of the !AI3C(180) isotope shift effect produced upon
hydrate formation of an aldehyde or ketone has not been
made.25 This value is of importance to mechanistic
bioorganic chemistry for the differentiation between those
hydrolytic enzyme mechanisms that proceed via formation
of 1,1-diol intermediates and those that involve the direct
1,2-addition of an enzyme’s active-site residue to a
substrate’s carbonyl group.26:2” The facility with which
uridine-6-carboxaldehydes undergo hydrate formation has
enabled us to measure the isotope shift effect in question
at a =1 ppb level. The [formy!-13C]-labeled derivative of
4 was prepared from uridine and ethyl [3C]formate
according to steps outlined in Scheme I, and a dioxane-dg
solution of this material was treated with 4 equiv of 1:1
H,0/['80]-Hz0. Afteranequilibration interval of >10¢;/2
for hydrate formation,’ the hydrate and aldehyde regions

o) o
HN I +HzX HN '
o A Nk = XH
| m? HpX (@] rlq mcl:H
R H R xH
[formyr13C)-4
X =80, %0

R = 2,3,5-tris-O-(methoxymethy!)-1-g-p-ribofuranosyl

of the 3C NMR spectrum of this solution were examined
separately, using acquisition parameters designed to
achieve the desired resolution. As shown in Figure 2, the
plots of these spectral regions revealed the presence of the
expected 80- and !80-containing derivatives of both
[formyl-13C]-4 hydrate and [formy!-13C]-4 in near-sta-
tistical proportions. Accurate!A3C(180)shieldingisotope
shift effects upon the hydrate and aldehyde 13C nuclei of
16 and 44 ppb, respectively, were calculated from these
spectraldata. Reasonably accurate determinations of the
magnitude of the C=0 isotope shift effect in vinylogous
a-dicarbonyl compounds have been made,? but previous
investigators have been able to provide only an estimation
of arange (20-25 ppb for each C-D bond) for the magnitude
of the C(OH), isotope shift effect in the hydrates of certain
chloromethyl ketones?6 and of keto methylene-containing
peptide pseudosubstrates.2” While the 1A13C(180) isotope
shift effects determined herein for [formyi-13C]-4 hydrate

(25) Risley, J. M.; Van Etten, R. L. In NMR Basic Principles and
Progress; Springer-Verlag: Berlin, 1990; Vol. 22, pp 81-168.

(26) Scott, A. I.; Mackenzie, N. E.; Malthouse, J. P. G.; Primrose, W.
U.; Fagerness, P. E.; Brisson, A,; Qi, L. Z.; Bode, W.; Carter, C. M.; Jang,
Y. J. Tetrahedron 1986, 42, 3269. .

(27) (a) Rich, D. H. J. Med. Chem. 1985, 28, 263. (b) Schmidt, P. G.;
Holladay, M. W; Salituro, F. G.; Rich, D. H. Biochem. Biophys. Res.
Commun. 1985, 129, 597. (c) Holladay, M. W.; Salituro, F. G.; Schmidt,
P. G.; Rich, D. H. Biochem. Soc. Trans. 1985, 13, 1046,
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Figure 2. Plots of separate broadband H-decoupled 125-MHz
13C NMR spectral acquisitions of the hydrate (top, ca. 92-82
ppm) and aldehyde (bottom, ca. 192-182 ppm) regions of 0.35
M [formyl-18C]-4 upon equilibration with 4.0 equiv of an
equimolar mixture of H;O and ['®0]-H,0 in 1,4-dioxane-ds
solution at rt for 64 h. Peak areas approximate the theoretical
equilibrium compositions of 36% [1€0.]-, 48% [0,*0]-, and
16% ['80;]-labeled hydrate (A, B, and C, respectively) and of
60% ['€0]- and 40% [!80]-labeled aldehyde species (D and E,
respectively). Accurate !A3C(120) shielding shift effect mag-
nitudes of Ad 16 £ 1 ppb for each hydrate hydroxyl moiety and
of Ad 44 = 1 ppb for the aldehyde moiety were calculated.

do not adversely affect the interpretation of the results of
earlier biomechanistic studies, those researchers currently
studying the mechanism(s) of enzyme-catalyzed hydrolyses
should be aware that the value of the upfield chemical
shift experienced by the carbonyl 3C nucleus of an
aldehydic or ketonic substrate analog upon formation of
a [180;]-1,1-diol may be as low as 32 (16 X 2) ppb.

Conclusions

The NMR-based solution structure determinations for
la—c together with the X-ray-based solid-state one for 1a
have all provided data consistent with the previously
established high susceptibility of the 6-carboxaldehyde
functionality toward undergoing 1,2-addition reactions
with weakly nucleophilic hydroxyl moieties. The striking
differences noted for the structural forms exhibited by
la—-c is a direct result of the availability of hydroxyl
substituents, both exogenous and endogenous, for par-
ticipation inthis type of reaction. Interestingly, the degree
of electrophilicity of this moiety is sufficiently high so as
to render the free aldehyde structure only a minor
constituent, at best, among the hydrate, 2’-cyclic hemi-
acetal, and 5-cyclic hemiacetal structures which have been
revealed for the “carboxaldehydes” of the present study.
This intrinsic property has already been utilized to provide
an accurate measurement of the 1A13C(180) isotope shift
effects produced upon carboxzaldehyde gem-diol formation.
Continued investigations of members of this class of
structurally-unusual 6-acylpyrimidine nucleoside mate-
rials are expected to uncover additional utilities of both
a physicochemical and biological nature.?®

(28) For example, the 1A13C(180) shielding isotope shift effect upon
the exocyclic carbonyl 13C nucleus of 2-(2-oxopropylidene)cyclohexanone
in CDCl; solution was calculated to be 50 ppb: Gingerich, S. B.; Jennings,
P.W.J.Org. Chem. 1983, 48, 2606. A less-than-expected 180Q-content in
isolated product was attributed to a partial loss of label due to exchange
during an aqueous workup procedure.



1-(8-D-Glycofuranosyl)uracil-6-carboxaldehydes

Experimental Section

Materials and Methods. Melting points were determined
on a Thomas-Hoover UniMelt capillary apparatus and are
uncorrected. Radial preparative-layer chromatography was
performed on a Chromatotron instrument (Harrison Research,
Inc., Palo Alto, CA) using Merck silica gel-60 PF254 as the
adsorbent Flash column chromatography was performed using
230-400 mesh ASTM Merck silica gel-60. Lyophilizations were
conducted on a Labconco Lypho-Lock 4.5-L bench-top freeze-
dryer. 'Hand 13C NMR spectra were recorded on a Varian VXR-
300 (300 and 75 MHz) or VXR-500 (500 and 125 MHz) instrument.
These spectra were recorded with tetramethylsilane or 3-(tri-
methylsilyl)propanesulfonic acid, sodium salt (DSS) (6 = 0.0 for
IH) or CDCl; (8 = 77.0 for 13C) or (CD;3)2S0 (6 = 39.5 for 15C) as
internal reference. Short- and long-range 2D 'H-13C heteronu-
clear shift correlation NMR spectra were obtained on the VXR-
300 instrument, and the 180 isotope shift effect was conducted
on the VXR-500 instrument equipped with a 10-mm broadband
tunable probe. 99% [180]-H;0 and 99% ethyl [1*C}formate were
obtained from Isotec, Inc. 1-[2,3,5-Tris-O-(methoxymethyl)-8-
p-ribofuranosyl]uracil-6-[13C]carboxzaldehyde ([formy!-13C]-4)
was prepared as previously reported.® 1,3-Dichloro-1,1,3,3-
tetraisopropyldisiloxane was prepared from isopropylmagnesium
bromide and trichlorosilane according to a multistep literature
procedure.’® Butyllithium in hexanes, diisopropylamine, N,N-
dimethylacetamide, diphenyl carbonate, ethyl formate, tetrabu-
tylammonium fluoride in THF solution, 99.5% 1,4-dioxane-ds,
and trifluoromethanesulfonic acid were purchased from the
Aldrich Chemical Co. The butyllithium was titrated with
diphenylacetic acid in anhyd THF solution at rt. Tetrahydro-
furan was dried by distillation from sodium under argon, using
benzophenone ketyl as indicator. Pyridine was dried by distil-
lation from CaH; under argon. Ethyl formate was dried over
P05 and then distilled from the same under argon. Elemental
microanalyses were performed by Tom McCarthy and his staff
at the University of Illinois, and mass spectral analyses were
obtained from Richard Milberg and his staff of the Mass
Spectrometry Facility also at the University of Illinois.

1-(8-D-Ribofuranosyl)uracil-6-carboxaldehyde (1a). This
compound was prepared according to our previously reported
procedure.? X-ray quality crystals were grown from an aqueous
solution by slow evaporation under a stream of argon at rt. Anal.
Calcd for CioHyoNoO7: C, 44.12; H, 4.44; N, 10.29. Found: €,
43.93; H, 4.50; N, 10.07. A close examination of a 500-MHz 'H
NMR spectrum of 1a in (CD3);SO solution revealed the following
ribosyl coupling constants for the major (91%, &-cyclic hemi-
acetal) structure: 3Jur_ny = 4.6 Hz, 2Juroon = 6.5 Hz, 3Juo_ny
=46 HZ, 2J}{3_arox =42 HZ 3JH3’-H4' = 1.7 Hz.

1-(2’-Deoxy-3',5’- O-(tetraisopropyldisiloxane-1, 3- diyl)-8-
p-ribofuranosyl)uracil-6-carboxaldehyde (7). A solution of
6 (4.2 g, 8.9 mmol) in 50 mL of anhyd THF was added dropwise
to a =78 °C solution of freshly prepared LDA (27 mmol) in 50
mL of anhyd THF at 78 °C under argon. After 12 h at -78 °C,
HCO,Et (1 mL, 12.4 mmol) was added all at once, and the reaction
mixture was allowed to warm to rt over 1 h. The mixture was
quenched by the addition of HOAc¢ (1.54 mL, 27 mmol). Analysis
by TLC (2,4-DNP visualization) gave evidence of desired product
along with starting material. The reaction mixture was rotary
evaporated to give a mixture which was purified by column
chromatography followed by radial chromatography (each using
4% CHzOH/CH.CI, as eluent) to afford 1.4 g (31%) of Tas a
foam: TH NMR (CDCly) 6 9.73 (s, 1H, CHO), 9.30 (s, exchanges
with DO, 1H, NH), 6.37 (d of d, J = 5.4, 1.5 Hz, 1H, H1"), 6.10
(s, 1H, H5), 4.81-4.74 (m, 1H, H3"), 4.01 (m, 1H, H5a), 3.97 (m,
1H, H5’b) 3.81 (m, 1H, H4"), 2.68 (m, 1H, H2'a), 2.50 (m, 1H,
H2'b), 1.13-1.00 (m, 28H, four CH(CHj),); #C NMR (CDCly) &
184.3 (CHO), 161.9 _(C4), 149.5 and 148.4 (each C2/Cé), 109.2
(C5), 85.8 and 85.0 (C1’/C4), 71.8 (C3'), 62.6 (C5"), 40.2 (C2)),
17.5-16.9 (eight CH(CHjy)s), 18.3~12.5 (four CH(CHjy)y); low-
resolution FD-mass spectrum, m/z 498 (M%), 499 (MH*); IR
(Nujol, NaCl) » 1700 cm- (aldehydic C=0 stretch). Anal. Caled

(29) In vitro antitumor evaluations of la-¢ using human tumor cell
lines are currently being conducted in collaboration with the laboratories
of Dr. Linda L. Wotring, University of Michigan, Ann Arbor, MI.
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for CooH3sN,04Siy: C, 52.98; H, 7.68; N, 5.62; Si, 11.26. Found:
C, 52.49; H, 7.89; N, 5.43; Si, 10.99.

1-(2’-Deoxy-8-D-ribofuranosyl)uracil-6-carboxaldehyde
(1b). Note: All manipulationsin this procedure were conducted
at room temperature. A solution of 7 (921 mg, 1.85 mmol) in 20
mL of THF was treated dropwise with tetrabutylammonium
fluoride (3.7 mL of a 1 M solution in THF). The reaction mixture
was stirred for 1 h at rt and rotary evaporated, and the residue
was purified by column chromatography followed by radial
chromatography (each using 10% MeQH/CH,CL; as eluent) to
give 362 mg (77%) of 1b as a powder. Low-resolution FAB-mass
spectrum (using 3-nitrobenzyl alcohol as matrix), m/z 257.1
(MH*). High-resolution FAB-mass spectrum (same matrix),
257.07656 (C10H13N2Og requires 257.0774). 'H NMR spectral
analysis of this compound showed it to be >98 % pure and revealed
that it exists as a 49:1 mixture of a single 5-cyclonucleoside
diastereomer and the free aldehyde in (CDs),SO solution (A and
B, respectively, below), and as a 3:1 mixture of a single
5-cyclonucleoside diastereomer and the free hydrate in D,O
solution (C and D, respectively, below).

A (98% component in (CDj3);S0): tH NMR ((CD;),S0) 6114
(bs, exchanges with D,0, 1H, NH), 7.22 (d, J = 7.2 Hz, exchanges
with D;0, 1H, hemiacetal-OH), 6.50 (pseudo-t, 1H, H1’), 5.82
(m, 2H, H5, and hemiacetal-CH), 5.21 (d, J = 3.3 Hz, exchanges
with D0, 1H, 3’-OH), 4.22 (m, 1H, H4), 4.19 (m, 1H, H3"), 3.86
(m, 2H, 5’-CH,), 2.32 (d of d, J = 13.8, 7.2 Hz, 1H, H2a), 2.13
(d of d of d, 1H, H2'b); 13C NMR ((CD3),S0) & 162.2 (C4), 153.4
and 150.9 (each C2/C86), 99.9 (C5), 94.4 (hemiacetal-CH), 89.8
(C1”), 81.3 (C4), 74.1 (C3), 69.1 (C5"), 42.6 (C2).

B (2% component in (CD3);80): H NMR ((CD;),S0) 5 9.86
(s, 1H, CHO).

C (75% component in D;0): 'H NMR (D;0) é 6.62 (pseudo-t,
1H, H1%), 6.17 (s, 1H, H5), 6.10 (s, 1H, hemiacetal-CH), 4.47 (s,
1H, H4’), 4.45 (s, 1H, H3"), 4.10 (d of d, J = 13.2, 4.2 Hz, 1H,
H5'a), 4.00 (d, J = 13.2 Hz, 1H, H5'D), 2.60 (d of d, J = 15, 7.2
Hz, 1H, H2'a), 2.38 (d of d of d, 1H, H2'b); 13C NMR (D;0)
168.0 (C4), 157.3 and 154.7 (each C2/Cé6), 103.2 (C5), 97.3
(hemiacetal-CH), 93.6 (C1’), 90.2 (C4"), 77.6 (C3), 72.1 (C5",
44.5 (C2).

D (26% component in D;0): 'H NMR (D;0) § 6.36 (pseudo-t,
1H, H1"), 6.08 (s, 1H, H5), 5.99 (s, 1H, hydrate-CH), 4.53 (s, 1H,
H3), 3.93 (s, 1H, H4"), 3.89-3.73 (m, 2H, 5'-CH,), 2.32-2.21 (m,
2H, 2’-CHy,); 13C NMR (D:0) & 168.4 (C4), 158.8 and 154.1 (each
C2/C6),102.7 (C5), 89.1 (C4"),88.9(C1"), 88.7 (hydrate-CH), 73.6
(C3"), 64.5 (C5), 39.6 (C2").

Long-range correlations observed in a 10-Hz-optimized H-
13C Hetcor experiment were H4’/C1’ and 5CH,/C3’ for A and
H3'/CY’ and H5'a/C3 for C.

2,3',5’-Tris- O-(methoxymethyl)-1-(8-D-arabinofurano-
syl)uracil (9). A suspension of 8 (2.00 g, 8.19 mmol) in 1 L of
50% CHa(OCHjg)y/CH;Cl; under argon was treated with 20 drops
(ca. 1.0 mL, 1.4 equiv) of CF3SO3H. The reaction mixture was
stirred overnight at rt, and then it was quenched by the addition
of 10mL of concd NH,OH, dried (Na;SO,), and rotary-evaporated
to an oil. This oil was purified by column chromatography (4%
CH;3;0H/CH.CI; as eluent) to afford 1.83 g (60%) of 9 as an oil:
H NMR (CDCly) 4 9.76 (bs, exchanges with D,0O, 1H, NH), 7.63
d, J = 8.2 Hz, 1H, H6), 6.24 (d, J = 4.8 Hz, 1H, H1"), 5.71 (d
of d, J = 8.2, 2.1 Hz, 1H, H5), 4.77 and 4.70 (each d, each J =
71 HZ, each lH, CHQOCHS), 4.70 (s, 2H, CHzOCHs), 4.62 and
4.56 (each d, each J = 6.6 Hz, each 1 H, CH,;OCHjy), 4.37 (d of
d,J =4.8,2.6 Hz, 1H, H2"), 4.17-4.12 (m, 2H, H3’ and H4"), 3.79
(d, J = 5.1 Hz, 2H, 5’-CHa), 3.40 (two s, each 3H, two CH,OCHj),
3.28 (s, 3H, CH,OCHjy); 3C NMR (CDCly) & 163.5 (C4), 150.3
(C2), 141.8 (C8), 101.0 (C5), 96.8, 96.3, 95.9 (three CH;OCHy3),
84.7 (C1), 81.3 and 80.1 (C2//C%), 79.1 (C2), 66.7 (C5"), 55.9,
55.7, and 55.4 (three CH;OCHs); low-resolution ACE (alternating
CI/E1)-mass spectrum, CI(CH,), m/z 377.3 (MHY). Anal. Calcd
for CsHuN:Og: C, 47.87; H, 6.43; N, 7.44. Found: C, 48.20; H,
6.50; N, 7.09.

2/,%’,5’-Tris- O-(methoxymethyl)-1-(8-D-arabinofurano-
syDuracil-6-carboxaldehyde (10). A solution of 1.83 g (4.86
mmol) of 9 in 15 mL of anhyd THF was added dropwise to a
solution of freshly-prepared LDA (14.6 mmo}) in 15 mL of anhyd
THF at -78 °C under argon. After 11 h at =78 °C, HCO,Et (1
mL, excess) was added all at once, and the reaction mixture was
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allowed to warm to rt over 1 h. The reaction mixture was
quenched by the addition of HOAc¢ (0.84 mL, 14.6 mmol).
Analysis by TLC (4% MeOH/CH;Cl; as eluent, 2,4-DNP
visualization) gave evidence of an aldehyde product. Thereaction
mixture was purified by column chromatography followed by
radial chromatography (each using 3 % MeOH/CH;Cl; containing
0.5% concd NH,OH as eluent) to afford 476 mg (25%,30% based
upon unrecovered starting material) of pure 10 as an oil: H
NMR (CDClg) 6 10.06 (s, 1H, CHO), 6.42 (d, J = 4.5 Hz, 1H, H1"),
6.13 (s, 1H, Hb), 4.78 and 4.61 (each d, each J = 6.8 Hz, each 1H,
CH,0CHy3), 4.70 (s, 2H, CH;OCHy), 4.71 and 4.69 (each d, each
J = 4.2 Hz, each 1H, CH;OCHj), 4.41 (d of d, J = 4.8, 1.2 Hz,
1H, H2"), 4.32 (d of d, J = 5.6, 1.1 Hz, 1H, H3"), 4.01 (d of d, J
= 8.7,4.2 Hz, 1H, H4), 3.82 and 3.76 (each d, each J = 11.0, 1H,
Hb5’a), 3.81 and 3.75 (each d, each J = 11.0, 1H, H5'b), 3.40 (two
s, each 3H, two CH;OCHjy), 3.28 (s, 3H, CH,0CHj;); 3C NMR
(CDCly) 6 184.7 (CHO), 162.4 (C4), 150.2 and 149.5 (each C2/C86),
104.1 (C5), 96.7, 96.6, and 96.1 (three CH;OCHjy), 85.7 (C1’), 81.3,
80.7,and 79.9 (C2//C8'/C4’), 65.6 (C5), 56.0,55.7, and 55.4 (three
CH:0CHy), low-resolution FD-mass spectrum, m/z 404 (M),
405 (MH*); IR (Nujol, NaCl) » 1698 cm~! (aldehydic C==Ostretch).
Anal. Calcd for C;gHaN2010: C, 47.52; H, 5.98; N, 6.93.- Found:
C, 47.14; H, 6.13; N, 6.77.

1-(8-D-Arabinofuranosyl)uracil-6-carboxaldehyde (1c). A
solution of 10 (374.2 mg, 0.925 mmol) in 10 mL of 50% aqueous
CF3CO.H was stirred at rt for 24 h. The reaction mixture was
rotary-evaporated, and traces of CF;CO;H were removed by
repetitive azeotropic rotary evaporation with water (3 X 50 mL).
The residue was purified by radial chromatography (20%
CH3OH/CH,Cl; as eluent), and the product was redissolved in
250 mL of water. Lyophilization for 48 h afforded 250 mg (98%
of a nonhydrated structure) of product as an off-white powder.
Recrystallization from water gave 1c¢ as a microcrystalline solid:
mp 251-263 °C (dec with gas evolution).  Low-resolution FD-
mass spectrum, m/z 273 (MH*). Anal. Caled for CyoH3N:O7:
C,44.12; H, 4.44; N, 10.29. Found: C, 43.90; H, 4.55; N, 10.09.
1H NMR analysis of this compound revealed that it exists as a
3:1 mixture of 2’-cyclonucleoside diastereomers in (CD3)sSO
solution (A and B, respectively, below) and as a 2:1 mixture of
2’-cyclonucleoside diastereomers in D;0O solution (C and D,
respectively, below).

A (75% component in (CD3)2:S0): 'H NMR ((CD;),S0) 4 11.5
(bs, exchanges with D;0, 1H, NH) 7.84 (bs, exchanges with D;0,
1H, hemiacetal-OH), 5.72 (bs, exchanges with D;0, 1H, 3-OH),
5.66 (s, 1H, H5), 5.65 (d, J = 3.3 Hz, 1H, H1), 5.61 (s, 1H,
hemiacetal-CH), 4.90 (bs, exchanges with D0, 1H, 5'-OH), 4.41
d, J = 3.3 Hz, 1H, H2), 4.03 (m, collapses to a d, J = 3.0 Hz,
with D0, 1H, H3), 8.66 (m, 1H, H4") 3.46 (m, 2H, 5-CHy); 3C
NMR ((CDs)2S0) & 162.6 (C4), 150.7 and 149.6 (each C2/C8),
99.0 (hemiacetal-CH), 86.9 (C5), 85.2 (C4), 77.2 (C1"), 75.3 (C2)),
75.1 (C3), 61.3 (C5).

B (25% component in (CD3),S0): 'H NMR ((CD5)2S0) 6 11.5
(bs, exchanges with D;0, 1H, NH) 8.08 (bs, exchanges with D;0,
1H, hemiacetal-OH), 6.72 (bs, exchanges with D,0, 1H, 8’-OH),
5.61 (s, 1H, H5), 5.49 d, J = 2.4 Hz, 1H, HY’), 5.46 (s, 1H,
hemiacetal-CH), 4.90 (bs, exchanges with D0, 1H, 5’-OH), 4.23
{d, J = 2.4 Hz, 1H, H2'), 3.99 (m, collapses to a d, J = 1.8 Hz,
with D0, 1H, H3), 3.69 (m, 1H, H4’) 3.41 (m, 2H, 5-CHy); 13C
NMR ({(CD3):S0) & 162.5 (C4), 151.1 and 150.8 (each C2/C6),
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98.0 (C5), 89.4 (hemiacetal-CH), 86.0 (C4"), 78.4 (C2/), 78.2 (C1"),
76.1 (C3"), 61.9 (C5).

C (87% component in D:0): tH NMR (D;0) 6 5.91 (s, 1H,
hemiacetal-CH), 5.89 (s, 1H, H5), 5.84 (d, J = 3.3 Hz, 1H, H1),
4.68 (d,J = 3.3 Hz, 1H, H2"), 4.29 (m, 1H, H3"), 4.01 (m, 1H, H¢")
3,74 (m, 2H, 5-CH;); 13C NMR (D;0) § 168.1 (C4), 154.6 and
151.9 (each C2/C6), 103.0 (hemiacetal-CH), 89.9 (C5), 87.7 (C4"),
80.9 (C1"), 77.8 (C3), 77.4 (C2), 63.9 (C5).

D (33% component in D,0): 'H NMR (D;0) é 6.02 (s, 1H,
H5), 5.75 (d, J = 2.7 Hz, 1H, HY’), 5.66 (s, 1H, hemiacetal-CH),
4.48(d,J =2.7 Hz, 1H, H2), 4.31 (m, 1H, H3"), 4.02 (m, 1H, H4")
3,75 (m, 2H, 5-CH,). 1¥C NMR (D.0) & 168.0 (C4), 155.1 and
153.7 (each C2/C6), 102.0 (hemiacetal-CH), 92.1 (C5), 88.0 (C4"),
81.6 (C1), 81.1 (C2), 78.1 (C3), 64.3 (C5).

Long-range correlations observed in a 10-Hz-optimized 'H-
13C Hetcor experiment were H1'/C2’ for A and H5/hemiacetal-
CH forD. A 500-MHz 1H/'H ROESY 2D NMR spectrum of 1¢
in (CDy)2SO solution, obtained in phase-sensitive mode by the
method of Kessler et al.2¢ revealed the presence of the diagnostic
crosspeak at F1/F2 = § 4.23/5.46 ppm, indicative of an NOE
interaction between the H2' and hemiacetal-CH protons for
component B. For each of the 128 increment fids, 64 transients
of 512 data points were collected. The spectral window was 1531.9
Hz, the mixing time was 1 s, and all of the crosspeaks were
negative.

180 Isotope Shift Effect Study. A solution of [formyl-18C]-
2/,%,5'-tris-O-(methoxymethyl)uridine-6-carboxaldehyde® (475
mg, 1.17 mmol) in 3.3 mL of 1,4-dioxane-ds (0.36 M) was treated
with 84 uL of a 1:1 v/v mixture of H20 and [*#0]-Hz0 (2.33 mmol
each; 4.66 mmol, 4.0 equiv total) and was allowed to stand at rt
for 64 h. After this period of equilibration, a full-scale (200+
ppm) broadband 'H-decoupled 1*C NMR spectrum was recorded
at 125 MHz and at 37 x 5 °C using the 1,4-dioxane-ds signal as
internal reference (6 = 66.5 ppm). This spectrum revealed two
strong signals of ca. 3:1 relative intensity at 186.9 and 87.0 ppm
assignable to the aldehyde and hydrate resonances, respectively.
Next, separate broadband *H-decoupled 13C NMR spectra were
recorded of the aldehyde and hydrate regions using 64000 data
points to describe a spectral window of 1257 Hz width. The raw
FIDs, unmodified by any window function, were Fourier trans-
formed. Results are shown in Figure 2. At 0.16 Hz per data
point, the error in each measured isotope shift effect was
calculated to be 1 ppb.
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