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The acid catalyzed reactions of methyl N,N,N’, N'-tetraisopropylphosphorodi-
amidite with N2,02',03',05'-tetraacetylguanosine, N2,03',05'-triacetylde-
oxyguanosine, or 02',03',05'-triacetylinosine gave labile O6-phosphitylated
products which were converted to stable P-sulphides. The site of phosphitylation
was shown by N NMR spectroscopy to be O6 and not N1. *C NMR data also
supported this conclusions, but UV data were inconclusive.

Side reactions occurring in the lactam function of
the guanine and uracil (thymine) moiety of nucle-
osides during oligonucleotide synthesis are well
established when the phosphotriester approach is
used.'™" Similar side reactions using the phospho-
ramidite approach have also been reported,>!
although isolation and characterization of the re-
sulting by-products have not been possible due to
their low stability; until now they have only been
characterized in solution by their P NMR chem-
ical shifts.

We report here that these unstable by-products
can, at least in some cases, be characterized as
their P-sulfides, which are stable enough to be
purified by column chromatography.

The compounds studied here are derived from
nucleosides protected at the hydroxy groups, i.e.
1, 3 and 5 (Scheme 1). They were selected in
order to obtain clean reactions at the lactam
functions, without concomitant reactions at the
hydroxy groups which occur during oligonucleo-
tide synthesis. Reaction of these nucleosides with
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methyl N,N,N’,N'-tetraisopropylphosphorodi-
amidite and diisopropylammonium tetrazolide
gave high yields of phosphitylated products (5,
153-148 ppm) which, although containing no hy-

(D)

droxy groups, were still very unstable. However,
they could be oxidized with dry sulfur to give
stable P-sulfides, which after purification were
isolated in 28-57 % yield and shown by spectro-
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Fig. 1. "N NMR spectra of compound 2: (A) 'H-decoupled spectrum without NOE; (B) 'H-decoupled spectrum
with NOE with the expansion showing 'J(**N*'P) = 18.6 Hz; (C) INEPT spectrum; (D) expansion of N7
resonance, found in INEPT spectrum C, showing two diastereoisomers.
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scopic means to be the O6-thiophosphorylated
species 2, 4 and 6 (Scheme 1).

The structural assignment of 2, 4 and 6 was
made primarily on the basis of >N NMR spectro-
scopic data, although *C NMR and UV spectro-
scopy were also employed. N chemical shifts in
purine nucleosides are very sensitive to substi-
tuent effects,” and a putative N1-thiophosphor-
amidate is expected to show a J(’NP) coupling
of ca. 40 Hz.” Substituent increments can be
used to elucidate the structure of a substituted
purine nucleoside quite unequivocally.? Thus, a
shielding of N3 by ca. 50 ppm due to the NH,
group at the C2 position was observed in guano-
sine as compared to inosine.? A group such as
para-t-butylbenzamido at the C2 position shields
N3 by ca. 30 ppm with respect to inosine.?

Previously, we have shown® that O6-
substitution causes profound changes in N3, and
especially in N1 chemical shifts. Derivatization of
O6 leads to a large deshielding of N1 (ca. 70-110
ppm) whose exact size depends on the nature of
the substituent. An unambiguous distinction be-
tween an N1 and an O6-phosphorylated guano-
sine derivative is therefore feasible by following
the N1 chemical shift. A similar distinction be-
tween N3 and O4-substituted pyrimidine nucleo-
sides has also been achieved recently.?

We found® for a series of C2-(para-t-butyl-
benzamido)-C6-substituted purine-N9-ribofura-
nosides that the N3 chemical shifts do not change
noticeably with variation of the C6-substituent.
Thus, for the para-t-butylbenzamido group at the
C2-position, N3 resonates at ca. —160 ppm while
the N1 chemical shifts are strongly dependent on
the nature of the C6-substituent.

The assignment of the N chemical shifts and the
site of substitution. The 'H-decoupled >N NMR
spectrum of compound 2 without NOE is shown
in Fig. 1, in which five nitrogen resonances can be
clearly seen; the resonance of the diisopropyl-
amino groups does not appear as a result of an
insufficient number of scans. A 'H-decoupled
spectrum with NOE of compound 2 clearly shows
a negative doublet at high field for the diisopro-
pylamino group. Similarly, N9 and N2 nitrogens
have negative NOE’s due to the closeness of
sugar protons and the proton of the amide func-
tion, respectively. The resonance at highest field
appears as a doublet of 18.4 Hz, characteristic of
1IJ(®NP) couplings in P(V) compounds with a
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P=S double bond.?? The absence of J(**NP)
couplings for the other resonances is strong evi-
dence against the thiophosphoramidate being
linked to any of these nitrogen atoms. Transfer of
magnetization from HS8 is used to assign the N9
and N7 resonances by an INEPT pulse sequence.
In the imidazole part, an “azine- or pyridine-like”
nitrogen absorbs at lower field than the “pyrrole-
like” nitrogen. N7 is therefore found at lower
field than N9.2 Such assignments have also been
confirmed from the observation (not shown) of
the respective J(*NH) coupling constants
[?JJ(*'N7HS8) is always larger (10-12 Hz) than
2J(*'N9HS8) (7-9 Hz)]. The N2-nitrogen resonates
in the usual region for an amide nitrogen, with a
YJ(NH) of 88 Hz.” The fact that the resonances
of N1 and N3 are shifted downfield substantiates
our assignment that the thiophosphoramidate re-
sidue is located at O6. The substituent effect of
the acetamido function at the C2 position on the
N3 chemical shift has been estimated to be ca. 35
ppm.? Such an estimate has allowed us to assign
the resonance at —168.8 ppm to the N3-nitrogen.
This means that the resonance at —152.2 ppm
should be assigned to the N1-nitrogen.

The N NMR spectrum of compound 6 sup-
ports the above assignment (Fig. 2). The INEPT
spectrum shows both the couplings of N9 and N7
with H8, and those of N1 and N3 with H2. A
distinction between the N3 and N1 resonances
cannot be made on the basis of Y('*NH2)
coupling constants since they are identical. How-
ever, the C6 substituent in compound 6 is a par-
ticularly good electron-withdrawing group, and
therefore N3, which should absorb between 130
and 160 ppm for C6-substituted purines, presum-
ably resonates at —136.2 ppm, while N1 is some-
what deshielded and absorbs at —125.1 ppm. No
'J(*NP) coupling is observed. It should be noted
that the difference in the *N chemical shifts be-
tween the diastereoisomers of both 2 and 6 is
below the limit of the spectrometer resolution
(see Experimental), although a double set of sig-
nals is just observable in the INEPT spectrum of
2. The N NMR data are listed in Table 1.

BC NMR and UV spectroscopic results. A com-
parison of the *C chemical shifts of the thiophos-
phorylated nucleosides with those of the original
peracylated nucleosides could not clearly differ-
entiate between the two sites. The changes in
chemical shift values resulting from thiophos-
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phorylation (A) were compared with the corre-  phorylation, a behaviour normally seen when re-
sponding changes resulting from methylation”  actions occur at the N1 position.?>?® On the other
(Table 2). For the derivatives 2 and 4 the C6 hand, the effect on the C2 carbon is similar to
resonance is almost unchanged by the thiophos-  that seen for the corresponding O6-methylated
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Fig. 2. ®™N NMR spectra of compound 6: (A) 'H-decoupled spectrum without NOE; (B) INEPT spectrum.
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Table 1."°N Chemical shifts® for compounds 2 and 6.
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Compound N1 N3 N7 N9 N2 Pr,/N

2 —-165.2 —168.8 —-139.7 —-216.0 -235.3 —296.1
) () (12.0) (9.1) (88.1) (18.6)°

6 —-125.1 -136.2 -139.7 ~215.5 -296.7
(15.9) (15.9) (12.2) (9.1) (18.9)°

2CH,'*NO, was used as external reference. The values in parentheses are J('*NH) coupling constants.

("*NP) coupling constant.

Table 2. *C Chemical shift? values for selected nucleoside derivatives.

Compound Cc2 C4 C5 Ccé cs
Tetraacetylguanosine 147.9 1479 122.3 1565.7 138.5
2 153.9 152.0 120.9 156.1 141.4
(5.5) (7.3)
A 6.0 4.1 -1.4 0.4 2.9
A(O6-methylguanosine)® 6.2 29 -2.4 43 28
A(N1-methyiguanosine)® 0.6 -2.8 -1.1 09 2.0
Triacetyldeoxyguanosine 147.9 147.6 121.7 155.6 138.1
4 153.7 151.7 120.8 155.6 141.1
(6.1) (6.8)
A 5.8 41 -0.9 0.0 3.0
A(O6-methyldeoxyguanosine)® 6.2 2.9 —-2.4 43 2.8
A(N1-methyldeoxyguanosione)® 0.6 -2.8 -1.1 0.9 20
Triacetylinosine 145.8 148.7 125.3 158.8 138.4
6 152.1 153.2 124.3 156.1 142.1
(6.4) (6.7)
A 6.3 4.5 -1.0 -2.7 3.7

2Acetone-d; (29.2 ppm) was used as internal reference. T = 30°C. The values in parentheses are J(CP)

coupling constants (+1.5 Hz). °Ref. 27.

Table 3. UV spectroscopic data for peracylated and thiophosphoryl derivatives.

Compound Amax/NM (e/cm? mmol~")@

Tetraacetylguanosine (1)
2

Triacetyldeoxyguanosine (3)
4

Triacetylinosine (5) 244 (11.1x10%
6

252

(9.7x10%)

279 (11.4x10%), 259 (15.6x10°%)
270 (11.4x10%), 258 (11.7x10°)
280 (10.8x10%), 259 (14.8x10°)
275 (12.0x10%), 258 (11.7x10°)

4In methanol.

compounds. The "C spectra show J(CP) coup- model compounds which could be used to deter-
lings for the C6 and C5 carbons, as shown in  mine the magnitude of a J(CP) coupling constant

Table 2. No coupling to C2 is observed. This for this type of compound are lacking.

indicates O6- and not N1-substitution, although
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Previously, UV spectroscopy has been used to
identify positional isomers."” For example, it has
been stated that all O6-substituted compounds
have a A, of 290-305 nm,” i.e. that O6 sub-
stitution should result in a bathochromic shift.
The UV spectra of 2, 4 and 6 were compared with
those of the parent protected nucleosides (Table
3). As seen from Table 3, no bathochromic shifts
were observed. This criterion is therefore mis-
leading and should not be used to distinguish
positional isomers.

The present work shows that side reactions
take place to a considerable extent when guano-
sine or inosine derivatives react with alkyl phos-
phorodiamidites, and that the products are
O6-phosphitylated compounds. Similar modifica-
tions occur when e.g. DMTAG™ and alkyl phos-
phorodiamidites are used to obtain deoxynucleo-
side-3'-phosphoramidites for use in DNA syn-
thesis, unless the O6 position is protected.
However, the ultimate products in such cases are
the desired 3'-phosphoramidites, and O6 protec-
tion of 2'-deoxyguanosine derivatives is therefore
not necessary.” A reaction in the lactam system,
being only slowly reversed in the presence of free
3'-OH groups, could be the cause of the low
yields sometimes obtained®® when guanine-con-
taining phosphoramidites are prepared.

Experimental

All ®N NMR spectra were recorded at 27.4 MHz
on a Jeol JINM-GX 270 spectrometer using 10
mm o.d. sample tubes. The chemical shifts were
measured relative to an external solution of
CH,"NO, in CD;NO, to provide both the refer-
ence and the frequency lock. The decoupled
spectra with NOE suppressed were recorded with
a pulse angle of 45° (1 us pulse width), 0.85 s
acquisition time for 16 K data points, zero filled
to 32 K and Fourier transformed with a broad-
ening factor of 2-3 Hz. The pulse delay was 18 s
for the 'H-decoupled spectra without NOE; with
NOE the pulse delay was set at 10 s. The follow-
ing conditions were used for INEPT spectra;
'H-90° = 58 ps, ’'N-90° = 26 us, T = 1/4 (J'NH)
set at 23 ms and a pulse delay of 1 s. The fre-
quency range was 1000 Hz, yielding a digital reso-
lution of 0.6 Hz. A negative value for the chem-
ical shift denotes an upfield shift. The temper-
ature of the probe was ca. 30°C. The
concentration was ca. 0.50 M for compound 2
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and 0.40 M for compound 6 in distilled dichloro-
methane. The C chemical shifts were deter-
mined at 67.9 MHz and 22.5 MHz on Jeol
JNM-GX 270 and Jeol FX 90Q spectrometers,
respectively. Acetone-d, was used as the internal
standard (29.2 ppm). 'H NMR and *P NMR
spectra were obtained on the JEOL FX 90Q in-
strument ("H at 89.5 MHz, chemical shifts rela-
tive to tetramethylsilane; 3'P NMR at 36.3 MHz,
chemical shifts positive in the low field direction,
external standard 85 % H,PO,). Ultraviolet ab-
sorption spectra were recorded on a Shimadzu
UV-260 spectrophotometer equipped with a
Haake L/Haake D1 temperature controller main-
tained at 25°C + 0.3°C.

N2,03',05'-triacetyl-O6-{(N,N-diisopropyl-
amino) (methoxy)thiophosphoryl]-2'-deoxyguan-
osine (4). N2,03', OS'-triacetyl-2'-deoxyguano-
sine®' (393 mg, 1.0 mmol) was dried by coeva-
poration with dry CH,CN. After addition of
diisopropylammonium tetrazolide® (85 mg, 0.5
mmol) and dry CH,CN (5 ml), methyl
N,N,N',N'-tetraisopropylphosphorodiamidite'®
(350 mg, 1.3 mmol) was added by syringe with
stirring at room temperature to give a clear so-
lution within 1 min. This solution was stirred for 1
h and dry sulfur (128 mg, 4.0 mmol) was then
added. The mixture was stirred for 1/2 h, and the
solution was filtered to remove excess of sulfur
and evaporated to an oil. The latter was dissolved
in CH,Cl, (5 ml) and applied to a silica gel co-
lumn (10 g of silica gel, Merck 60, Art. 9385)
wich was eluted with a gradient of from 0 to 10 %
MeOH in CH,Cl, (25 ml of each concentration,
2% steps), collecting fractions of 10 ml. The
appropriate fractions were evaporated to give 4
(177 mg, 30 %) as a glass. P NMR (CDCL): 6
68.6 ppm. 'H NMR (CDCl;): 3 8.17 (s, 1H, NH),
8.01 (s, 1H, H8), 6.32 (t, 1H, J = 6.6 Hz, H1'),
5.39 (m, 1H, H3'), 4.31 (s, 3H, H5' and H4'),
3.88 (d, 3H, J(PH) = 14.4 Hz, CH,0-P), 2.51 (s,
3H, CH,;CON-), 2.08 and 2.01 (2Xs, 3H + 3H,
CH,CO,-), 1.28 (d, 12H, J = 6.8 Hz, CH;-Pr)).
Anal. C;H;N,O,PS: C, H, N, S.

N2,02',03’',05'-tetraacetyl-O6-{(N ,N-diisopro-

pylamino) (methoxy)thiophosphoryl]-guanosine
(2).N2,02',03',05'-tetraacetyl-guanosine® (451
mg, 1.0 mmol) was treated as described for 4 to
give 2 (185 mg, 29%) as a glass. 'P NMR
(CDCl,): 6 68.6 ppm. 'H NMR (CDCl,): 4 8.15



(s, 1H, NH), 7.98 (s, 1H, H8), 6.05 (d, 1H, J =
4.6 Hz, HY'), 5.85 (m, 1H, H2'), 5.65 (m, 1H,
H3'), 4.36 (s, 2H, H5"), 3.88 (d, 3H, J = 14.7 Hz,
CH,0-P), 2.50 (s, 3H, CH,CON-), 2.08 and 2.02
(s, 3H + 6H, CH,CO,-), 1.28 (d, 12H, J = 6.8
Hz, CH;-Pr). Found: C 45.59; H 6.11; N 12.53.
Calc. for C,sH;NOPS: C 46.59; H 5.79; N
13.04.

02',03',05'-triacetyl-O6-[ (N ,N-diisopropyl-
amino) (methoxy)thiophosphoryl]-inosine (6).
02',03',05'-triacetylinosine® (393 mg, 1.0
mmol) was treated as described for 4 to give 6
(334 mg, 57 %) as a glass. *'P NMR (CDCl,): 8
69.4 ppm. '"H NMR (CDCl,): 3 8.63 (s, 1H, H2),
8.13 (s, 1H, H8), 6.20 (d, 1H, J = 5.1 Hz, H1’),
5.92 (m, 1H, H2’), 5.62 (m, 1H, H3'), 4.37 (s,
2H, H5'), 3.97 (d, 3H, J = 14.4 Hz, CH,0-P),
2.06-2.02 (m, 9H, CH,CO,-), 1.31 (d, 12H,J =
6.8 Hz, CH;-Pr'). Anal. C;;H,N,O,PS: C, H, N,
S.
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