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sumary: 

15N-N14R spectra of wanosine and uridina and several of their aide-protect- 

ed derivhtlves have been studied. The nucleaphilicity of the H_7 of the guano- 

sine, in someof its 0_6 wd @'substituted derfvatives,~has beeo studied by 

following the l5 N cheaical shift of the protonated species.in the presence 

of CF3COOH. The fomation of the E7 protonated species, the magnitude of its 

15N chaical shift ad the potential of the z7 to uudergo methylation 

reaction in a particular protected derivative of guanosine throws light on the 

efficiency of a protecting group to protect the guaaine residue against an 

electrophile. 

It has emerged very recently that the protections of the exocyclic amino funct- 

ions of DNA and RNA aglycones are not quite enough to obtain pure oligonucleo- 

tides, that are free of undesirable base modifications 1-22. It has been 

indeed shown that there is a considerable formation of by-products if the imide 

functions of @protected guanine, uracil and thymine residues are not suitably 

protected'-'I. Several protecting groups have therefore been introduced to 

remedy the latter problem in mcleic acid synthesis a-23 . Recently, it has 

been observed that the chemical reactivity of the fully protected guanine resf- 

due, in olfgonucleutide synthesis, is indeed influenced, by the exatt location of 

the protecting group on the 06 or NI of the lactam function 23 - 

We have thus reported23 that the (7 of ~I,~2-bis(2.2.2-trichlorobutyl- 

oxycarbonyl)-2'.3'.5'-tri-c-acetyl guanosine (Al reacted with the g-chlorophenyl- 

phosphoro-bis-(1,2,4-triazolide) (El giving an imidazole ring-opened !7-phosph- 

oramfdate (C) while 2-~-~~-~-butylbentoy1~-6-~-~2-nitrophenyl~-2',3'.5'-tri-0_- 

acetyl guanosine (01 ;;s completely stable under the latter reaction condition. 

We herein report our N-fHR studies of a few guanosine 06 protected 
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derivatives (3-pyrfdyl-24. 2-nitrophenyl-14, 4-nitrophenylethyl-22) 

and show how these 06 protecting groups affect the electron density distrf- 

bution of resulting wine system. Ye have subsequently exmined the effect of 

such redistributed electron density in the protected guanine residues on their 

cheaical rsactivCties toward electrophflfc reaction conditions, such as protona- 

tfon and nethylation, enabling us.to define the "electronic criteria' that a 06 

protecting group of an appropriately substituted guanfne derivative rust fulfll 

in order to protect the structural integrity of the guanine restdue. 

At the outset of this work. we anticipated a similarfty in behaviour of the 

15N chemical shifts of the ~1 of the ~9 substituted guanosines and the 

N3 of C4 substituted urfdines because of their c-arable state of hybridita- _ - 
tion In both systems. It was, therefore, decided first to explore and urambigu- 

ously assign the l5 N resonances of the c4 substituted uridfnes and then 

use this knowledge to distinguish between the ~1 and n3 of ~6 substituted 

guanosines. 

15N assignments of substituted uridines (Table 1) --_ 

The l5 N chemical shifts for the I1 and t3 of widine (16) are conrenien- 

tly assigned by 15N - 1t1 coupled spectra in LlHSC in which the 13 - 1H 

coupling of 89.1 Hz is easily detectable25. 80th ~1 and ~3 resonances 

have large negative HOE; it is the n3 in urfdlne which has a larger MOE (ca. 

-4.9) because of effective longitudinal relaxation by dipole-dipole interaction 



Table 1: 
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15N cheufcal shiftsa of Uridlne and some of its g4 
substi~~d.derivatives. 

Capound nl N3 t$-substituent 

1 -220.7 -149.4 -92.3 

?_ -221.3 -151.3 -65.8 

3 -221.8 -149.9 : -93 .o 

5 -221.6 -151.4 -67.6 

5 -22L.2 -117.6 -62.4 

5 -222.6 -119.3 - 

1. -214.8 -124.8 -197.5 

s -215.2 -140.6 -225.1 

16 -237.8 -223.7 - 

17 -241.9 -225.6 - 

8 -223.4 -172.1 -al?. t 

E -241.7 -193.9 
. . 

a Measurements were carried out at 303 K in 0.8 II roluttons, 
except for 8 (0.4 N), 17 (0.8 51, 19 (0.35 n) Tn chloroform. 
The d&U foF 16 anzl_%%? tahm f?i% the ITtcrature for CeqwWWI 
(ref. 25 and 27). 

trough the 53-H whereas the El has a smaller MOE (ca. -2.51 because of the 

dipole effect of the sugar protons 25-27 . Both N3 and ~1 of the C4 and 

N3 substituted urfdfnes could also be unaabtguously assfgned by a large nega- 

tive NOE for Nl and a complete absence of HOE for the tj_3 resonance. A coupar- 

fson of the l3 N data of the c4 substituted uridfnes 1 to S in Table 1 show 

theft close similarity with that of cytldihe (2) because of the analogy of tbefr 

electronfc structures. It Is the t3 resoaances in 1 to gwhfch are mst affec- 

ted both because of change of ft.5 state of hybridizatfon and the inductive or 

mesouerfc effect of the @ substftuent. On the other hand, the N3 resonance 

of dn @3 substituted urfdine (191 is &shielded by 32 ppa, as compared to the 

z3 of lJ, uhfch can be explained by the fact that the N3 is becoming a 'tris 



amide type". In compounds 1 to.+, the ~1 atom has a chemical shift of ca. 

-221 ppa except for conpounds 1 and a. In 1 and 5 the C)-pykldone nitrogen is 

devoid of its lone pair and is electronically very similar to that of 51 of the 

(a) 

(b) 

(c) 

m (ppm) -216 -216 -217 -216 -219 

m (ppm) 36 -140 -150 -160 -176 

Fig.: 15~-~~~ spectra of compound E; W proton oo@ed 

spectrum where Epyridone shows a complex multiplet at 

ca. 225 ppm and the N_’ appears 88 a broad signal at 

ca. 215 ppm. ; (b) decoupled mode without NOB showing 

the _N3, ,N’ and _N-pyridone; (c) decoupled mode wtth NOE 

showing larger -NOB for N_l than for _N-pyridone. 

pyrimidone moiety. It thus appears that this lone-pair is shared to the rest of 

the pyridone-pyrimidone system, which exerts an overall electron-withdrawing inf- 

luence to the pyriaidone. causing the deshielding of c3 and especially influen- 

cing ~1. The 15N assignments of pyridone-nitrogen and the ~1 was estab- 

lished on the basis of the proton-coupled spectrum and the favourable WOE of ~1 

(Fig. 1). For the &a-pyridyl substituent in compounds 1 to t. the 04 lone 

pair is presumably delocalized, depending upon whether it is c-2 or c-3 0x0 uith - 
respect to the pyridyl-nitrogen, to the pyrlmidine ring yielding a similar chemi- 

cal shift for ~1 (ca. -220 ppm) and for f3 (ca. -150 ppm). It should be noted 

that the 3-pyridyl shields the N3 a slightly 1R)re (by ca. -1.5 ppm) as expect- 

ed. as opposed to the 2-pyridyl while the chemical shifts of pyridyl-nitrogen are 

in agreement with the literature data 28.29 . Finally, when 04 is substitu- - 
ted with 24 in 5 and 6, the N3 resonance is deshielded due to the usual "B - 
effect" which has been already docuaaented in 13C- and 15N-hHB spectros- 
copy2W,31. . consequently the pyridyl nitrogen in 2 is also deshielded by 
30 ppn as compared to L. 

15N assignments of ~5 substituted N2-protected guanosines (Table 2) - 

The exocyclfc amino function of the guanosine is normally protected by an acyl 

group for oligonucleotide synthesis. Thus the presence of e-t-butylbenzoyl (TBB) 

groop at'the e position in 21 has a profound influence on the 151 chemical 

shifts of all purine-nitrogens. Each nitrogen atoll of 21, especially fi 3, is 
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detbielded as capared to the nitrogens of guanosine f20). A comparison of - 
15h sbtfts of 21 with capomds 2 to 15 In Table 2 shws that a ~5 wbstl- - 
tuteat dlelds the ET to ca. -149 ppa and lg to ca. -210 ppm. These values 

are very similar tothose found for adenoslne25 which can be ratlonallred by 

an~actlvatlon of the aroaatlc ring b,We ~5 substltuent which Is further delo- 

calized to the laidazole part. The 'azlne-llke' !T ls more affected than the 

"pyrrole-like' Ng. In the ~5 substituted guanosines 2 to 15, the pyrlaldlne 

moiety Is fully armtlc and hence a direct unambiguous assignaents of ~1 and 

N2 are dlfflcult. However, as the 51 In c4 substituted urldlne derlvatlves - 
(Table 11, the 33 of p substituted guanosloes 9 to E are at best expected 

to experfence a Tong range Influence of the ~5 substltutlon and Is. therefore, - 
expected to have a steady chemical shift uhfch turned out to be true, showing the 

absorption of the N5 of 9 to 15 Indeed at ca. -MO ppa:On the other hand, the - _ .- 
~1 absorption of coapounds 9 - 15 showed a critical dependence (Table 2) to the 

Table '2: 
15 
Y chemical shlftsa of some purlnes and some c6 substituted 
guanosines 

-_ 

Cmpound ir' E3 w' N' w' g-substltuent 

9 -155.9 -160.4 -140.6 -210.0 -243.2 -60.3 

lo. -156.3 -160.8 -140.9 -210.2 -243.3 -62.9 

X -154.2 -159.4 -141.1 -210.1 -243.1 -73.8 

2 -129.4 -158.6 -139.5 -210.8 -243.3 '-65.5 

13 -157.7 -160.7 -141.1 -210.2 - -243.5 -13.7 

4 -166.1 -158.0 -140.3 -210.6 -243.1 -10.5 

15 -i55.4 -159.3 -141.7 - -209.7 -243.4 1224.9 

20 -232.5 -215.4 -133.6 -211.3 -307.8 - 

21 -227.0 -195.6 -131.8 - -207.8 -248.4 - 

22 -223.3 -198.0 -219.1 - -203.5 -246.9 - 

a Measurements were carried out-at 303 K In 0.25 H solutlon. except 
for 20 and 21.lO.5 lj). 22 (0.4 II) and E (0.6 I47 313 K) In IMSO. - - 
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nature of the 9 substltuent. The ~1 chalcal shifts for..the 25 substltu- 

ents In caqaunds 2 to 11 and 13 Is -154,to -158 ppm depending upon the exact 

electronic nature of the @-substituent. The CC-N-substltuent In E was not -_ 
found to influence the il. chemical shift anyway differently (truly "isoelectro- 

nic") than in compound 11. Thls'ls presumably partly because of delocallration of 

the +n~trogen lone pair to the pyrlaldone moiety. As already notlced. the 

CGulfur in 12 has a drastic effect on the (' chemical shift *hlch goes - 
downfield to reach the value of -129.4 ppm. Substituents in any other position of 

guanoslne do not produce so strong changes on its 15N chemical shlfts. For 

exmle, in nl-mathyl guanosine (231, the p, w7 and lg have almost tden- 

tical chemical shifts as that of guanosjne (=I but the ~1 goes upfield by 

3.3 ppn because of +I effect of the methyl group; houever. the protonation study 

(vide infre) has clearly show that the N-l-methyl group sigeiflcantly alters 

the nucleophlllclty~ of 17 (Table 3). 

Proton&Ion studies (Table 3) 

The 15~ chemical shifts of the 17 is expected to be influenced by its 

effective nuclear charge, its symmetry in the valence electron and by its 

effective excitation energy (n+r *,6++132. Table 2 show that a protecting 

group or a substituent either at 06 or ~1 of guanosine has a definite effect 

on the nitrogen chemical shifts of purines. However. a comparison of the fi7 

chemical shifts amongst g,'2J and g and 2. 13, and e In neutral EMS0 and in 

their acldlc solutions (Table 3) clarifies that the reactivity of the z7 toward 

electrophiles can not be estimated, even qualitatively, from the 15~ chemical 

shifts alone in any of these aedla but from the magnitude of the difference 

in s15N shift. 

What we considered loportant is to understand how a protecting group on @ 

actually Influences the nucleophlliclty of fi7 and which are the @ protecting 

groups (@-alkyl vs. @-aryl) that are safe to use for mploylng guanosine In 

electrophlllc reaction conditions ! In the Table 3, the effect of C2-amino subs- 
tituent is obvious through the comparison of chemical shifts of guanosine (20) 

and Inosine (25). With 1 equivalent of acid (CF3COOH) in inosine (251, the l7 

moves by almost 11 p~xm33 uhlle the @ In guanosine, under a similar acidic 

condttion, moves upfield by 75 pp#. establishing the electron-donating effect of 

the C_2-mino function (Fig. 2). On the other hand, the c7 In )12-TBB-guano- 

slne (21). under a similar acidic condition, was shielded by 25 ppm (Fig. 2). The 

nucleophlllc character of the w7 in 21. Is therefore much poorer than in g. 
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Table 3. Study of the “N chemical shlfts**b of guanosine derivatives upon 
protonation and rthylation at 313 K. 

concent- 
Compound ratlon of 

1 
i E3 117 3 $ +substituent 

acid 

0 equiv. 
1.0 e!qulv. 
2.0 equiv. 
1.8 equiv. 

0 equiv. 
1.0 rquiv. 
2.0 equiv. 

0 equlv. 
1.0 equiv. 

0 equlv. 
1.0 equlv. 
2.0 equlv. 

0 l quiv. 
1.0 equiv. 
2.0 equiv. 

0 equiv. 

El 

0 equiv. 

0 equiv. 
1.0 equiv. 
2.0 equiv. 

0 equlv. 
1.0 equiv. 
2.0 equiv. 

0 equlv. 

-233.9 -215.2 -134.4 -211.1 -307.7 
-232.7 -218.1 -211 .O -204.4 -301.4 
-232.8 -218.3 -214.8 -204.3 -301.3 
-232.2 -217.2 -211.2 -205.6 -303.0 

-237.2 -215.8 
-235.7 -217.0 
-235.1 -217.8 

-133.3 
-232.8 

-300.4 
-297 .o 
-296.0 

-231.9 -217.9 -220.8 -207.1 300.1 
-232.2 -218.1 -220.9 -207.2 300.3 

-226.6 

2’2i-i . 

-206.6 
-206.2 
-205.9 

-195.0 -132.1 -207.4 -248.3 
-196.3 -156.8 ~205.3 -248.0 
-196.8 -166.3 -204.5 -246.0 

-167.1 -131.9 
-167.3 -141.2 
-167.4 -147.7 

-157.7 -160.9 -141.5 
-157 .o -160.8 -142.0 
-158.3 -161.1 -142.8 

-206.6 
-205.6 
-204.9 

-210.6 
-209.6 
-209.5 

-159.6 -160.5 -141.5 -209.4 

-157.3 
-157.4 
-157.5 

-141.1 -209.9 
-142.1 -209.9 
-143.5 -209.0 

-166.1 
-166.5 
-167.1 

-140.3 "-210.6 
-145.5 -210.2 
-150.0 -209.4 

-170.3 

-160.5 

:E 

-158.0 
-157.9 
-157.9 

-154.7 -225.7 -205.3 

-243.5 -61.9 
-243.1 
-243.1 ::z: . 

-242.9 -177.3 

-243.5 -13.5 
-243.4 -13.5 
-243.4 -13.5 

-243.1 -10.5 
-243.1 -10.6 
-243.0 -10.6 

-242.9 -io.7 

a ccmpmnds 9. 20 and 24 were recorded as 0.8 N solution; 13, 14, 21. 23 and 25 
were recorZed7n 0.6? solution; 26 and 27 u& recordefln 0T4 R_solZtion.- 

b 
study of 20 with 
11 teraturF(ref. 

1.8 equlv. of atid is sited for the sake of coaparison from 
25 6 27) 
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15 

Ad 

(PPm) 

50 

Fig.: 
15 

N chemical shift changes of $ of z f.1 

and 21 (8) aa a function of added CF3COOH. 

This reduced nucleophilic reactivity js also supported by lethylation studies 

1 2 

No. of equiv. of CF3COOA. 

with 20 and gb.methyl i.odide in dfrthylfomide at 20' C which showed that 

the half-lives of ET-mettiylation of 20 and 2J. .to give 24’ and 22 respectively, 

are 50 and 165 rafn respectively. 

The '*N chemical shifts of the ~6 substituted guanosine derivatives 2, g- 

and E along with the result of protonated and methylated derivatives are shown 

in Table 3. Since all guanosine derivatives in this work has a fi2-TBB group, 

the observed 'S N checlical shifts, in protonation and methylation experiments 

in Table 3, is attributed to the electronic effect of the ~6 substituent. The 

data for !I-methyl guanosine (23) are also shown for comparison. The l7 in - 
compounds z and 13 moved,only 0.5 and 1 pp~ upfield, respectively, upon protonat- 

ion. Compound X3 was'ckqletely resistant to lethylati6n reaction condftion (vide - 
rupra); the n7 of zwas also found to be coltpletely resistant to methylation 

while its pyridyl-nitrogen. as expected, got methylated to give ~which was iso- 

lated and characterized in the usual way. The $ of&(4,nitrophenylethyl-1 

derivative E, upon protonation, moved upfield by 5 ppa, suggesting that the ET 

is not completely deactivated. This is also corroborated by the fact that the E 

can be methylated (vide supra) at N7 to give zwith a half-life of 300 min. 

(compare half-lives of methylation of 20 and cuhich are respectively 50 and 

165 min!). Compound 11. which was also isolated and'characterized as a pure cc+- 

ound, has I5 N shifts which are very similar to E7-eethyl-!2-TBB-guano- 

sine (22) (Table 3). - 

It appears from these data that there is a considerable reduction of the nucleop- 

hilicity of y7 with most of the c6 substituted guanosine derivatives. This is 

most probably due to the delocalization of the ff -electron rich imidazole systea 

to the <-deficient pyrimidine systea with a overall reduction of the nucleophi- 

lit character of the YT. However. the present data suggests an 'electronic cri- 

teria" that a 06 protecting group of guanosine should fulfill. That such a gro- 

up should not be electron-releasing to the resulting fully-a-tic purine syst- 
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a. This is substantiated by the fact that the @-alkyd substituent of E, as 

the 06 protecting group of the guanine moiety. has made the 57 more suscepti- 

ble to electrophilic reagents than the electronrithdrauing 06-aryl group of 9 

or 13. - 

It also should be noted that the z7 of t$athyl guanosine (gl. upon pro- 

tonation with one equivalent of acid, moved upfield by 99.5 ppp while the i7 of 

guanosine. in a similar protonation experillent, moved only by 75 ppa (Table 3). 

This clearly shows that the @ methylation enhances the nucleophilicity of the 

N7. It is also established that an HI-acyl group of a fully-protected 

guanosine derivative i enhances the nucleophilicity of the t7 and gave a H7- 

phosphorylated product C. All of these observations suggest that if the 1acLw 

function of the !2-protected guanine is protected at ~1, subsequent electro- 

philic reactions at the 17 can not be prevented. 

Experimental 

All I5 N-MHR spectra were recorded at 27.4 I(Hr on a Jeol JiWGX-270 spectrom- 

eter equipped uith a tunable probe-head of 10 m. Routinely, the NOE suppressed- 

decoupled spectra (the decoupler is on during the acquisition time) were recorded 

using a 45' pulse angle (13 us of pulse width). 0.8 to 1 s acquisition tile for 

16 K data points, zero filled to 32 K and Fourier transformed. The spectral range 

was 9500 Hz in order to observe the resonance froa the arino group and 8200 Hz 

for 12 substituted guanosines and &4 substituted uridines. With the pulse 

delay set at 15 to 30 s. a useful spectrum is obtained after 2 h for 0.8 n sol- 

utions, 4 h for 0.6 g solutions, 7 h for 0.25 f solu;~ons. A broadening factor of 

2 - 3 Hz was applied before Fourier transfotnation. N cheaical shifts 

’ N2 

-200 -220 -240 -260 -280 -300 (PPm) 

Fig. 3: "N-NMR spectra of compound 23 with CF3COOH 

(1 equiv.). (a) decoupled mode without NOE where 

the y’ does not appear; (b) decoupled with NOB 

showing negative peaks for N_ , _ , _N and _N 
9 NT 1 2 

. 

are asswd to be correct to + 0.1 pRm. As it is empirically known that a strong- 

ly protonated nitrogen atom has a shorter T1 and a large MOE, often it is very 

difficult to observe the absorption of this atua because of both a short12 

involving broad signal and a possible exchange of the acidic proton34. In 

these cases, the solution is either the reduction of the acquisition time in 



order to reduce the magnitude of the negative NDE or to use this NDE to reveal a 
negative peak as it is show in the fig. 3 for the capound 23. The ch&cal 

shlfts were aeasured relative to an external solution CH3?@2 in 

CD3N82 to provide the reference and the frequency lock respectively (a 

coaxial 4 111 capillary with 5 x 10" ml CH315N02 (96%) and 0.35 11 

of CD3N02 and sane relaxation reagent to shorten the T1 value.) 

The saPples were run at 30 t 1-C or 40 + 1' C with either gated proton decoupling 

or no decoupling. A negative incrwnt denotes an increased shlelding. 
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