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ABSTRACT 

The 13C-n m r spectra of 1-P-D-arabInofuranosplc~to~Inc (AI~C) .ind Its 
various O’-methyl denvatwes m neutral aqueous and strongly all\,llIne media have 

been analysed Replacement of a gwen hydrouyl proton by a methyl group \\\a> 
accompanied by characterlstlc regularttws In changes In the 13C chemical shifts 
The marked changes In conformation of the sugar rInS, In going from neutral to 
lncreaslngly alkahne medium, prewously repolted on the basis of ‘H-n 111 r data, 
have been confirmed The 13C-n m r data allowed the etTect of the InItIal stages 
of tomsatron of HO-5’ on conform&Ion to be studied The d&a were applied to ‘11~ 
analysis of the glycostdtc bond torsion-an$e whxh, for 2 ,3’-dl-0-mcrhylAr~C, 

exhIbIted a preference for the antr form The conformatIons of the O’-methyl groups 
In this compound were also evaluated and compared wth those prewously proposed 
on the basis of the ‘H-n m r data 

INTRODUCTIOS 

In neutral, aqueous media, the conformatIon of the pento5e moletIes of AI.LC 
(1 I-/)-D-arabInofuranosylcytosIne) and AraU, as determmed by ’ H-n m r spectro- 
scopy, correspond to a C-2’crrrlo + C-3’er1</0 equ1lIbnum, wth only .L small pie- 

ponderance of the grclrclw-ga~rche rotamer of the exocychc CH,OH group If the 
solunons are baslfied to pH - 14, where the hydroxyl groups are Ionlsed the con- 
FormatIon of the sugar nn_r becomes predominantly C-2’cwt/o, and that of the exo- 

cychc group predominantly gc~uche-grnrclwl ’ Thts IS precisely the conformatIon 
observed for the neutral forms of AraC and Ar.lU In the solId state, AS determlncd 
by X-ray dIffractIon, with concomitant formatIon of an IntramolecuI,lr hydrogen- 

bond, O-2’-H O-5’-H (2), which presumdbly stablllses such CL structure3-’ 
By analogy, It was proposed that the C-~‘CIK/O , gardw-gmrtlrc conformatIons of 
AraC and AraU In alkahne media dre 5tabIlIsed by formatIon of ‘in lntt-,miolecular 
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hydrogen-bond O-5’-H O-2’ (3), bearmg m mind 6 ’ that the pK of HO-5’ IS well 
above 14, so that It IS avariabfe under these condrtrons to act as a donor m hydrogen 
bonding The foregom g conclusrons were confirmed by experiments u-r whrch one or 
more of the hydroxyI groups were methylated 

Stepwise basrficatron of the solutrons made It possible to monitor the drssocr- 
atron of HO-2’ and/or HO-3’ by ‘H-n m r spectroscopy, and thus approach should 
be apphcabIe generally’. We now report on the feastbrhty of empIoymg r3C-n m r- 
spectroscopy for morntormg the drssocratron of the hydroxyl groups of arabmo- 
nucleosrdes, and the accompanymg modrficatrons m conformatron 

RESULTS AND DISCUSSiON 

Proton-decoupled, 13C-n m r spectra were recorded for all the O’-methyl 
derrvatives, both In neutral and strongly alkaline media For selected denvatrves, the 
spectra were recorded without proton decouphng, and a typrcal spectrum IS that for 
2’,3’-nr,AraC*, shown m Fig 1 

*Abbrewatlons m, methyl, AraC, I-/?-D-arabmofuranosykytosme, 3’-mArau, 3’-O-methyl-/?-D- 
arabmosylurac& 2’,5’-m~AraC, 2’S’-dr-0-methyl-P-D-arabmosylcytosme, erc , I-mC, i-methyl- 
cytosme 
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Fig I Proton-coupled, ‘XI-n m r spectrum of 2,3 -f?r~AraC m neutral, aqueous medwm at 34” 
Chemical shifts are m p p m relatwe to Internal l&dloxane 
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.-tssrgluwnts of the 13C signals for rwwtt al fol IIIJ The ‘%_I stgnals for the neutral 
form of AraC were ldentdied on the basis of the assignments of Jones cpt al 9 and by 
comparisons wth data reported for other arabmonucleosldes” 

Identlficatlon of most of the signals of the O’-methyl derwatws of AraC were 
based on the followmg observations (Table I) Methylatlon of HO-Z’ or HO-3’ 
caused a downfield shift of the qnal for the corresponding (cl) ring carbon of -7 
to -10 ppm, and an upfield shift of 0 5-3 0 p p m for the slgnal of the corre- 

spondmg proklmate (/I) carbon These effects were addltlve to wthln -0 3 p p m and 
agree well wth the findlngs ‘I I2 for methylated methyl arabrnofuranosidcc The 
closer slmllarlty of our results wth those for the methyl x-D-arablnofuranosldes may 
reflect the marhed differences In conformatIon between AraC and Its O’-methyl 
derlvatwes on the one hand, and methyl P-arablnofuranosldes on the other AraC 
and its O’-methyl denvatlves, exhlblt d shght preference for the S conformation of the 

sugar rmg’ 3 In contrast methyl /I-D-arablnofuranoslde exhlblted appreciably higher 

3J~ H coupling constants (relatwe to those of AraC), polntrng to ‘1 clear preference 
for the N form 

The ‘3C-chemlcal shift data for the U’-methyl derlvatlves of the neutral form 
of AraC are shown schematically m FIN 2 In some lnst‘mces sqwl Ident~fkltton 
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Fig 2 Dlagrammatlc representation of the chemical shrfts (m p p m rclattxe to mternal 1 4-dlotane) 
of the carbon atoms of 3’-mAraU, and of AraC and Its var1ou.s W-methyl dernatlves 
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was achieved by spectral measurements under condtttons of 13C-[1H] off-resonance 

spm-decouplmg 
Sugar-rmg carbons bonded to protons which exhibit sufficiently large chemtcal- 

shift differences (1 5-4 p p m ) m the ‘H-n m r spectrum were distmguished by 
apphcation of a simphfied graphical procedure’“, using the relationship 

JR/( J’ _ J’)‘l’ 
0 R = A\/yH,, 

where JR IS the residual couplmg constant, Jo IS the couplmg constant, Av IS the 
frequency difference between the corresponding decoupled proton and the decouplmg 
frequency, and Hz is the strength of the decouplmg field At a constant intensity of 

decouplmg, the magnitude of the residual couplmg constant is proportional to Av 

This procedure made it possible to dtstmguwh readtly the signal for C-l’ 

from those of the other sugar carbons, smce the chemical shift for the H-l’ signal 

differed appreciably from those of the other rmg protons (see, for example, Fig 3) 
However, the signals for C-2’ and C-3’ could not be distmguished when both 

carriea OH or OMe, I e , for AraC or 2’,3’-nrzAraC 
rlss~grunents of the 1 3C signals for tonic fotms at pD - I4 Stepwise basification 

of AraC solutions by the addition of NaOD was accompanied by changes in chemical 
shifts of the 13C signals Identification of some of the signals at pD - 14 required 
the use of the method noted above, particularly for C-2’ and C-3’, the signals of 

whtch exhtbtted differences m chemtcal shifts of -3 p p m , as compared to 0 1 p p m 
at pD 7 This problem was resolved by application of the procedure of Roth et a/ I5 

which, u-t contrast to the graphical method. mvolves recordmg a series of off-resonance 
spectra at a constant frequency-difference Al, but with a stepwise decrease m de- 

couplmg field-strength to zero Lmear relationships are obtamed m thts way for the 
individual carbons To obviate the need for measurement of the strength of the 

decouplmg field, the values of JR./J& - Ji,)“’ are determmed m terms of some 
functlonJRfJ~,-f~)‘lr for a selected carbon, m this instance C-6, the signal of which 
IS most readily identifiable m all the spectra This leads to a series of lmes with dlffer- 

ent slopes, even for carbons bonded to protons having closely stmiIar Larmor 
frequencies 

From the relationship 

J Rt A vz JR 

(J;, _ J;,)l/z = - A, (J” _ Jz)l/z’ 
0 R 

it IS clear that the slopes of the lures represent the differences between the frequency 
of tne decouplmg field (which IS kept constant) and the Larmor frequency of the 
proton bonded to a given carbon (and denoted by I) 

The results of such an analysis, whtch mahe possible the unequivocal rdentifi- 
cation of the signals of the individual carbons m AraC m strongly alkalme media, 

are shown m Frg. 3 
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Rg 3 Identlficatton of the mdlrldual carbon signals of the sugar rmg of AraC m aqueous medium, 
pD N 14, by the procedure of Roth er al 15, as described m the text 

TABLE II 

CHAhCESINCHEMICALSHIFTSOFTHESICVALSFOR~EPENTOSECARDONSOF AraC AND ITS 0 -VETHYL 
DERIVATIVES,AND FOR 3 -mAraU, RESULTIXC FROMACHAXGEI~ pD FROU ~I-~~~~~YADDITIO~OF 

IO-20 MMOL OF NaOD 

C-l’ C-2’ c-3 C-J C-5 

AraC -2 50 -1 78 -4 99 

2’-mAraC -003 -2 56 -2 51 
3’-mAraP -27 11 -34 
S-mAraC -0 88 -3 40 -340 
2’,5’-maArK 0 02 -249 -2 23 
3’,5’-mnAraC -1 24 -3 07 -3 11 
2’,3’-nr?AraC 0 02 -0 61 003 
2 ,3’,5’-m3AraCb 0 08 -0 01 000 
3’-nzAraU -3 25 1 09 -3 53 

-5 56 

-3 56 
-2 I 
--I 91 
-2 31 

040 
-1 74 

004 

--I 96 

-197 
-185 
-08 
--I 54 
-142 
-0 94 
-1 15 
-0 01 
--I 20 

uBased on the use of calculated values for the chemical shifts at neutral pD (see text for detatk.) 
*Amount of NaOD added was only 3 mmol, so that pD uas shghtly less than 14. smce furtheraddnlon 
of NaOD led to preclpltatlon 

Clranges HI cJzetmcaI sArfts accontpanyrtlg rormatrotl of wgctt JIJ dt o \yi(s> The 
changes m chemical shifts of the signals for the pentose carbons, resulting from an 

Increase m pD from 7 to 14 (where HO-2’ and/or HO-3’ are partially or totally 
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lorued), are hsted In Table Ii for AraC and some of Its O’-methyl denvatwes, and 

for 3’-zzzAraU 

For 2’-rzzAraC 2’.5’-zzzZAraC, and 3’,5’-zzz,AraC, zonzsatzon of a gzven hydroxyl 

was reflected by downfield changes zn chemzcal shafts of the stgnal for the a-carbon 

and the two b-carbons The chemzcal shzfts of y-carbons were vzrtually unchanged 

In contrast. the chemzcal shzft of the szgnal for the exocyclzc C-5’ was modzfied by 

tornsatron of HO-1 or HO-3’ These changes zn chemrcal shzfts, whzch were all 

downfield relattve to those for the neutral forms, resulted exclustvely from the 

effects of hydrokyl ronrsatzon, smce the alLah-Induced changes for 2’,3’,5’-/zz,AraC 

(see Table If) were neghgtble (~0 I p p m ) Furthermore, from ‘H-n m r measure- 

ments for these compounds, there are no marked alhalz-mduced changes m conforma- 

tzon of the Penrose t-zngs’ 

The srturitzon IS quote drtferent for AraC (Fig 4) 3’-tzzAraC and 3 -zzzAraU, 

\\ here sugar-hydrolyl dzssocratzon IS accompamed by marked changes m conformatzon 

of the pentose rzng ‘H-N m r spectroscopy has shown that the C-2’e1zr/o ;= C-3’en~lo 

equzhbrzum m neutral medza undergoes a very pronounced shzft to the C-2’ezzclo 

conformatton tn strongly ,tlhahne medza’ 

C-3’ 

i 

-16 c 

I 1 I , t 

0 3 6 9 12 15 1.6 2; 
1+ 

24 27 

mmol NaOD 

Fig 1 Dependence of 13C-chemical shifts (III p p m relatwe to Internal 1,4-dlouane) on amount of 
NaOD (m mmol) added to a Z-ml sampie of M AraC 
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The charactenstlc ~rpjield shifts (t 1 1 p p m ) of the slgnal for C-2’ m 3’- 
r?lAraC and 3’-mAraU as a result of basdicatlon must be due, m part, to a change In 

conformation of the pentose rm, 0 A slmllar effect was observed for AraC, where the 
change m chemical shift (---I 78 p p m ) for the slgnal for C-2’ was the rewlt of a 
change m conformation and lomsatlon of HO-2’ and HO-3’ The change m chemical 
shift of the srgnal for C-2’ due to lomsatlon alone IS - -3 p p m [e g , -3 4 p p m 

for C-2’ of S-nrAraC (see Table II), the conformation of which IS essentially un- 
changed m gomg from neutral to alkalme medium], so that the change m conforma- 
tron from C-2’ertdo + C-3’en~o at neutral pH to C-2’cw~lo at strongly alkalme pH 
leads to an upfield shift of the slgnal for C-2’, thus accountmg for the decrease In 
ddC-2’ from approxtmately -3 to - 1 73 p p m 

The alkah-Induced changes m conform&on of the pentose rmgs of AraC, 
3’-r,zAraC, and 3’-mAraU, prewously estabhshed from analyses of the ‘H-n m r 

spectra’, are also reflected by downfield shifts for the signals for C-l’ (see Table II) 
as compared to the remammg AraC derwatlves 

A comparison of the changes m chemlcdl shifts accompanymg an Increase m 
pD for 2’,3’-tn,AraC and 2’,3’,5’-tiz,ArdC demonstrates that some lomsatlon of 
HO-S’ m the former occurs and maxlmally affects the chemical shifts of the sgnals 

for C-4’ and C-5’ The chemical shift of the sIgna for C-2’ wds also affected. to .I 
smaller, but still slgmficant, extent Hence, for all derlvatwes wth HO-S’ unsubstl- 
tuted, chemical shifts due to its partial lomsatlon cannot be Ignored In particular 

for those denvatives that form an intramolecular hydrogen-bond m alkaline mcdi,t 
the changes m chemical shifts of the signals for C-4’ and C-5’ result not only from the 
accompanymg change m conformatlon, but also to LL lesser extent from lonlsatlon 

of HO-5’ 
Thus, neglectmg the smaller effects of partial dlssoclatlon of HO-5’, the chemical 

shifts of the sugar-rmg carbons m AraC are sensltlve to lomsatlon of HO-2’ and 
HO-3’, as well as to the accompanym, m changes m conformatlon of the sugar rmg 
A change m conformation of the latter from C3’e&o to C-~‘L’~I~/O Increases the 
shleldmg of C-2’ and deshlelds C-l ’ 

For all the nucleosldes studled, dlssoclatlon of d proton from a sugar hydrovyl 

leads to deshleldmg of the ‘A and /I carbons In ‘H-n m r spectroscopy’, hydroxyl 
dlssoclatlon results m shleldmg of the protons bonded to the correspondmg carbons, 
and this Illustrates the opposmg changes In chemlcdl shifts of the signals for protons 
and other nuclei (most frequently 13C and 31P) resultmg from lonlsatlon’6 Ii For 

‘H and 13C, this has been attributed to polarlsatlon of the C-H bondI An addltron,ll 
factor, which may operate m the lmmedlate wcmlty of the dlssoctatmg hydroxyi 
groups, IS a change m excltatlon energy’* 

Co~rfo~matron of O’-methyl groups The 3J values for the grouping HCOMe 

associated wth posltlons 2’, 3’, and 5’ can be used to determlne the rotamer popula- 
tlon associated wth Me-O and C-O bonds To a first approxlmatlon, the dependence 

of 3 JCKH on the rotatlonal angle about the C-O bond, as estabhshed for ethers” 
and methyl glycosldes*‘, may be apphed to 2’,3’+zzAraC The value of 3JH,c, 5 3 Hz 
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for MeO-3’_ IS close to that for drmethql etherlg, and there is free rotation about the 

C-3’-O-3’ bond, but the value (3 5 Hz) For MeO-2’ IS well below that for free rotatron 
and mdrcates a preference for the gntrclze (H-2’) conformatron 

These results contrast wrth those obtarned by ‘H-n m r spectroscopy” Hoti- 
ever, conformatronal assrgnments based on analyses of proton chemrcal shafts are 
fess accurate OF partrcular Interest IS the drfference m conformatron between MeO-2’ 
and MeO-3’. not revealed by ‘H-n m r spectroscopy The preference of the MeO-2’ 

For the grrr~lre (H-2’) conformatron may be accounted For by sterrc hmdrance to 
rotatron about the C-2’-O-2’ bond, whrch IS readily seen In molecular models Such 
sterrc hmdrance does not occur wth MeO-3’ 

Cor~fo~ tnntrofr about g11 co~rtlrc both The relatronshrp estabhshed by Lemreux 
et ai” for the dependence of 3Jc_2 zI L on the glycosrdrc torsron-angle for cychc 
uracrl nucfeostdes was subsequently extended by Davresz3 to pyrrmrdme nucleosrdes 
m general, wth the J_IW conformatron predommatmg for 3Jc 2 H , > 3fc 6 11 1 and 
the CWI conformatron preferred for the Inverse relatronshrp 

For 2’ 3 -nr2AraC an average value for 3fc_6,fr_L of -4 Hz 1ta.s obtamed 
whrch IS close to the values reportedz3 for cytrdme (3 3 Hz). urrdme (3 7 Hz), and 
thymrdme (3 9 Hz) The value of 3Jc z H_l could not be measured directly, because 
of the Low spectral resoIutron, but Its upper lrmu could be estabhshed as 2 Hz, as 
compared to values of 1 S Hz for cytrdme, 2 4 Hz for undme, and 2 0 Hz for thymr- 
dine” On thts basis, the conformational preference of 2’,3’-nz,AraC about the 
glycosrdrc bond 1s mztt In accord wth results obtamed by ‘H-II m r spectroscopy’ ” 

An Independent evafuatron of the conformdtronal preference about the glycosr- 
drc bond of pyrrmrdme arabmosyl nucleosrdes may be obtarned from tfre chemrcaf 

shaft of the srgnals for C-6 lkrth Increase m pD. as prevrously reported’ for the afkah- 
Induced chenucal shrft of the srgnal for H-6 For those arabrnonucleosrdes havmg 
Ho-2 unsubstrtuted, romsatron should affect the chenncal shaft of the srgnal for C-6 
rn the arm conformation, srnce these are then closest to each other 

The changes m chemrca1 shifts of the carbon-nucler srgnals of the aglycon 
followrng addmon of 4 mmof of NaOD (Table III) may be ascrrbed to romsatron 
of the sugar hydroxyls In partrcular HO-Z’ The Influence of the ronrsatron of HO-Z’ 
IS especrally pronounced on C-6 and, for all dertvattves havmg HO-Z’ unsubstrtuted, 
there 1s an apprecrable downfield shaft (- 1 p p m of the srgnal for C-6) Thus IS 
accompamed by an upfield shaft of -0 5 p p m of the srgnal for C-5 For those 
derrvatrves havmg i-10-2’ substttuted, the changes m chemrcal shafts of the srgnal 

for C-6 are much smalier (Table ITI) Also, the effect of the drssocratron of HO-Z’ 
on C-2 IS srgmficantly Iess than on C-6, consistent wth the proposed a/ztl conforma- 
tton about the glycosldlc bond rn general. the dependence of the chemxal shifts of 
the signals of the carbons of the nitrogenous-base moiety of AraC derlvattves on the 
amount of added NaOD 1s rather complex lncreasmg addrtron of NaOD leads to 
large changes u-r chemrcaf shafts of the srgnals of the base carbons, m a dnectron 

opposrte to that produced by lower concentratrons of NaOD (assocrated m this 
case wrth sugar hydroxyl drssocratron), accompamed by apprecrably smaller changes 
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TABLE III 

CHA~GESINCHE~UCALSHIF-TSOF ~HECYTOS~~EK~~GCXRUO~SI~ AraC AMI ITS O*-METHYLDER~VATIVES 

RESULTISG FROM A CHAI\GEIX @ FROM 7 TO- 14” 

Torn1 XaOD Change m clzenncaf hji (p p fn ) 
adcferl (nmof) c-2 C-4 C-5 C-6 

AraC 

2 -,,IAKIC 

3’-mAraC 
5 -ttzAraC 
2 ,3 -t,rzAraC 

2,s -wAraC 
3 ,5 -nzzAraC 
1 -mc 

40 

IS0 
40 

180 
20 
40 
40 

IS0 
40 
10 
15 

-0 35 

-0 54 
-0 I6 
-022 

(I 

-0 37 
(, 
I 
h 

-049 
), 

001 
11 

-0 01 
-030 

b 

0 15 
B 
b 

000 
c 

0 63 
b 

001 
-0 57 

0 Yf 
0 30 

-0 17 
-124 

005 
0 63 

-00s 

--I 00 
-0 65 
-0 3s 
-0 11 
--I 1‘ 
-0 YZ 

021 
I 13 

-0 32 
-1 1s 

000 

lAddltton of 3 mmol ot NaOD brmgs the pD to - 14 Wnh up to 18 mmol of NIOD, the pD oh IL 
least 14 and probably somewhat hgher ‘51gnal not obserkcd III the spcchum ~ELtscd on the use ot 
calculated values for chemlcnl shifts dt pD 7 prcscnted m T.lblc I 

tn chemtcal shtfts of the sugar-nng carbons It IS tnost hhely that this etfect 13 due to 
the mitral stage of dIs.soclatlon of the cytosme amino group’* Elperlments wth 
AraU demonstrated that changes m chemlcaI sh&s of the signals of the carbons of 
the base occurred only on addltlon of up to 4 mmol of NaOD The begmmns of 
dlssoctatlon of HO-5’ at pD N 14 also affects the chemical shifts of the signals of the 
carbons of the base 

The conslbtency of the d.lta In Tables I and III and the proton clIemuzal-shifts 

prewously reported’ ” point to the slmllarlty In confolmatlon about the glycosldlc 
bond of the vat-lous 0’-methyl dcrivcltlves 0’-AlLyLmon only mrmmally affects the 
conformation of the sugar rm$’ However, on the basis of chemical-shift data 
alone, It IS dlficult to exclude some varlatlon tn the populations of the J_~,I and nrztl 
states between mdlvldual compounds, of the order of 200,q: 

From the 13C-n m r , proton-coupled spectrum for AraC m strongly alhahne 
media, despite the observed, appreciable broadenmg of the signals, the value of 
3Jc-6 H-, may be estimated as 4 Hz, t c , CL value stmIlar to that for compounds 

preferenttalIy In the CW~I form, tncludtng 2’,3’-nz,AraC It follows that both mtroduc- 
tton of an 0’-methyl substltuent, and dlssoclatlon of sugar hydroxyls, do not apprew 
ably dffect the conformatlon about the glycosldlc bond In O’-methyl derlvatlves of 
AraC 

EXPERIMENTAL 

AraC and Its 0’-methyl dewawes were syntheslsed as descrlbcd elsewhere”, 
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and 3’-nrAraU was obtamedz6 by deamm atlon of 3’-mAraC m M acetlc acid D,O 

(99.75 mole 7: D) and NaOD (99 mole F/, D) were used 
13C-N m r spectra were obtamed at 31” for 0 4-231 solutions wth a Vanan- 

Cm-20 spectrometer, usmg SK data pomts wth a resolutron of 0 37 Hz/pomt The 
solvent deutermm resonance was used as a field-frequency lock Solutions of m- 
creasmg alkalmlty were obtamed by stepwse addmon of measured volumes of 15~ 

NaOD, usmg caltbrated Carlsberg mIcropIpettes DO- concentrations were deter- 
mmed from the amount of NaOD added 
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