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ABSTRACT 

Variable-temperature 220-MHz n m r studies conducted on the 2’-deoxy 
derivatives of cytidme, thymidme, undme, adenosme, guanosme, mosme and, to a 
hmlted extent, then 5’-phosphate disodnnn salts, allowed accurate proton-shaft and 
couplmg data to be obtamed for the 2-deoxy-B-D-q&-o-pentofuranosyl portion of 
the molecule Conformational analysis, arded by the DAERM method, mdicated that 
the sugar moiety of these molecules has a favored conformatron of 2Ve 2T3 * V, 
and an alternative favored conformation of ’ Vti ‘T4 e Y. 

INTRODUCTION 

Relatively few n m r studies of 2’-deoxy nucleosides have been undertaken 
(see ref 1 and references therem), 1x1 sprte of the importance of this class of compounds. 
Our Interest m the deoxyfuranose system2 and the availabihty or 220-MHz facihhes 
has led us to investigate these molecules and eIucrdate the conformatronal propertres 
that the 2’-deoxy-j&D-erythro-pentofuranosyl moiety exhibits The potential flexibility 
of the furanold rmg, and the dBiculty m analyzing highly coupled, second-order 
spectra havmg seven mtercoupled spins, made this not an easy problem With the 
220-MHz facility, analysis of the spectra was greatly srmplrfied Apphcation of the 
“Dihedral Angle Estimatron by the Ratio Method” (DAERM)3 enabled an evalua- 
tion of the time-averaged angles subtended by H-l’ and H-3’, which were coupled 
mto the C-2’(deoxy) methylene group From these angles, and then varlatron wrth 
temperature over a range of 80”, a description of the conformational properties of 
the sugar rmg has been developed 

RESULTS AND DISCUSSION 

LAOCN HI4 analysis of the 220-MHz n m r spectra yielded the chenucal 
shifts (Table I) and couphng constants (Table II) of the protons m the sugar moiety 
of the deoxy nucleosrdes studied (Figs 1 and 2) 

The spectra measured at 80” were welI resolired, even to the extent that a long- 
range coupltng from H-l’ to H-3’ of about 0 5 Hz was often observable. At lower 

*Present address Department of Chenustry, Umverslty of Sao Paula, Sao Paulo, Brazil 
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TABLE I 

CHEMICAL SHId 

Compound Soioent Temp H-1’ H-2’a H-Z’6 H-3’ H-4’ H-5’a H-5’b 

(deg > 

Purrne derzcatlkes 
Adenosme (1) GDsN 

Dz0 
C,D,N-D,O 
CsDsN-D20 

Adenosme-P* DzO 
Guanosme (2) MezSO 

Me,SO 
Guanosme-P Dz0 

Dz0 
Inosme (3) Me2S0 

Me2S0 
Pyrtmrdme derwatwes 
Urldme (4) CsDsN 

C~DSN 
CrDSN-D20 
‘&D,N 
C5D.N 

Thymldme (5) CsDsN 
QiDsN 

Cytldme HCF (6) D+O 
DzO 

80 3 20 6 88 731 494 549 5 84 595 
60 3 56 720 7 36 5 29 5 74 606 6 12 
23 3 12 6 95 7 12 484 5 36 5 79 5 84 
0 3 07 6 86 707 476 531 5 76 5 82 

28 3 04 6 86 7 05 
80 366 7 34 7 62 498 5 92 620 625 
23 3 62 7 35 7 53 5 32 5 91 6 20 6 25 
80 3 70 7 22 7 43 528 5 70 597 602 
23 3 77 722 743 5 28 5 70 593 598 
80 3 64 7 35 7 63 5 56 607 635 640 
23 3 63 7 26 763 5 56 608 6 35 642 

80 
23 
23 

0 
-40 

ii 
80 
23 

3 24 7 52 737 504 5 64 590 595 
306 7 39 727 498 5 49 5 78 5 86 
3 38 752 727 506 5 54 580 5 85 
298 736 724 494 546 574 582 
2 83 726 718 484 537 569 577 
3 18 746 738 5 12 5 66 5 88 594 
2 97 7 35 728 495 5 52 5 76 5 84 
393 776 764 574 606 631 638 
392 778 768 5 82 608 635 640 

%hemxal shifts m non-aqueous solvent are gven relative to Me,& otherwIse shifts are even 
relative to DSS (sodmm 4,4-dlmethyl-4-sdapentane-1-sulfonate) *See Ref 1 These chermcal shifts 
are gven relative to the OH peak of the solvent, whrch was asslgned a value of T 4 38 

OH OH 

CHa 

4 R= 5 R= 6R= 

HO HO 
1 

Fig 1 Structures of nucIeosldes studled 2’-Deoxyadenosme (l), 2’-deoxyguanosme (2), 2'-deoxy- 
mosme (3), 2’-deoxyundme (4), thynudme Q, 2’-deoxycytxime (6) 
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H;l* H;3’ H;4’ H-S&,H-5b 

I 

H;2d H ;2b’ 

30 40 5’0 6’0 7’0 

-r 

Frg 2 Representatlve ZZO-MHz spectrum of the deoxypentofuranosyl portlon of 2’-deoxyadenosme 
(1) measured m pyndme-d, at 80” 

temperatures, the resonances broadened considerably, makmg accurate analysis 
dsfficult The spectra obtained at -40” were almost completely unanalyzable, 
although hrmted mformatron was obtamed for 2’-deoxyundme at thrs temperature 
Insolubrhty of certam of the compounds precluded obtarmng spectra from D20 
solutrons for all examples It was found, however, that no very srgmficant drfferences 
m spectra were obtamed on changmg from aqueous to non-aqueous solutron 

Lme broademng has been ascribed to base-stackmg m aqueous systems5 The 
presence of broadening m non-aqueous media, such as pyndme, in our opmlon cannot 
be attibuted to this type of mteraction, as the base should be strongly solvated Thus, 
the charactenstrc broademng of the spectra at Iower temperature mlcates that 
conformatronal eqmhbratron between varrous favored conformatrons IS occurrmg 
As thus broademng 1s quote evrdent even at room temperature, rt would seem that the 
energy bamer to mterconversron between various energy munma IS relatrvely hrgh 
In an eqmhbratmg system, trme-averaged couphngs are observed If the deoxypento- 
furanose rmg has a conformatron that has an energy nummum srgmficantly lower than 
rhat for any other conformatron, tlns could be expected to be revealed by a tempera- 
ture dependence m the inter-proton couphngs As the temperature is lowered the 
observed couphngs should tend toward those exhrbrted by a favored conformer, rf 
one m fact exrsts The effect of drhedral-angle estrmatron by the ratro method 
(DAERM)3 would be to yield averaged angles from these various sets of trme- 
averaged couphng constants Through extrapolatron of these changes rt 1s possible to 
assrgn conformatronal tendencies to the molecule It should be noted that the drhedral 
angles that are exhrbrted m the assrgned favored conformation may be very different 
from those obtamed from the DAERM calculations The critenon is that con- 
tnbutrons from alternatrve conformers wrll, by averagmg, gave the observed results 

Drhedral Angle Estunatron by the Ratio Method (DAERM) IS a process of 
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estlmatmg the angles subtended by a hydrogen atom coupled to a methylene group 
DAERM IS based on rhe assumption that the cos’ B term of the Karplus equation IS 
not agndicantly affected by various atomic and molecular parameters such as rmg 
size and electronegativlty In order to correlate change m couplmgs with confor- 
matlonal tendency, DAERM calculations were carrxed out for the H-l ’ and H-3’ 
couplmgs mto the methylene group at C-2’ As the results for all compounds except, 
perhaps, 2’-deoxycytldme HCI, were sundar, only the results for 2’-deoxyadenosme 
are dlscussed m detad, and those results obtamed for the other compounds are hsted 
m Table III 

TABLE III 

DAERM ANGLES 

Compound Temp 

(deg ) 

I’,Z’ CIS I’,Z’ tram 2’,3’ CIS 2’,3’ trans Js 4 

Adenosme (1) 80 

Adenosme-Pa 
Guanosme (2) 

GuanosumP 

Inosme (3) 

Urdme (4) 

Thymldme (5) 

Cytldme HCI (6) 

60 
23 

0 
23 
80 
23 
80 
23 
80 
23 
80 

23 (CsD,N) 
23 (C,DsN-D,O) 

0 
-4Ob 

80 
23 
80 
23 

26 150 8 132 
26 150 8 132 
27 151 6 130 
27 152 4 128 
21 145 12 136 
27 151 8 132 
29 153 7 131 
24 148 11 135 
26 150 8 132 
25 149 9 133 
26 150 8 132 
24 148 9 133 
25 148 10 134 
25 149 9 133 
25 149 10 134 
26 150 7 131 
25 149 9 133 
26 150 10 134 
22 1% 11 135 
22 146 12 136 

2 92 
2 87 
262 
249 

3 00 
2 77 
3% 
304 
3 15 
262 
3 54 
3 28 
3 40 
3 27 
2 14 
3 57 
3 01 
401 
3 95 

“See ref 1 *See footnote a, Table II 

From the kgh-temperature (80”) results, DAERM* prowdes two acceptable 
solutions (I and zz) for the H-l’ to H-2’ couphngs Slmllarly the couphng of H-3’ mto 
the methylene posltlon provides two acceptable DAERM* solutions (zzz and ZU) 

J c= (Hz) J tram (rri) CIS angle (deg ) tram angle (deg) 

1 6 23 142 
II 23 7 26 150 

604 3 8 132 
20 3 32 604 37 161 

*o = 124”, kl/kt = 0 8, values typxal for furanose systems2 
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The configuration of the /I-D-erythro system, and the couphngs asslgned m 
Table II allow onIy two combmatlons of these vaIues (Fig 3) 

&2b 

,trv=A ,, -I- 111 = 8 

FIN 3 Two shapes of the 2’-deoxy-D-erytiwo-pentofuranosyl moiety (couphngs m Hz, angles m 
degrees) 

Studies1 on the 3’- and 5’-phosphates of 2’-deoxyadenosme have indicated that 

the rrans-coupling of protons between positions 1’ and 2’ IS the larger, and con- 

sequently, the trans-coupling between posltlons 2’ and 3’ IS the smaller This leads us 

to asslgn B as the correct conformatIona mdlcator, and thus the set of angIes that 

most closely reflect the conformatlonal averagmg of the molecule This assignment IS 

substantiated by the temperature dependence of the couplmg constants (Table IV) 
In all of the compounds, the couphng between H-3’ and H-4’ decreases with de- 
creasing temperature 

TABLE IV 

TEMPERATURE DEPENDENCE OF TIME-AVERAGED DIHEDRAL ANGLES 

Temp (deg ) I’,2 CIS 1’,2’trans 2’,3’cls 2,‘3 trans J 3 4 

Assrgnmenr A 
80 
60 
23 

0 
Assgnment B 
SO 
60 
23 

0 

18 
18 
17 
17 

26 
26 
27 
28 

142 
142 
141 
141 

150 8 132 2 92 
150 8 132 2 87 
151 5 130 2 62 
152 4 128 2 49 

37 
37 
40 
42 

161 2 92 
161 2 87 
164 2 62 
166 2 49 

The conformatIona tendency mdlcated by assignment A necessitates a con- 
former m which H-3’ and H-4’ are near trans-antIparallel Not only IS J3’,4’ much 

smaller than would be expected for such an arrangement, but the relatlonsIups 
expressed by the temperature dependence of A would require an increase m the 
averaged H-3’ to H-4’ chhedral angle, and consequently an increase m the coupling 
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with decreasmg temperature Clearly these observations are not m keeping with 
assignment A 

The trends observed with decreasmg temperature m assignment B (Table IV), 
drctate a decrease m the H-3’ to H-4’ dihedral angle to nearer 90”, and consequently 
a decrease m couphng Thus arrangement B agrees with the proton asslgnment of 
Ts’o and coworkers1 and provides a reasonable basis for the temperature dependence 
of the H-3’-H-4’ couphng 

Further exammatron of Tables m and IV mdlcates a shght, but systematic, 
Increase m calculated CIS (and trans) H-l ’ to H-2’ dlhedra1 angle as the temperature 
IS Iocvered A slmlIar trend is noted for the H-2’ to H-3’ angles, but the angles here 
collapse The change IS much more rapld for this latter case and this, m conJunctIon 
with the correspondmg decrease m the H-3’ to H-4’ couphng, mdlcates that the most 
mobile part of the molecule IS that mvolvmg carbon atoms 3’ and 4’ 

The preceedmg mformatlon on the couplings mto C-2’ dictates that the favored 
conformation must be one m which this atom 1s above the average plane of the other 
four rmg-atoms The conformational preference ‘Vz$ “T3 * V, as designated by 
Hall and coworkers6 most closely approximates the du-ectlon m which the lower- 
temperature results show change With mammal change m angles about carbon 
atoms l’-3’, the alternative favored conformer (’ VS ‘T4 e V4) can be achieved, m 
accordance with the higher-temperature results showmg most change m the C-3’ to 
C-4’ region The favored conformation assigned IS not surpnsmg, m that rlbose and 
deoxy-erythro-pentose nucleosldes and nucleotldes m the crystallme state often 
adopt the ‘V (C-2’ endo) and V, (C-3’ exo) conformatlons7-’ The involvement of 
one or more hydrogen bonds within the crystalline species may obviously distort or 
change the conformatlon from that found m solution 

2’-Deoxycytldme HCI, as mentIoned previously, seems at first sight to be an 
exceptlon It did not show a marked broadenmg at 23” (that IS, the peaks were still 
quite sharp, although the 0 ~-HZ couphn, 0 was no longer cIearIy resolved) The 
couphngs m the furanose rmg did not change noticeably with temperature, the 
maxlmum difference m couphngs was 0 07 Hz, a value wlthm the experImenta error 
of -0 1 Hz for this compound at 23” The H-3’ to H-4’ (and H-2’ to H-3’ trans) 
couphngs are the largest observed m this study (approx 4 Hz) These results are 
readdy explamed If the difference m ener,7 between the favored and alternatIve 
favored conformer IS less m the case of cytldme than for other denvatlves If thrs IS 
true, more time ~111 be spent m the alternatIve favored conformer, the H-3’ to H-4’ 
(and H-2’ to H-3’ trans) couplmgs ~111 consequently be larger than that observed for 
the other compounds The eqmhbrmm population WJII not be qruficantly changed 
with temperature (thus explammg the shght temperature-dependence of couplings) 
and the rate of mterconverslon between conformers will be faster and thus the n m r 
hne-broadening ~111 be Iess at 23” It should be noted that, m general, all of the 
pynmldme derJVatlVeS show a shghtly less-marked dependence of COuphngs on 
temperature than do the purme denvatlves The H-3’ to H-4’ couphng IS also 
mvmably larger than for the purme case This would mdlcate that the purme 
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derivatives studied favor shghtly more the ’ Ve ‘7’s $ V, conformatron than do the 
correspondmg pynmidme derivatives 

In general, it was found that the chermca’l shifts of the H-2’ protons of the 
5’-phosphate derivatives were so simdar that good analysis of the spectra was 
impossible, and therefore httle definitive mformauon could be obtamed concermng 
the temperature dependence of the couphngs The spectrum of 2’-deoxyguanosine 
5’-phosphate was readily analysed, however, and the temperature dependence of 
couplings was found smnlar to that of the other derivatives (Table II). As the couplings 
of the 2’-deoxyadenosme 5’-phosphate at room temperature1 are solar to those of 
the derivatives that we have studed, rt seems unhkely that this compound IS an 
exception The foregoing compounds are both purme derrvauves, and consequently 
little can be said about the conformauonaI tendencies of the pyrirmdme 5’-phosphate 
derivatives I 

f 
FXPEMMENTAL 

The 2’-deoxy derivatives were purchased from Sigma Chemical Co and 
recrystalhzed twice from D20 or D,O-pyndme Variable temperature n m r studies 
were conducted on the Canadian Research Counc#s 220~MHz spectrometer at 
Sheridan Park, Ontano, Canada Spectral analysis was performed by usmg an 
IBM 370/155 computer and the LAOCN III program of Bothner-By and Castellano4 
Chemical shifts m non-aqueous solvent were measured relative to Me,&, m D20 or 
solvent nurtures, relative to DSS (4,4-dlmethyl-4-sdapentane-1-sulfomc acid, 
sodmm salt) 
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