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ABSTRACT

Vanable-temperature 220-MHz nmr studies conducted on the 2’-deoxy
derivatives of cytidine, thymidine, uridine, adenosine, guanosine, inosine and, to a
Iimited extent, their 5'-phosphate disodium salts, allowed accurate proton-shift and
coupling data to be obtained for the 2-deoxy-8-D-erythro-pentofuranosyl portion of
the molecule Conformational analysis, aided by the DAERM method, indicated that
the sugar moiety of these molecules has a favored conformation of Ve 2T, 2 V;
and an alternative favored conformation of °Va°T,=2V,

INTRODUCTION

Relatively few nmr studies of 2'-deoxy nucleosides have been undertaken
(see ref 1 and references therein), 1n spite of the importance of this class of compounds.
Our 1nterest 1n the deoxyfuranose system? and the availability ot 220-MHz facilities
has led us to 1investigate these molecules and elucidate the conformational properties
that the 2’-deoxy-f-p-erythro-pentofuranosyl moiety exhibits The potential flexibility
of the furanoid ring, and the difficulty in analyzing highly coupled, second-order
spectra having seven intercoupled spins, made this not an easy problem With the
220-MHz facility, analysis of the spectra was greatly ssmplified Application of the
“Dihedral Angle Estimation by the Ratio Method” (DAERM)? enabled an evalua-
tion of the time-averaged angles subtended by H-1’ and H-3’, which were coupled
into the C-2'(deoxy) methylene group From these angles, and their varnation with
temperature over a range of 80°, a description of the conformational properties of
the sugar ring has been developed

RESULTS AND DISCUSSION

LAOCN II* analysis of the 220-MHz nmr spectra yielded the chemical
shifts (Table I) and coupling constants (Table II) of the protons in the sugar moiety
of the deoxy nucleosides studied (Figs 1 and 2)

The spectra measured at 80° were well resolved, even to the extent that a long-
range coupling from H-1’ to H-3’ of about 0 5 Hz was often observable. At lower

*Present address Department of Chemustry, Umiversity of Sao Paulo, Sao Paulo, Brazl.
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TABLE 1
CHEMICAL SHIFTS®
Compound Solvent Temp H-1' H-2’a H-2'b H-3" H-4' H-5'a H-5'b
(deg)
Purine derivatives
Adenosine (1) CsDsN 80 320 6 88 7 31 494 549 584 595
D,O 60 356 720 7 36 529 574 606 612

CsDsN-D.O 23 312 695 712 484 536 579 584
CsDsN-D,0 0 307 68 707 476 531 576 582

Adenosine-P? D,0O 28 304 6 86 705

Guanosine (2) Me,SO 80 366 734 762 498 592 620 625
Me,SO 23 362 735 753 532 501 620 625

Guanosine-P D.;O 80 370 722 743 528 570 597 602
D,0 23 377 722 743 528 570 593 598

Inosme (3) Me,SO 80 364 735 763 556 607 635 640
Me,SO 23 363 726 763 556 608 635 642

Pyrnimidine derivatives

Uridine (4) CsDsN 80 324 752 737 504 564 590 595
CsDsN 23 306 739 727 498 549 578 586
CsDsN-D.O 23 3 38 7 52 727 506 554 580 585
C,DN 0 298 736 724 494 546 574 582
CsDsN —40 283 726 718 4 84 537 569 577

Thymidine (5) CsDsN 80 318 746 738 512 566 588 594
CsDsN 23 297 735 728 495 552 576 584

Cytidine HCI¢ (6) D,O 80 393 7176 7 64 574 606 631 638
D,O 23 392 7178 768 582 608 635 6 40

“Chemical shifts 1n non-aqueous solvent are given relative to Me,S1, otherwise shifts are given
relative to DSS (sodium 4,4-dimethyl-4-silapentane-1-sulfonate) ?See Ref 1 <These chemucal shifis
are given relative to the OH peak of the solvent, which was assigned a value of 7 4 38
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Fig 1 Structures of nucleosides studied 2’-Deoxyadenosine (1), 2’-deoxyguanosine (2), 2’-deoxy-
mosme (3), 2’-deoxyuridine (4), thymudine (5), 2’-deoxycytidine (6)
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Fig 2 Representative 220-MHz spectrum of the deoxypentofuranosyl portion of 2’-deoxyadenosme
(1) measuvred 1n pyridine-ds at 80°

temperatures, the resonances broadened considerably, making accurate analysis
difficult The spectra obtained at —40° were almost completely unanalyzable,
although hmted information was obtained for 2’-deoxyuridine at this temperature
Insolubility of certain of the compounds precluded obtamning spectra from D,O
solutions for all examples It was found, however, that no very significant differences
1N spectra were obtamed on changing from aqueous to non-aqueous solution

Line broadening has been ascribed to base-stacking in aqueous systems® The
presence of broadening 1n non-aqueous media, such as pyridine, 1n our OpInNIon cannot
be attributed to this type of interaction, as the base should be strongly solvated Thus,
the characteristic broadening of the spectra at lower temperature indicates that
conformational equilibration between various favored conformations is occurring
As this broadening 1s quite evident even at room temperature, 1t would seem that the
energy barrier to interconversion between various energy mimma 1s relatively high
In an equilibrating system, time-averaged couplings are observed If the deoxypento-
furanose ring has a conformation that has an energy mimimum significantly lower than
that for any other conformation, this could be expected to be revealed by a tempera-
ture dependence in the interproton couplings As the temperature is lowered the
observed couphngs should tend toward those exhibited by a favored conformer, 1f
one 1n fact exists The effect of dihedral-angle estimation by the ratio method
(DAERM)? would be to yield averaged angles from these various sets of time-
averaged coupling constants Through extrapolation of these changes 1t 1s possible to
assign conformational tendencies to the molecule It should be noted that the dihedral
angles that are exhibited in the assigned favored conformation may be very different
from those obtamed from the DAERM calculations The criterion is that con-
tributions from alternative conformers will, by averaging, give the observed results

Dihedral Angle Estimation by the Ratio Method (DAERM) 1s a process of
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estimating the angles subtended by a hydrogen atom coupled to a methylene group
DAERM 1s based on the assumption that the cos? @ term of the Karplus equation 1s
not significantly affected by various atomic and molecular parameters such as ring
s1ize and electronegativity In order to correlate change in couplings with confor-
mational tendency, DAERM calculations were carried out for the H-1" and H-3'
couplings into the methylene group at C-2’ As the results for all compounds except,
perhaps, 2'-deoxycytidine HCIl, were similar, only the results for 2’-deoxyadenosine
are discussed 1n detail, and those results obtained for the other compounds are listed
m Table III

TABLE III
DAERM ANGLES
Compound Temp 1,2’cas 1,2’ trans 2’,3'cis  2°,3’trans Y3 4
(deg )
Adenosine (1) 80 26 150 8 132 292
60 26 150 8 132 287
23 27 151 6 130 262
0 27 152 4 128 249
Adenosine-P*? 23 21 145 12 136
Guanosine (2) 80 27 151 8 132 300
23 29 153 7 131 277
Guanosine-P 80 24 148 11 135 346
23 26 150 8 132 304
Inosine (3) 80 25 149 9 133 315
23 26 150 8 132 262
Ur.dine (4) 80 24 148 9 133 354
23 (CsDsN) 25 148 10 134 328
23 (CsDsN-D,0) 25 149 9 133 340
0 25 149 10 134 327
—40° 26 150 7 131 214
Thymidine (5) 80 25 149 9 133 357
23 26 150 10 134 301
Cytidine HCI (6) 80 22 146 11 135 401
23 22 146 12 136 395

aSee ref 1 ®See footnote a, Table 11

From the high-temperature (80°) results, DAERM* prowvides two acceptable
solutions (z and n) for the H-1' to H-2' couplings Simularly the coupling of H-3' into
the methylene position provides two acceptable DAERM* solutions (7zz and w)

J as (H2) J trans (Hz) cis angle (deg) trans angle (deg )
1 728 623 18 142
1 623 728 26 150
m 6 04 332 8 132
w 332 6 04 37 161

*o = 124°, ky[/k; = 0 8, values typical for furanose systems?
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The configuration of the f-pD-erythro system, and the couplings assigned in
Table IT allow only two combinations of these values (Fig 3)

(150)
728

H-1

623
(26)
H-2b

t+iv=2A e+ 11 =8

Fig 3 Two shapes of the 2’-deoxy-D-erythro-pentofuranosyl moiety (couplings m Hz, angles n
degrees)

Studies! on the 3’- and 5’-phosphates of 2’-deoxyadenosine have indicated that
the trans-couphing of protons between positions 1’ and 2’ 1s the larger, and con-
sequently, the trans-coupling between positions 2° and 3’ 1s the smaller This leads us
to assign B as the correct conformational indicator, and thus the set of angles that
most closely reflect the conformational averaging of the molecule This assignment 1s
substantiated by the temperature dependence of the coupling constants (Table IV)
In all of the compounds, the coupling between H-3’ and H-4' decreases with de-
creasing temperature

TABLE 1V
TEMPERATURE DEPENDENCE OF TIME-AVERAGED DIHEDRAL ANGLES

Temp (deg) 1,2 ais 1’,2’trans 2’,3’c1s 2,’3 trans Js: 4

Assignment A

80 18 142 37 161 292
60 18 142 37 161 287
23 17 141 40 164 262
0 17 141 42 166 249
Assignment B
80 26 150 8 132 292
60 26 150 8 132 2 87
23 27 151 5 130 262
0 28 152 4 128 249

The conformational tendency indicated by assignment A4 necessitates a con-
former 1n which H-3' and H-4' are near trans-antiparallel Not only 1s J3' ,’ much
smaller than would be expected for such an arrangement, but the relationships
expressed by the temperature dependence of 4 would requre an increase 1 the
averaged H-3’ to H-4’ dihedral angle, and consequently an mcrease in the couphag



CONFORMATIONS OF 2’-DEOXY NUCLEOSIDES 413

with decreasing temperature Clearly these observations are not in keeping with
assignment A4

The trends observed with decreasing temperature 1n assignment B (Table IV),
dictate a decrease 1n the H-3’ to H-4’ dihedral angle to nearer 90°, and consequently
a decrease mn coupling Thus arrangement B agrees with the proton assignment of
Ts’o and coworkers?! and provides a reasonable basis for the temperature dependence
of the H-3'-H-4’ couphng

Further examination of Tables IIY and IV indicates a shght, but systematic,
increase 1n calculated cis (and frans) H-1" to H-2’ dihedral angle as the temperature
1s lowered A similar trend 1s noted for the H-2’ to H-3' angles, but the angles here
collapse The change 1s much more rapid for this latter case and this, in conjunction
with the corresponding decrease in the H-3' to H-4' coupling, indicates that the most
mobile part of the molecule 1s that involving carbon atoms 3’ and 4’

The preceeding information on the couplings mto C-2’ dictates that the favored
conformation must be one 1n which this atom 1s above the average plane of the other
four ring-atoms The conformational preference V= 2T, V5 as designated by
Hall and coworkers® most closely approximates the direction 1n which the lower-
temperature results show change With mmmumal change 1in angles about carbon
atoms 1’-3’, the alternative favored conformer (°¥ = °T, = ¥,) can be achieved, 1n
accordance with the higher-temperature results showing most change 1n the C-3' to
C-4’ region The favored conformation assigned 1s not surprising, in that ribose and
deoxy-erythro-pentose nucleosides and nucleotides 1n the crystalline state often
adopt the 2V (C-2’ endo) and V5 (C-3’ exo) conformations”® The involvement of
one or more hydrogen bonds within the crystalline species may obviously distort or
change the conformation from that found n solution

2’-Deoxycytidine HCI, as mentioned previously, seems at first sight to be an
exception It did not show a marked broadenng at 23° (that 1s, the peaks were still
quite sharp, although the 0 5-Hz coupling was no longer clearly resolved) The
couplings 1n the furanose ring did not change noticeably with temperature, the
maximum difference in couplings was 0 07 Hz, a value within the experimental error
of ~01 Hz for tlus compound at 23° The H-3' to H-4’ (and H-2' to H-3’ trans)
couphings are the largest observed i this study (approx 4 Hz) These results are
readily explained if the difference in energy between the favored and alternative
favored conformer 1s less in the case of cytidine than for other derivatives If this 1s
true, more time will be spent in the alternative favored conformer, the H-3' to H-4'
(and H-2’ to H-3’ trans) couplings will consequently be larger than that observed for
the other compounds The equilibrium population will not be significantly changed
with temperature (thus explaiming the shight temperature-dependence of couplings)
and the rate of interconversion between conformers will be faster and thus thenm r
line-broadening will be less at 23° It should be noted that, in general, all of the
pynmidine derivatives show a shghtly less-marked dependence of couplings on
temperature than do the purme derivatives The H-3’ to H-4' coupling 1s also
invariably larger than for the purine case This would indicate that the purine
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derivatives studied favor shghtly more the ?V = 2T5 @ V5 conformation than do the
corresponding pyrimidine derivatives

In general, it was found that the chemucal shifts of the H-2’ protons of the
5’-phosphate derivatives were so similar that good analysis of the spectra was
impossible, and therefore hittle definitive information could be obtained concerning
the temperature dependence of the couplings The spectrum of 2’-deoxyguanosine
5’-phosphate was readily analysed, however, and the temperature dependence of
couplings was found similar to that of the other derivatives (Table IT). As the couplings
of the 2'-deoxyadenosine 5’-phosphate at room temperature! are similar to those of
the derivatives that we have studied, it seems unbkely that this compound is an
exception The foregoing compounds are both purine denivatives, and consequently
Iittle can be said about the conformational tendencies of the pyrimidine 5’-phosphate
denivatives |

|

EXPERIMENTAL

The 2’-deoxy derivatives were purchased from Sigma Chemucal Co and
recrystallized twice from D,0 or D,O-pyrnidine Vanable temperature n m r studies
were conducted on the Canadian Research Council’s 220-MHz spectrometer at
Sheridan Park, Ontario, Canada Spectral analysis was performed by using an
IBM 370/155 computer and the LAOCN TII program of Bothner-By and Castellano*
Chemical shifts 1n non-aqueous solvent were measured relative to Me,S1, in D,O or
solvent muxtures, relative to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid,
sodium salt)
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