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ABSTRACT

A proton magnetic resonance study of l-(P-D-ara-
binofuranosyl) uracil (aU) and 2,2'-anhydro-l-(f-D-arabino-
furanésyl) uracil (cU) has been completed. On the basis
of the coupling constants and chemical shifts measured
for these two molecules a conformation is assigned to
each. The ¢ ~anomer of aU is shown to exist in the anti
conformation with greater reétriction of rotation about
the N—glycésyl bond than in U. Coupling constants

. . . o
between furanose protons indicate that the O-endo ("V)

conformation is favoured, and that the cauche-cauche

rotamer is preferred by the exocyclic CH_CH group.

2

The g ~anomer of cU is locked with the base at right

angles to the anti position, due to the C2—O-C2, linkage.

11-8X0 (Vl)

conformation, while the exocylic group still favours

The furanose ring appears to favour the C

the gauche-gauche rotamer, although less so than in aU.

A temperature-dependence observed for several shifts
and coupling constants, and several previously-unreported
long~-range couplings, are related to structural features

of these molecules.
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CHAPTER I

Introduction




A nuceloside is an N-glycoside of a heterocyclic
base. The component sugars of primary biological
interest are the D-ribose and D-2'-~deoxyribose, while
the most common bases are adenine, guénine, cytosine,
uracil, and thymine. The sugar and base are attached

by an N-glvcosyl bond from the C of the pentose to the

l 1

Nl_position of a pyrimidine or N_ position of a purine

9
base. The ribonucleosides adenosine, guanosine, cyti-
dine, and uridine.contaih a D-ribose sugar, while the
2'-deoxyribonucleosides 2'—deoxyédenosine, 2'-deoxy-
guanosine, 2'-deoxycytidine, and'thymidine contain a
2-deoxy-D-ribose sugar. Structures of these eight
common nucleosides are shown in Figufe 1.

Nucleosides are one of the most versatile and most
essential biomolecules. Nucleofides - the sugar-0-
prhosphate esters of nucleosides - form the monomeric
units from which DNA and RNA are constructed. These
biopolymers are involved in the storage and transmission
of genetic information. As parts of coenzymes, they
participate in a large number of essential energy-trans-
forming reactions and intermediary metabolic pathwavs.,

In addition toxthese common nucleosides there
are a number of rare nucleosides having altered bases,
sugars, oOr sugar—base‘bonds. Some are naturally-

-7

. e 1
occuring, such as the t-RNA component pseudouridine ’

s . ... 8 :
the antibiotics puromycin and tubercidin and the sponge

14




Ficure 1

Structures of the eight common nucleosides.
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derivatives aT *(spongothymidine). and aU *(spongouridine)
13-18,23-25 . . :
! . Others are synthetic, but are important

biologically as anti-metabolites or radiation sensitizers
19-22

in treating malignant tumors ,

and important chemi-
cally as intermediates in the laboratory synthesis of
other nucleosides, nucleotides and polynucleotides.
Arabinonucleosides have received considerable
. ' .. 14 .
attention as antiviral and anticancer drugs. Both aa

g i 9
and aC are inhibitors for DNA polymerase and aA can

’

1

‘replace the 3'-terminal adenosine in a still-chargeakle
t- RNAll
Polyarabinouridylic acid does not function as a

messenger under conditions where polyuridylic acid does,

and does not form a complex with polyadenvlic acidlo;
These effects are ascribed to changes in secondary and
tertiary structure due to the chanoe in the position of
the 2'-0H group from that OCCUﬁled in the riboisomer
(see Figure 2).

Interest in anhydronucleosides has arisen fron
their role as convenient precursors in the synthesis of

the arabinonucleosides, - nucleotides, and polyarabino-

nucleotides.

* L .
~abbreviations used:
alu, aT, aa, aC for arabinouridine, - thymidine,
- adenen051ne - cytidine

i.e. 1- (B D—arabanIuranosvl) urac11 - thymine,
- adenine, - cytosine
cU for anhydrouridine (2,2'. - anhydro - 1-(B-D- gra-

banfoanOSVl) ura c1l).




Ficure 2

Structural formulae of uridine, arabino-
uridine, and anhydrouridine. The abbrevia-
tions in the square brackets,[ ] , are those

used throughout this paper.
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CHAPTER II

Nature of the Problem




The‘unusual'properties of the arabinonucleosides
and their polvmers are usually attributed tb structural
changes due to the altered pésition of the 2'-OH. An
ORD study by Maurizot et gl.%z of the conformational
characterisﬁics of arabinose- and ribdse— containing
dinucleoside phosphates led these authors td sucgest
an intramolecular hydrogen bond from the 2'-0OH to an

adjacent phosphate oxygen. However they note that an

interaction involving the base, as in the hypothesis

of Ts'O et gl,l3 could not be excluded. Investigations
by means of nuclear magnetic resonance (NMR)lS, optical
14

fotatory dispersion (ORD) and circular dichroism (CD)
have vielded information concerning ﬁhe sugar base
torsion angle. To date, no complete»structural analysis
of arabinouridine has been published. This NMR study
was undertaken with such an aim.

The heterocyclic base has been studied in sone
detai129_42; indicating that at neutral pH the base
exists as the diketo tautomer (Figure 3).

| The structural parameters of interest are the
anomeric configuration, the conformation of the furanose

ring, the conformation of the exocyclic CH,OH group, and

2

the sugar-base torsion angle. These terms are defined

in Figures 4-7 and the accompanying captions.



Figure 3

Tautomeric forms of uridine, with the
diketo form, shown on the right, being

the predominant form at neutral pH.






Figure 4

The o -anomer and B -anomer of aU.
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Figure 5

Possible puckered furanose conformations indicated
by.the convention of Hall et gl.67, %V or v
indicates the "envelope" conformation in which the
atom indicated by the superscript (or subscript)
is above (or below) the plane defined by the re-
maining four atoms. XTy indicates the "twist"
conformation in which the two atoms designated by
the superscript and subscript are respectively
above and below the plane of the other three atoms.
The CYCLe Of PSeudorotation (CYCLOPS) shows the
possible equilibria by which all possible confor-
mations can be achieved without ever passing
through a completely vplanar molecule. The two

molecules in the lower part of the diagram illus-

trate portions of the cycle.



10



Figure 6

Newman projections showing the three possible

rotamers about the exocyclic C,'-C_.' bond,

5

looking from C.' toward C,'.

5
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FPigure 7

. o 77
The sugar-base torsion angle, defined as zero

when the C2 oxygen and the furanose oxygen are

exactly opposite when viewed from above, positive

values measured in a clockwise direction. sSyn

and anti refer to the values of ¢CN from -90° to

+90° thréugh 1800, and -90° to + 90° through 0°

respectively.
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CHAPTER IIX

A Brief Review of Nuclear Magnetic

Resonance Applied'to Conformational Studies




A. Introduction

A wide variety of tebhniques have been used to study
nucleic acids, including UV, IR, CD, ORD, X-ray, and NMR
spectroscopy. UV and IR are best suited to studies of
inter- and intra-molecular.hydfogen bonding, determination
of tautomeric sfructure, and investigations of intact
polynucleotides in which the helix-coil transitions are
marked by disfinct changes in UV absorbance. Optical
rotation and circular dichroism reflect the degree of
symmetry or asymmetry, such as the intrinsic asymmetry
of sugars or the asymmetric arrangement of chromophores
in a helix. Several groups of workers, notably those of

Ulbricht 22 and Miles et g;,93' . have noted that ORD

’
-and CD changes can also be correlated with the sugar-
base torsion angle, gCN' X-ray studies produce detailed

conformational data, giving all bond lengths, angles,

and relative positions, but thssé studies must be carried
out on the crystalline state.  While the conforﬂation of
a molecule in the crystal lattice orten corresnonds to
the preferred conformation in solution, it_is dangerous
to extrapolate without additional evidence. The inter=
molecular distances in solution are.significantly greater
than in a crystal, so interaﬁtions such as hydrogen
bonding or base "stacking" may become less important,

éspécially in dilute solutions. For éxample, 4-thio~

uridine was shown to exist as the svn conformer in the
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crysta194, and as the anti conformer in solﬁtiongs.

By comparison NMR is capable of studying nucleo-
sides and nucleotides in agqueous solutions that are
sufficiently dilute to minimize intermolecular inter-
actions.. The majority of.studies have been done on
monomer units, as these provide readily interpreted

spectra, however progress is being made in the avplica-
’ po]

. Lo . . . o 24
tion of NMR to polynucleotides and intact nucleic acids

NMR also provides values for several independent para-
meters, the shifts and coupling constants, which have
recognized relationships to various structural and

electronic features.
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B. Factors Affecting the Chemical Shift

The resonance condition for a nucleus in a magnetic

field BO is given by the equation:
= Yi i o
vy | 1/2»J B, (1 i)

where vis and g are the resonance frequency, mag-

AN
netogyric ratio, and shielding constant respectively,
for a nucleus i. Thus variations in oy will cause

variations in resonance freqguencies. The screening ternm

Ui can be broken down into several varts which are some-

what arbitrary but quite useful.

o = Gd(local) +0_ (local) +o +0 + 0+ O
D m

¢ e S

where :

Od(local) = local diamagnetic term

cD(local) = local paramagnetic term

o = neighbour anisotropy effect

o, = ring current effects

o_ = electric field effects

o, = solvent (or medium) effects

The local diamagnetic term arises from the circu-
lation of electrons induced by Bo, producing a secondarv
field at the center of motion which opposes Bo and gives
a lower resonance fregquencv. The presence of electro-
negative substituents reduces electron density around

the nucleus, decreasing the shielding effect due toqj(local).
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The presence of other nuclei around the magnetic
nucleus hinders the diamagnetic cilrculation of electrons,

reducing o The contribution is known as the paramag-

a-
netic term, and may become large if there is an asymmetric
distribution of p or d orbitals near the nucleus,>or if
there are low-lying excited states which may be mixed in
by interaction with Bo' producing an asymmetric charge
distribution. It is generaliy accepted that the para-
magnetic term is not the dominant one for protons.

The magnetic moment induced by the external field
in a group of orbitals may in some circumstances con- -
tribute to the shielding of a distant proton. If the
induced moment is isotropic, i.e. ité magnitude and
direction independent of orientation with respect to
the external field, then the effect on a distant proton
will be averaged to zero by the rapid tumbling of the
molecules. If however the induced moment is anisotropic

there may be a net shielding or deshielding effect104'

- 4
81 85. Figure 8 shows the nodal cones of shieldinglo‘
for the C=0 and C=C groups. This is known as the neigh-
bouring ¢roup anisotropy effect, Om'

Ring current effects, o are thought to arise

rl
when an aromatic ring is perpendicular to the applied
field Bo' The field causes a diamagnetic circulation

of the ™ electrons giving rise to a field which opposes

Bo at the center and reinforces it at the periphery.



FPigure 8

Schematic represeﬁtation of the nodal cones
of SEielding for C=0 and C=C. The positive
. énd negative signs refer to the effect on
the shielding constant ( o) of a distant

nucleus. (Ref. 104,p.89).
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Thus the protons in benzene experience a shifﬁ.to low
field. While this concept has been criticized, notably
by Musher43 who prefers to consider it the sum of local
contributions, the ring current provides a semi-quanti-
tative understanding of the contribution of Gr to the
total shielding constant.

Polar groups in a molecule distort the electron
density in the rest of the molecule, giving rise fo the
electric field shielding, 0o There are two contribu-

tions to Oé.

g = -AE --BE2
e 4

where A and B are constants, and z is the direction of
the bond affected,from £he C to the H. The first term
is due to the drift of electrons caused by the electric
field E. The second term is due to the distortion of
the electron density around the nucleus, and is thus a
paramagnetic éontribution. Normally the Ez term is
dominant for protons. The effect is shown schematically
in Figure 9, in which the electrons drift against the
direction of E, shielding the proton.

| The solvent, or medium, in which the sample is
studied can affect the mélecule.by the same sort of
mechanisms as have been described above. As a result
the term o, can be further divided into five separate

terms.



Figure 9

Schematic representation of the électric field
shielding for C=0., The electrons in the C-H
bond drift against the direction of the field E
caused by the C=0, shielding the proton.

(Ref.104,p.93)
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These are, in the above order, bulk magnetic suscepti-
bility effects, van der Waal interactions, solvent
diamagnetic anisotropy, electric polarization and
polarizability of the solvent, and complex formation

due to weak effects such as hydrogen-bonding and charge
transfer. These effects are discussed in some detail
by Jackman and Sternhell44 and will not be covered
further here, except to note that where an internal
reference is used, only the différences in these effects
on the solute and the standafd are measured,

Hydrogen bonding is mentioned above between solvent
and solute, but there is also the poséibility of intra-
molecular hydrogen bonding or intermolecular solute-
solute;hydrogen bonding. For strong hydrogen bonds,
the dominant effect is'likely the electrostatic effect
of the donor, for weaker bonds, the diamagnetic aniso-
tropy of the donor. 1In both cases the resonant frequency
of the proton is usually shifted to low field by for-

4
mation of the hvdrogen bondlo'.



C. Spin-Swin Coupling Constants and Structure

Spin~spin coupling is highiy structure-dependent,
offering a powerful tool for structural studies. The
theory of spin-spin coupling is rather complex. It is
reviewed in some detail by Jackman and Sternhell45, and
by Bovey46. There is considerable empirical data re-
lating the spin-spin coupling constant (J) to structural
features, some of which aréAnow supported by theoretical
calculations. Following the approach bf Sternhell47,
some of these correlations are discussed below. Only
those correlations which are applicable to the nucleo-

sides under consideration are discussed here. The

review by Sternhell is much broader in scope.

1. Geminal Coupling

Geminal coupling constants (Jgem) across an sp
hybridized carbon atom can take up a wide range of
values, from -22 Hz to + 6 Hz. The effect of substi-
tuents on the sp3 carbon has been rationalized in terms
of inductive electron withdrawal producing a positive
increment to Jgem and hyperconjugative electron with-
drawal producing a negative increment. The hyperéonju—
gative effect is more strongly conformation-dependent.

Electronegative a -substituents produce an in-
ductive withdrawal, and hence a positive increment to

Jgem. These effects are approximately additive if the
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groups are freely rotating or have identical orientations.
Conversely, if the OL-substii_:uent possesses lone pairs,
the "eclipsing effect" of the lone pairs with the C-H
bonds of the methylene groups are strongly orientation-

- dependent. For O,N, and S the effect is about +2 to +3Hz.
These lone pair effects are superimposed on the positive
‘increments due to inducti&e withdrawal, leading to a
conformational dependence of‘Jgem in some cases. B -
substituents produce a negative increment in Jgem with
increasing electronegativity. The relationship‘is more,
complex than for the a-substituents and appears to

depend upon orientation.

2, Vicinal Coupling
Vicinal coupling is that between nuclei separated

by three bonds. For the fragment HA—C—C—HB, the values
3 .

of JAB commonly range from -0.3Hz to +14Hz. The mag-

nitude of 3JAB is related to the dihedral angle @

(defined in Figure 10). The relation was given a
. . . 49 |
guantitative expression by Karplus48"9 in the form:

O o}

J =J cos2 g - C for O £ g é:90o

180

g=0%%¢ g - c  for 90°<« g < 180°

The original calculated values for the constants were

3°= 8.5 1z, %% 9.5 Mz, and c= -0.3Hz, for an un-

substituted ethanic fragment. Alternative formulations



. . 49 o .
have since been offered ~, but the original expressions
have been found to be qualitatively quite successful
in a large number of molecules despite their limitations.
The most widely used modification is the substitution

. ’ - 0 180 .

of different values for J and J to f£it the data for
groups of compounds having distinct structural simi-
larities. Several sample curves for selected values of
-0 180 . . . . o
J- and J are shown in Figure 10. By using Dreiding
models to select the more probable conformations, then
using the Karplus relations to select from these posSsi-
bilities, it is possikle to solve the majority of con-
formational problems.

In view of the numerous effects on Jvic' values of

0 180 : - . -

J~ and J 7 should only be chosen from comparisons with
' : 49 :
closely-related systems. In a later paper , Karplus
cautions against using the dihedral angle relation with-
out due allowance for effects of substituents, different
bond angles and bond lengths. In the systenm Hqucl_CZ—HB’
if the stereochemistry remains unchanged, the addition of
an electronegative substituent to Cl or C2 tends to lower
the value of JAB’ The maximum effect seems to occur
when the substituent.is attached by a bond trans to one
of the protons. Conversely, a lone pair of a hetero-
atom contributes a positive increment to Jvic amounting
to +2.3 Hz when the lone pair and the carbon-hydrogen

bond are perfectly eclipsed. If the electronegative

substituent is one carbon atom removed from the coupling



FPicgure 10

Plot of the Karplus relation fér selected

values of J° and Jl8o. (Ref., 47,p.247)
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it causes an increase in J and there are in-

path AR’

s

dications that the trend reverses again if the electro-

. . . 50
negative substituent 1s removed one more carbon away~ .

A B

the nature of the substituents, ring size in cyclic

Vicinal coupling in H_ -C=C-H_ is correlated with

compounds, and with the cis-trans relation between HA

and HB. In general Jv. gets smaller as the sum of the

1icC

electronegativities of the substituents increases. A

more definite assignment can be made by comparison

51,52,53

with some of the published data There is

evidence that this effect is also reversed when the
substituent is removed by an extra bond, i.e.

H
/B
~Cc—X

Vicinal J's show a marked decrease as the ring
size decreases, both in simple cyclic alkenes and non-
aromatic cyclic polyenes. Moreover, introduction of a
heterocatom into the ring adjacent to the double bond

causes a further decrease in Jvic‘

In virtually all cases, it is found that JCis

is smaller than J providing none of the other

trans’

factors are altered in changing the conformation about

the double bond.

26
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3. Long-Range Coupling

Long-range J's are usually of the order 0-2.5 Hg,
and both experimental data and theoretical ahd semi-
empirical considerations suggest that there are certain
prefered bond orientations. For four bonds, the most
favourable path is the planar zig-zag, or 'W', arrange-
ment. This is independent of the nature of hybridization
of the intervening atoms. The mechanism is thoughtto
involve only'the o electrons, and the magnitude falls
off rapidly as the system loses coplanarity. The 'W!'
coupling is positive in completely saturated systems,
although some non-coplanar geometries have produced
small negative J value853. A theoretical study by
Barfieldss indicates that while the sign of the coupling
constant is positive for the planar 'W' configuratioh,
this is true for only a very small range Qf values for
@ and @' (see Figure 11) around ¢=¢'=1800. For most
other values, the coupling constant is calculated to be
negative. Barfields data is given in Table I. These
values were calculated for three SP4 hybridized carbons,
and do not necessarily cover cases where the center C is
sp, hybridized (H—C—é-C—H). One example is the study by

Lazlo and Musher54, where the axial protons in the system:




Figure 11

Specification of the dihedral angles ¢ and @'
(Ref.55). Both angles are measured clockwise

_'from the Cl-Cz-—C3 plane,



28




% 4
Calculated INDO Results for

TABLE I

. 55
in Propane

Thp
1 g e 2 2 T
deg deg Hz deg deg Hz
0 0 -1.04 120 120 -0.12
60 -0.58 180 +0.45
120 -0.25 240 -0.29
180 -0,29 300 -0.62
240 -0.25 180 180 +1.44
300 ~0.58 240 +0.45
60 60 -0.71 300 -0.49
120 -0.46 240 240 -0.12
180 -0.49 300 ~0.46
240 -0.62 300 300 -Q.7l
300 -0.32

Intermediate Neglect of Differential Overlap

29




30

have a positive coupling of 1.0-1.3 Hz. Barfield pre-

dicts J= -.7 Hz for this orientation: @=3'=300°, when

’
all carbons are.sp3 hybridized.
An "extended W' path of five bonds also appears
to be a favourable arrangement, with observed J's of
the order 0.6-1.0 Hz, as long as the path is planar56.
These factors must all be considered when attenmpt-

ing to reconcile the observed spectrum with any pro-

posed molecular structure.




CHAPTER IV

Experimental




The 2,2'—anhydréuridine was prepared by D.Iwacha
and K.XK.Cgilvie at the University of Manitoba: the
arabinouridine was obtained from Terra-Marine Bioresearch,
California: and the internél reference, 3-trimethylsilyl
propahe.sulfonic acid, sodium salt (DSS) was a product

of E.Merck, Germany. All were used without further

'
purification. Two sets of samples were prepared, one
set for the Varian HA-100D nuclear magnetic resonance
spectrometer at the University of Manitoba, and one set
for the Varian HR-220 proton magnetic resonance spectro-
meter at the Ontario Research Foundation, Sheridan Park,
Ontario. The concentrations for the 100MHz inétrument
were as'foliows:
. 0.29 M arabinouridine/0.15 M DSS: and’

0.23 M anhydrouridine/0.18 M DSS.

The 220MHz instrument required less concentrated samples,
fhe ones used being 0.14 M arabinouridine/0.06 M DSS:

and 0.07 M anhydrouridine/0.06 M DSS. The spectrum of
cU was found to be virtually indevendent of concentra-
‘tion effects up to the concentration used while aU
showed a change in sh@fts of the Hl' and HZ‘

of ~2 Hz from 0.2M to 0.3M. No change in coupling

regions

constants was noted for either compound. These"
effects are not felt to be significant. The pD was

adjusted to neutrality (pD=pH+O.40)58 with small amounts
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of dilute DCl or NaOD. The samples were lyophilized
three times with DZO to reduce the size of the HDO

signal, which occurs very near to the H signal at 3OOc.

3

The 220MHz sSpectra were used for the initial
analysis, as the difference in the Hy' and H.' shifts
is small at 100MHz, especially in arabinouridine. The
computer simulations were fit to the 1COMHz spectra,
as these cduld be calibratedAmore accurately.

A1l 100MHz spectra were run on a varian HA-100D
nuclear magnetic resonance spectrometer operating in
the fregquency sweep mode. Peaks were calibrated by
interpolation from calibration lines which were measured
relative to‘the internal lock signal by counting the
sweep oscillator frequency to the nearest 0,01 Hz. All
lOOMH;,spectra were recorded at a frequency sweep rate
of 0;02 Hz/second.
| The high and low temperature studies were carried
out using the V-4341/vV-6057 variable temperature acces-—
sory. Temperatures are accurate to withiﬁ iZ.OOC.

The accuracy with which chemical shifts could be
measured was a function of the linewidth. Despite the
broadening observed at lower temperatures, all shifts
are considered accurate to +0.1 Hz.

The spectra were analjzed with the aid of a LACCN3

program96'97 modified by R.Wasylishen for the IBM 360/65

computer. The computed spectral curves were produced by



a CALCOMP 750/563 incremental pen plotter using data.

from LAOCN3.



CHAPTER V

Results .and Discussion
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A. Arabinouridine

1. Spectral Assignment

The observed spectra of arabinouridine at'SOC,

o

30°c, and 80°C are shown in Figuresl1l2-14, each accom-

14

panied by the computer-simulated spectrum. The proton
chemical shifts and coupling constants for aU at all

three temperatures are shown in Table II, with the

values for uridine at 28°c 59. The shifts for uridine

were found to be virtually independent of temperature

from 28°C to 78°C 59. Those for aU vary less than

1.0 Hz from 5°C to 80°¢C except for Hl' and H6 which

change 2.8 Hz and 6.3 Hz respectively. Compa:ison of
the spectra reveals improved resolution at the higher
tem?eratures. For this'reason, the following discussion
considers the values of the shifts taken from the

spectrum at BOOC, as typical values, changes in Hl' and

H6 being discussed separately.
The initial assignments were made by comparison
with uridine. The doublet at 7.802ppm is assigned to

the H6 proton of the pyrimidine base, as C, is adjacent

6

" to a nitogen atom. The resonance at 5.857ppm is a

doublet with the same splitting as H and consequéntly

6

was assigned to the H. proton. Additional support for

5

these assignments comes from the presence of two small

couplings, Jl'S and Jl'6‘ Their presence was verified

by decoupling experiments, however they do not appear



Figure 12
The 100MHz spectrum of arabinoufidine at 5%
with the scale in PPM to low field of DSS.
The lower spectrum is the experimental one,

while the upper is a computer-fitted simulation.
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Figure 13
The 100MHz spectrum of arébinouridine at 30°c
with the scale.in'PPM to low field of DSS.
The lower spectrum is the experimentél one,

while the upper is a computer-fitted simulation.
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Figure 14
The 100MHz spectrum of arabinouridine at 80°C
with the scale in PPM to low field of DSS.
The lower spectrum is the experimental one;

vhile the upper is a computer-fitted simulation.
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Table II

au al Uridine au

- 5° 30° 28° 80°

H, 7.865 7.839 7.862 7.802
Hg 5.851 5.860 5.887 5.857
H, ! 6.175 6.169 5.901 6.147
H, "' 4.400 4,398 4,341 4,396
Hy' 4,124 4,128 4.222 4.133
Hy' 3.983 3.988 4.128 3.987
He ' 3.911 3.907 3.907 3.902
He'p 3.827 3.827 3.803 3.829
Ity 5.11 5.11 4.4 5.10
SR (0.30) (0.30) - (0.30)
Ji'e - - - 0.41
I - - - 0.14
T,y 4,72 4.53 5.3 4.33
T3'y' 5.71 5.53 5.5 5.44
I3's' 5 (-0.15) (~0.15) - (-0.15)
I3's' g (-0.15) (-0.15) - (-0.15)
T.'s' A 3.05 3.23 3.0 3.41
T4's's 5.47 5.55 4.4 5.51
Js's s'n -12.64 -12.49 ~12.7 -12.40
J 8.15 8.10 8.0 8.15




in the Hl' region of the simulated spectrum as LAOCN3

is not capable of handling eight spins.

The Hl' proton appears as a doublet centered at

6.147 ppm. The broadness of the peaks is due to multiple
long-range or virtual couplings, and possibly quadrupolar

broadening by the adjacent N. nitrogen atom.

1

1 1 1 = -
The H4 , H5 A and H5 g Fesonances form a char

acteristic ABC pattern with H4' centered at 4.133 popm;

HS'A and HSIB at 3.902 and 3.829 ppm repectively. No

reasonable assignment of the 5'-methylene hydrogens
could be made here although some worker586'87 have
attempted assignment in other instances., HZ' and H3'
were assigned by comparing vicinal couplings and veri-
fied by double irradiation experiments.

The calculated spectra shown in Figures 12-14 sim-
ulate the 1'-5' regions satisfactorily in all three
cases,

The base protons in aU .are shifted ~ 0,025 Hz
upfield with respect to those in uridine. This can be
attributed to the change in position of the 2'-0H, so

62

that it is now cis to the H. and H.. Ts'o et al ,

5 6
. . 63 ' .
and Gatlin and Davis. ~, have pointed out that the
"cis-OH" effect is a magnetic one rather than inductive,
and consequently it is quite capable of acting through

space in this manner. Supporting this hypothesis is the

downfield shift of Hl‘ in aU (0.246 ppm) which would



correspond to the loss of the expected shielding contri-
bution of a cis-OH. ,The‘difference in the size of the
effects can be attributed to the differences in the.
O—Hl' and O—HS, O-H6 distances. It is interesting that
of these three, Hl' and H6 exhibit the strongest temp-
erature dependence. The trend is for increased
shielding of both with increasing temperature. If the
sugar-base torsign angle was changing in such a way as

to bring the 2'-OH nearer to the H, atom, the C2 oxygen

6
would also move closer to Hl', causing a shielding of
Hl' by the anisotropy of the C=0 bond.

The change in the HZ‘ shift is less easily ex—
plained. As it has moved cis to the 3'-CH it éhould
also move upfield, however the observed chance is 0.043
ppm downfield. One possible explanation is that the’
’Hz' in uridine may be shielded by the anisotropic C=C
of the heterocyclic ring and the loss of this shielding
is not completely compensated for by the gain of the
cis-OH, leaving a net deshielding effect.

Thg Hy' resonance also shows the gain of a cis-OH
in an upfield shift of 0.089 ppmn.

The H,' signal is shifted 0;141 ppm to high field,
indicating an increése in shielding. It is unlikely
that the different position 6f the 2'-0H would have a
direct effect at this distance. Other workers have

noted similar effects, but no satisfactory‘explanation

of the H,' shift has been proposed.



The shifts of fhe HS' protons are found to be
virtually identical to those in uridine. It would
be convenient to dismiss this section by saying that
this similarity indicated identical environments in
both molecules. However, it is suggested in section 5
that the rotamer populations have changed in such a
way that the protons are spending more time above the
sugar ring. This would bring them into closer contact
with the 2'-OH, and with the anisotropic C=C of the
heterocyclic ring. Therefore this similarity of shifts
for H5' in aU and U is probably somewhat coincidental

being the net result of several opposite effects rather

than a result of identical environments.,

2. Anomeric Configuration
The use of H,' shifts to establish the anomeric

1
64

' : . — . 65 ..
configuration has met with some success '~ ~, while

application of the Karplus relation to Jl'z' to deter-
mine the 1' 2' dihedral angle is thought to be much
léss Satisfactory4. Lemieux and Lineback66 suggest
that in view of the limitations of the Karpius rela-
tion and the dihedral angles involved here, anomeric
Configuration should only be assigned from the vicinal
coupling when the value of Jl'z' is less than 1 Hz.
Since the value for aU is 5 Hz, assignment of the

anomeric configuration by the Karplus relation was not

attempted.



As was pointed out in the previous section, the
presence of a cis-OH group causes a shielding effect
due to the proximity of the oxygen atoﬁ, It has been
noted4 that observed differences in the Hl’ shift for
anomeric pairs of a variety of furanosides could be
accounted for by the change in prbximity bf the 2'-0H
group. By comparison to uridine4, and allowing for
the change in position of the 2'-0H, it is apparent
that the compound studied should be the g —anomer

(Figure 15).

3. The Sugar-Base Torsion Angle

The sugar base torsion ancgle (¢CN) was defined
by Donohue and Trueblooci77 to describe the orientation
Qf the base and sugar ring about the glycosidic bond.
The two isomers usually considered for nucleosides have
the syn or anti conformation, as shown in Figure 16.
The majority of pyrimidine nucleosides studied to date
have been shown, by NMR, ORD, and X-ray studies, to
have the anti conformation in aqueous solution. One
of the few exceptions is orotidine, which possessés
a bulky carboxyl at the C6 position of the base. The
steric interactions between the carboxyl group and the
sugar cause the base to ekist preferentially in the syn
conformation with the smaller Cz'keto group positioned

78
over the sugar .




Figure 15

Schematic illustrations of the . g~ and

g~ anomers of arabinouridine.
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Figure 16

SYN and ANTI configurations of aU showing
approximate values for the sugar-base

tors;on angle ¢CN°
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Uridine has been shown to exist in the anti
- . : . 59
conformation in aqueous solution™ . Comparison of
space-filling models of uridine and aU indicate
similar steric considerations must apply to both, so

al is expected to exist in the anti conformation also.

Support for the choice of the anti conformation

comes from the existance of the lohg—range coupling

5Jl'5 observed at 80°c. The most favourable stero-

chemistry for coupling over five bonds is the planar,

extended"zig-zag" path. :This path connects HS and

Hl' in the anti, but not in the syn conformation, and
the existance of such a coupling has been suggested as
' o8

evidence that the anti is the prefered conformation” .
Optical studies by Guschlbauver and Privat de Garilhe14
and Miles et g;.gg_on al, and an X-ray study by
TougérleBOn 5~-Br-alU, indicate that the anti confor-
mation is prefered both in solution and in the crystal-
line form,

Comparison of ribose proton shifts for syn

nucleosides with those of nucleosides known to exist

in the anti conformation has shown that Cl', C2', and
C,' are appreciably deshielded if the molecule is §z_79.

3
However the change in the position of the 2'-0H in aU

alters the chemical shifts in such a manner that any
comparison to other anti nucleosides such as uridine

produces ambiguous results, preventing their use in




determining the torsion angle;

The signs of 5Jl's' and 4Jl’6 were not determined,

but their magnitudes are .41 Hz and .14 Hz respectively,

The larger value of Jl'5 despite the extra bond, can

be attributed to the extended "zig-zag" path from Hl'
to H5. The 'W' path does not exist for 4Jl'6 but a
small non-zero coupling is predicted for this path

alsoloo.

These couplings are seldom observed in other
nucleosides since they are highly sensitive to the
conformation about the N-glycosyl bond.

Gushlbauér and Privat de Garilhéjéuggest that
the 2'-hydroxyl in aU restricts the rotation about the
N-glycosyl bond to a narrow rénge of angles about the
anti position. This is consistent with the observa-—
tion of a larger value of Jl'5 than occurs in uridine

since this long-range coupling is expected to increase

with the percentage of anti conformer.

4. Conformation of the Furanose Ring

The Karplus relation has been used extensively
to determine the geometry of'ring systems4'59'67-7l.
The technique must be applied with considerable
caution however, as the Karplus relation was never in-

tended for anything more accurate than an indication

. a4
of the probable range of @ values'g. The basic approach
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67

may be exemplified by the work of Hall et al. as

applied to aU below.

Hall and his coworkers, notably Paul'Steiner,

have developed a treatment for cyclopentane rings

based on the following assumptions:

i'

ii.

iii.

All the'ring carbons possess precise tetrahedral
symmetry.

Only "envelope" (CS) and “"twist" (C2) conforma~
tions are considered. The twist conformer an
having atom m endo, and atom n exo with reference
to the remaining three atoms; while the envelope
conformer Vs OT nv, has atom n exo, or endo,
respéctively with reference to the other four

atoms. (For nucleosides, endo is defined as being

on the same side of the reference plane as the’

C4'—C5' bond, exo is on the opposite side.)
"Maximal" puckering always occurs, so that the
envelope conformation resembles one end of a

cyclohexane “chair"™ form.

For furanose sugars, to which they have extended this

method, there are thus twenty possible conformations.

These are represented by the CYCLE Of PSeudorotation

(CYCLOPS) shown in Figure 17.

o
J2 3

The coupling constants of interest are Jl'z',

and,J3'4'. Applying the Karplus relation, the

approximate values for ¢l'2', ¢2'5', and ¢3'4' may be



Figure 17

CYCLE Of PSeudorotation (CYCLOPS)67 giving

" the possible conformations of the furanose’

ring. The two conformations indicated by

this scheme for aU are illustrated below.
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calculated. The values of J° chosen are those suggested
by Abraham et §;.72 for severalAcarbchydrate ring
systems:

3%=9.27, 0£ @ £90°, J180=10.36, 90°¢ g £ =180°
»The calculated dihedral angles are shown in Table IITa.
It is then necessary to compare these values to those
shown in Table IIIb. The majority of the conformations
may be eliminated as having one or more angles deviating
widely from the calculated Qalues. The conformations
whose values form the closeét fit to the calculated @'s
are ;V and OV. The OV values are the best, and this
is the most reasonable form on steric grounds as well,
With the oxygen atom in the endo position, the -CH,OH
and base ring are at the maximum Separation. In-addition,
the distance between the 2'-0OH and the base has increased
almost to that of the V, conformation, which offers the
maximum possible, OV could be a compromise between
these two considerations.

Hruska et g;.4 use basically the same approach,
but employ different valueé for the dihedral angles of
the various ring conformations. They also use only the
limiting exo and endo cases, ignoring the intermediate
"twist" conformers.

Both authors state that their values of ¢ij for

each conformation were measured from Dreiding models,

vet their'published values67'4 vary by as much as 30°
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Table IIT

a) Calculated Dihedral Angles for the aU Furanose Ring

Temp.(Pc) g ', gt 3,at gy I3'al P340
5° 5.0 41,0 4.7 133.9 5.7 139.4

30° 5.1  40.4 4.5 132.8 5.5 138.3

80° 5.1 40.4 4.3 131.7 5.4 136.8

continued...



Table III - continued

b) Dihedral Angles for the Conformations of CYCLOPS

53

Conform @1t @213 @34
°y 30 120 150
°r, 50 90 X 150
vy 50 90 X 120
2Tl 60 70 X 100
2y 50 70 X 90
2T3 50 60 X 90
Vg 30 70 X 70
4T3 20 70 X 60
Yy 0 150 70 X
4TO 20 100 50 X
v, 30 120 90 X
lTo 50 140 100 X
Ly 50 150 120
lT2 60 170 X 140
v, 50 170 X 150
3T2 50 180 X 170
3 30 170 X 170
3T4 20 170 X 180
v, | 0 150 170 X
°t, 20, 140 170 X

X - indicates parameter with the grea

from the experimental values.

test deviation
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(for the C,' exo form).t The work of Abraham and
McLauchlan68 offers the basis of an explanation of
this variation. These authors show that it is possible
to have a wide range of dihedral angles for one confor-
mation, depending upon the extent to which the ring is
buckled. For example, it is possible to maintain
approximate tetrahedral symmetry for all ring atoms
in the envelope conformation with the single atom bent
from 0° to SOolout of the plane. Hall et al. specify
“maximal” puckering, while Hruska et al. make no ref-
erence to this point, so it is quite reasonable that .
'slightly different values of @ should appear.

According to the CYCLOPS scheme, the most probable
conformation for the fuianose ring in aU is thus the

0

'V, or O-endo form. It is worth repeating here an

observation of Hall and Steiner67'7l. Calculations

14

by Hendrickson73 indicate that the barrier for confor-
mational inversion in cyclopentane is 3-~4 kcal/mole.
If it is valid to draw analogies between cyclopentane
and the furanose ring, this would indicate that at the
temperatures studied, conformational interconversion |
would be fast on the n.m.r. time scale. It is quite
likely therefore that the observed coupling constants
are the result of an equilibrium between séveral con-
formations, not necessarily including the OV conformer

chosen as most probable by the above method. This
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would also account for the lack of a strong temperature
dependence, as most conformations would be energetically
accessible even at the lowest temperature studied.
The conformation chosen for uridine by a number of

4,67,76

workers places C2,or C4,+ or both out of the plane

3

of the ring. Hruska et g;.4, and Prestegard and Chan76
chose a Cz'—endo—-CB'—endo equilibrium, while Hall
et gl.67 prefer the V2<ea3T2,e%3V equilibrium. Either
is quite reasonable, the primary consideration being to
twist the 2',3' region so that the hydroxyl groups are
no longer eclipsed. Since this situation is not present
in aU it is not surprising that the conformation may be
determined by other criteria, such as the CH,OH - base

ring steric crowding.

5. Conformation of thebExocyclic CHZOH Group

It has been suggested4 that the conformational
rigidity of the phosphate backbcne in polynucleotides
may be due in part to rotational barriers about the
five exocyclic bonds kC4'—C5', CS'-OS', OS'-P,
03'-C3'). Sundaralingam88, and Lakshminarayanan and
Sasisekharan89 have treated this problem, the former
using x-ray data and models, the latter applying a
theoretical treatment employing a simple hardsphere

model for atoms. NMR has been applied to this problem

to measure both the H5'P coupling constants90 and the
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'H.' coupling constan‘-s4’59
4 5 p ) [ °

The three classical staggered rotamers are shown

H

in Figure 18. Assuming that the time spent in each
conformation is long compared to the time spent rotating
between them, then the 4'-5' coupling constants will be
a 'weighted average of the couplings due to the three
conformations. This is expressed by the equations

below.

B I°IB PIIJIIB + PIIIJIIIB

i ! -
J4 5 B PIJIC'+ PIIJIIC * PIIIJIIIC

It has been suggested that oxygen-oxygen repul-
sions may alter the positions of the energy minima so

that the classical staggered rotamers are no longer

valid59. Allowing a limit of 15° for this repulsion

between 0,' and Cg-OH, calculations were pérformed for
both the classical and repulsion-included cases. These

calculations employ the Karplus relation, which is

assumed to hold here, with two values of Jlso. As a

lower limit the values suggested by Abraham QE 3&.72

were chosen:

JO=9.27 Hz fof Oo£i¢ <90° and

38%=10.361_ for 20°< g £180°.
As an upper limit the values suggested by Lemieux

(from reference 59) were taken:




Figure 18

Newman projections along the‘cs'—C4' bond

showing the three staggered rotamers for aU.
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ROTAMER POPULATIONS FOR aU

Table IV

Classical Staggered Rotamers

1.5° 0-0 repulsion

Rotamers with

58

30

80

PIT

PIII

9.27
10.36
3.1
5.5

.45

.43

9.27
10.36
5.5
3.1

.45

.12

9.27
12,00
3.1

5.5

.36
.12

3.4

9.27

12.00

9.27
10.36

3.1

5.5

e 37
.35

.28

.37

.32

9.27
10.36
5.5

3.1

.47

9.27

9.27

12.00 12.00

3.1

5.5
.51
.25

.24

5.5
3.1
.55

.00
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J%=9_27 H_ for 0°¢ ¢ 2£90° ang
5180

=12.00 u_ for 90° £g £180°,
The notation in Figure 18, as HS'B and HS'C’
intentionally used to avoid confusion with the H

was

!
5 a
and HS'B assigned by spectral position. It was not

feasible to identify HS‘A oxr HS'B with a specific
'hydrogen atom,
Comparing the data for aU, as presented in

. ooy 9 .
Table IV, with that for urldlnes , 1t appears that the

gauche-gauche rotamer is less favoured in aU than in

uridine. This may be due to a repulsion between the
5'-0 and the 2'-0. While taking care not to ascribe
too much importance to the numbers presented, it also
appears that the population of rotamer I, the gauche-
gauche form, decreases slichtly with increasing temp-

erature.

€. Evidence for the presence of several long-rance couplincs.
paty - Ehy -

Table II lists values for three long~-range coup-

1] ) 1 1 T 1 ]
13 I3 54, @and J3' 0

The first of these could be checked by double resonance

lings in the furanose ring: J

experiments, and its.existance was verified, although
the broadness of the respective peaks prevented deter-
mination of the sign. The last two couplings, J3'5'A
and J3'5'B' were not observed experimentally, however

it was impossible to achieve a close fit to the 5
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region in the calculated spectra without introducing

these parameters. The tight coupling of the 3', 4

and 5' regions gives rise to a multitude of transitions

’

and correspondingly wide peaks, making double irradia-

tion experiments on J.,'_'_  and J_'_'_ inconclusive. TIf
o 35A 358 o

such a coupling does exist, it would appear to be a

"through-space" effect, a consequence of the proximity

of the 3'-H and the 5'-H's. The predominance of the

gauche-gauche rotamer in U and cU would increase the

account-

average separation of the 3'-H and the 5'-H'sg,

ing for the absence of any 3'-5' coupling in these
compounds.

A similar ”thfough-Spaée" coupling has been ob-
served by Goldstein74 for a methoxy group on benzene,
and by Wasylishen75 for several molecules, two of whiéh
are shown in Figure 19.

| As the size and sign of this coupling are still
in doubt, it will not be discussed further, only noting
its possible existénce.

The splitting of 0.2 Hz which is seen in the H-2!
peaks at 8OOC was initially thought to be due to another
long~range coupling, .probably to H-4', On the basis of
repeated calculations however, it was decided that this
splitting is probablv due to virtual coupling to H4‘.

The best computer fit achieved to the rest of the spectrum

and

‘produced a 0.1 H_ splitting in the H-2' peaks,



Figure 19
Two molecules which show evidence of a

"through-space" coéupling, the magnitude

of which is shown for each75".
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introduction of various long-range couplings failed to
improve the fit, in most cases making it worse. More
evidence will be required before any definite conclu-

sions can be drawn.
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B. 2,2' - anhvydrouridine

1. Spectral Assignment

The observed spectra of anhvdrouridine at SOC,
3OOC, and 80°C are shown in Figures 20-22 accompanied
by the computer-simulated spectra. Table V lists the
values of the chemical shifts and coupling constants
for cU and aU (in parentheses) at all three temperatures,
and for uridine.at 28°¢.

The most striking feature of these spectra,
especially at BOOC, is the increase in the number of
lines resolved. It was noted for aU'that the observed
couplings may be.time-averages, and that the sugar ring
is altering its geometry rapidly. It is shown below
that the fine structure in the spectrum of cU is due
to long-range couplings between the sugar protons.

Such couplings are usually highly stereospecific and

it is likely that in aU they are washed out by the
rapidly changing structure, while the anhydro linkage

in cU gives the system a much greater rigidity, allowing
free movement only in the C4' and CS' region.

The intial spectral assignment was made by com-
parison with uridine and arabinouridine. Slight vari-
ations in the shifts occur with temperature, but these
are not large enough to alter the appearance of the
spectrum significantly. With this in mind, the assign-

. - o ,
ments are discussed for the 80 C spectrum, the other two




Figure 20

The lOO MHz spectrum of anhydrouridine at SOC
with the scale in PPM to low field of DSS.
The lower spectrum is the»experimental one, .

" while the upper is a computer-fitted simula-

tion.
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Figure 21
The 100 MHgz spectrum of anhydrouridine at 30
with the scale in PPM to low field of DSS.
The lower spectrum is the experimental one,
while the upper is a computer-fitted simula-

tion.
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Figure 22

The 100 MHgz spectrum of anhydrouridine at 80°c.
with the scale in PPM to low field of DSS.

The lower spectrum is the experimental one,
while the upper is a computer-fitted simula-

tion.
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Table V

Shifts (PPM downfield from TMS) & Coupling Constants (HZ)

7.4

for aU and ¢U (in parentheses)
Urid%ne o o
28 30 80

H6 7.862 " 7.934 (7.865) 7,917 (7.839) 7.881 (7.802)
H5 5.887 6.184 (5.851) 6.192 (5.860) 6,189 (5.857)
Hl' 5.901 6.549 (6.175) 6.534 (6.169) 6.502 (6.147)
HZ' 4,341 ' 5.472 (4.400) 5.470 (4.398) 5.465 (4.396)
H3' 4,222 4,668 (4.124) 4,657 ‘(4.128) 4.632 (4.133)
H4' 4,128 4.401 (3.983) 4,390 (3.988) 4,365 (3.987)
’HS'A 3.907 3.577 (3.911) 3.576 (3.907) 3.577 (3.902)
HSIB 3.803 3.576 (3.828) 3.553 (3.827) 3.515 (3.829)
Jl'z' 4.4 5.95 (5.00) 5.9 (5.11) 5.8 (5.10)
Jl'3' - -0.81 (0.30) ~0.75 (0.30) -0.64 (0.30)
Iy - ~0.42 - ~0.46 - ~0.52 -
Jl'SEX - - - - - 0.252 -
Jl'S'B - - - - - 0.314 -
J2'3' 5.3 0.7 (4.72) 0.8 (4.53) 1.0 (4.33)
J2'4' - 0.535 - 0.54 - 0.55 -
J3'4' 5.5 1.8 (5.71) 1.9 (5.53) 2.3 (5.44)
J4'5{A 3.0 2.9 (3.05) 3.3 {3.23) 4,2 (3.41)
J4'5'B 4,4 4.7 (5.47) 4.9 (5.55) 5.1 (5.51)
JSASb -12.7 -13.89 (-12.64) -13.5 (=12.49) -12,.6 (-12.40)
J 8.0 7.4 (8.15) 7.4 (8.10) (8.15)
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tem@eratures being very similar.

The doublet at 7.881 ppm was assigned to H6 of
the uracil base since it is adjacent to a nitrogen atom;
as in U and aU; The doublet at 6.189 ppm shares the
same splitting, and was consequently assigned to HS of

the uracil moiety. The small couplings to H,' that

1
were observed in aU are no longer observed. This is
discussed in section 2.

The regiqn around 4.365, 3.577, and 3.515 ppm
shows the characteristic ABC pattern which was attributed
to H4' and the two HS' protons of the furanose in aU
and U. For cU, the 4.365 ppm value corresponds to H4',
3.577 ppm to HS'A' and 3.515 ppm to HS'B.

The Hlf resonance is adjacent to a nitrogen atom,

appearing as a result near H at 6.502 ppm. This

6
doublet consists of two very broad peaks, separated by
~6 Hz. It is shown later that the broadhess is due to
the presence of a numbkber of léng—range couplings, to
‘ HB',H4', and both HS' protons. It may never be possible
to resolve this fine structure as the resonance may be
further broadened by the nearby N1 nitrogen atom.

The resonances at 5.465 ppm, and 4.632 ppm were
assigned to HZ' and H3' respectively by comparison of

the large vicinal couplings. The assignments were

verified by double resonance. experiments.
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The computer-sinulated spectrum for 80°¢C is an
excellent fit, including the small long-range couplings
mentioned above., The calculated spectrum for 30°¢ is
still gquite good, but at S?C the increasing broadness
of the peaks makes it almost impdssible to assign
specific line positions to the individual transitions.
The values used for the calculated spectrum at 5°C are
straight—line‘extrapolations‘of the shifts vs temperature
for 30°c and 80°c. They provide the basis for an
acceptable simulation of the observed spectrumn.

In a Cl3 magnetic resonance study of a number of
pyrimidine nucleosides, Jones et gl.4o note that an amino
or mefhoxy substituent at C2 produces a downfield shift
of the base protons similar to that occuring on forma-
tion of the anhydro linkage, and conclude that the Cl3
shifts of c¢U can be explained in terms of substituent
effects. Their data show a downfield shift for C5 and
an upfield shift for C6 compared to those for uridine.
In an earlier paper39 they showed a close correlation
between Cl3 shifts and H—eléctron densities. Thus
the upfield shift of C6 would correspond to an increase
in melectron density and the downfield shift of C5
would mean a decrease. However, the pmr data in
Table V show a downfield shift for both H6 and H

5

with respect to uridine.




While Jones et 3;.40 suggest that the C13 shifts
are due to substituent effects and that there is little
interaction between the sugar and pyrimidine moieties,
it seems likely that H6 projecting some distance over
the sugar ring in uridine, may be shielded by it. The
downfield shift of H6 in cU may thus be due to the
loss of this‘furanose shielding as formation of the
anhydro linkage turns the base so H6 is no longer over
the ring (see Figure 23).

Comparison of the shifts of the sugar protons of
cU with those of aU, shows a downfield shift for H.',

1
H,', Hy', and H,' (Table V). The change in sugar
structure mékes this comparison more appropriate than
oné between cU and U. The deshielding, which is twice
as great for HZ' as_for Hl’ and H3' can bevdescribed'
in terms of an electron-withdrawing effect through the
énhydro bridge. The ability of the carboxyl group to

withdraw electrons through an oxygen is shown in the

model compounds I and II.

T CH3-c§2-o-CH2-CH3 Vys= 3-36 ppm
II cH —Cﬁ —O-Coﬁ Y= 4.06 pom
37020 Me H*
s /ﬁ\
, v R,
o g \R2



Figure 23

l‘tO Cl

éU and cU viewed along the N
direction showing.the relative positions

of the plane of the base ring.
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Compound III shows. the segment of cU being considered,
iy -

, and N, makes this a vinylogous

ester, so the analogy to II is reasonable. Moreover the

The double bond between C

pyrimidine moiety has the ability to stabilize a nega-
tive charge through delocalization, as shown in Figure 24.
This idea was first suggested by Doerr et al. for an

imino-bridged analoglOZ, Cl3

magnetic resonance studies
by Jones et g;.40. show a substantial downfield shift for
the C2‘ nucleus of cU compared to U and alU. This would
indicate a lower electron density at C2' in cU which
would agree with the proposed delocalization into the
base ring. The differences in the shifts of the other
sugar and base carbons are smaller and somewhat ambig-
uous. Since C13 shifts vary with bond order as well as
total charge4o it seems unwise to attempt any further
rationalization of these Cl3 data until calculated
charge densities are available,

It is worth noting that the C13 shifts for the
5'-anhydro analog show the same downfield shift at CS'.
This means ring strain is unlikely to be the cause of
the downfield shift in cU.

The fact that the deshielding is ﬁuch greater at
H,' than at Hl‘ or H3' is to be expected, as inductive
effects drop off rapidly with distance. However, H-4'

shows a rather larger deshielding than one would expect

' by this inductive argument considering it is one bond



Table VI

Relative shifts of the sugar protons

in U, aUu, cU at 30°¢

cU - U (oom)

H' | 0.633
H,' 1.129
H,' 0.435
H,' 0.262
Hs'a =0.331
H_' ~0.250

cU - aU (pom)

0.366
1.072
0.528
0.402
-0.331

=-0.275

73



Fiqﬁre 24
cU showing the possible pattern of charge

delocalization into the ring.



74




~J
[ @21

further from 02 than either Hl' or H3'. As noted in

the section on aU, H4' shifts are often somewhat ano-
malous, and no further attempt to account for this
value will be attempted here, except to note that the
13 40 e - . . '
C data does indicate a large deshielding at C, .
also unexplained.
The H_ ' ' and H_'_ protons show a large upfield
, 5 A 5B =
shift, 0.23 ppm and 0.275 prm respectively, when com-
o .
pared to aU at 307°C., This cannot be accounted for
by any of the mechanisms previously discussed., It is
unlikely to be an effect of the change in rotamer pop-
ulations, as none was noticed in aU. The only other
significant change is the rotation of the base ring
o ~ . S '
through 90" to form the anhydro linkage, bringing 0,

nearer to the CS' protons and allowing the possibility

of shielding by the oxygen.

2. Anomeric Configuration and Sugar-Base Torsion Angle

Examination of the Hl' shifts in order to deter-
mine anomeric configuration is much less informative
than for aU, the results being somewhat ambiguéus.
However, the compound was prepared by D.Iwacha of this
department using a procedure known to result in the
B-anomer exclusively.

The sugar-base torsion angle is fixed by the

C2'-—O--C2 anhydro linkage at approximately.lloo to the
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anti conformation observed for U and aU. This would

explain why no long-range couplings from Hl’ to H5

H6 are observed. Hl' is now almost perpendicular to

the base ring - a highly unfavourable orientation for

or

long-range coupling.

3. Conformation of the Furanose Ring

Determination of the ¢anormation of the furanose
ring was approached in the same manner as for aU. The
fused triple-ring system was expected to limit‘changes
in conformation to the'c3'—C4'—Ol region, and x-=ray

crystallographic studielel indicate that the V

3 con-
formation is favoured. Application of the Karplus re-
lation to J.°' 3 J,'5', and J.',' with J°=9 27- a80.

. 12 72 3 3 4 4ty :

10.36, gave values for the dihedral angles as shown in

Table VII.

Strict application of the method of Hall gg.gi.67

to the range of conformations given in Table VII is not
completely satisfactory,Athe prediction being that the

V., conformer is favoured. In this form, ¢3'A' should

1 43

be 1200, which is very close to that value calculated

' ’ T T o [
from J3 4 However for Vl' ¢l o' s 507, and ¢2 3

is 90°. The calculated valuées, from the observed J's,

o o . :
are 357 and 109" respectively. Moreover, an exam-
ination of Dreiding models indicates that the fused

rings make the Vl conformation, as originally defined
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Table VII

a) Calculated Dihedral Angles for the cU Furanose Ring

g° = 9.27

31802 10.36
Temp. (°C)  3y',t By',' 5t st Ty, By,
5° 5.95  34.9 0.7 107.9 1.8 116.6
30° 5.9  35.3 0.8 108.8 1.9 117.3
80° 5.8 35.9 1.0 110.6 2.3 119.9

continued...




~Table VII -~ continued

b) Dihedral Angles for the Conformations of CYCLOPS

78

Conformation ,1'2' ¢2'3' ¢3«4.
°v 30 120 150 X
OTl 50 90 150 X
v, 50 90 120
e, 60 70 X 100
2y 50 70 X 90
2T3 50 60 X 90
v3 30 70 70 X
4T3 20 70 60 X
'4V - 0 150 70 X
“r 20 100 50 X
v, 30 120 90 X
'lTO - 50 140 X 100
1y 50 150 x 120
lTZ 60 - 170 X 140
v, 50 170 X 150
3T2 50 180 X 170
3y 30 170 x 170
3T4 20 170 X 180
v, 0 150 x 170
°r, 20 140 X 170
X - indicates parameter with greatest deviation from

the experimental values.
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by Hall, extremely strained. If the assumption of
maximai puckering is relaxed soméwhat; allowing C-1"
to approach the plane of the other four atoms, then the
dihedral angles approach the calculafed values quite
closely, AccordingAto the calculations by Abraham and
McLauchlan68, the "maximal puckering" described by
Hall et gl.67 requires that the out-of-plane atom be
bent down approximately SOokfrom the plane of the other
four. The "modified Vl" conformation suggested here
regquires a bend of 35° down, and predicts the values of
815", 8,15, and g3, to be 35°, 100°, ana 120°
respectively.

The Karplus relation is sensitive to. the presence.
of electronegative substituents, and while the values
-~ of J° ana J180 were chosen for carbohydrate systems,
the delocalized structure proposed in section B-1 acts

to withdraw electrons from C This should reduce the

1
2 °

LI BN [ | s [
observed value of Jl 2 and J2 3 and increase J3 A

making ¢l'2' and ¢3'4' too large, and ¢2'3' too small.
Vl still appears to be the best fit however, and the V

- . 101
contormation preposed by Brown et al. from xX-ray

-

crystallographic studies of the 5'-deoxy-5'-iodo-0 ,
2'~cyclouridine provides a very poor fit, even allowing
for errors in the calculated values of ¢ due to this

electron~withdrawing effect.



1. Conformation of the exocyclic CHZOH group
Following the same analysis as in section AS,

the proportions of each of the possible rotamers was

calculated for both the classical staggered forms and

the 15° oxygen-oxygen repulsion forms at all three

temperatures. These values are presented in Table VIIT.

. ' . ., o)
As in aU, the pattern is quite complex. At 5 C

the gauche-gauche rotamer (I) is shown to be clearly

preferred, by both the classical calculations and those

allowing for 0O-0O repulsion. At 30°C the Drefereance

still exists, but to a lesser degree. While the popu-

lation of rotamer I drops below 0.5 in the cases where
180

o » . .
J =9,27, J =10.36, no other single rotamer is more

favoured. At 80° this is no longer true, the prefered

¥
. . . [o

rotamer depending upon the proton assignment, the J

' o ) . o .

values, and the choice of classical or 15 -repulsion

structures. The general trend however is again toward

a decrease in the population of the gauche-gauche

rotamer with increasing temperature.

In uridine, the C-5' hydroxyl comes very near

the H-6 of the uracil base in the gauche-gauche rotamer,

It has been suggestedsg, that this may account for the
differing responses of H-5 and H-6 to changes in tenp-
erature. While the change in conformation about the
N-glycosyl bond means that the interactions between the

C-5' OH and H-6 in cU are likely to be less than in
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Table VIIT

- ROTAMER POPULATIONS FOR cU

Rotamers with

Classical Staggered Rotamers 15° 0-0 repulsion
3, 9.27  9.27 9,27 9,27 | 9,27 9.27 9.27 9.27
3180 10.36 10.36 12.00 12.00 |10.36 10.36 12.00 12.00
T,'s'g| 2.9 4.7 2.9 4,7 2.9 4.7 2.9 4.7
T,'s'cl 4.7 2.9 4#7. 2.9 4.7 2.9 4.7 2.9
5° pr .56 .56 .64 .64 .54 .62 .64 .70
PIT .33 J11 .27 .09 .20 .00 .13 .00
PIIT J11 .33 .09 .27 .26 ,38 .23 .30
T’y 3.3 4.9 3.3 4.9 3.3 4.9 3.3 4.9
Tp's'ol 4.9 3.3 4.9 3.3 | 4.9 3.3 4.9 3.3
30° p1 .49 .49 .56 .56 .45 .53 .57 .61
PII .35 .16 .31 .13 .25 .00 -~ .17 .00
PIII .16 .35 .13 .31 .30 .47 .26 .39
Ty'c'y] 4.2 5.1 4.2 5.1 4,2 5.1 4.2 5.1
Tp's'el 5.1 4,2 5.1 4.2 5.1 4.2 5.1 4.2
80° p1 .35 .35 .46 .46 .28 .30 .43 .46
PII -38 .27 .32 .22 | .32 .21 .23 .12
PIII .27 .38 .22 .32 .40 ,49 .34 .42
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uridine, the above explanation may account for the
fact that here too, the H-6 shift shows a greater temp-

erature dependence than the H-5 shift.

5. Evidence for a number of Long~Range.Couplings

A number O0f papers have noted couprlings betwéen
H-1' and the protons of the base rings.. Reported bélow
is evidence for several four- and five-bond couplings
within the sugar moiety.

Among the coupling constants listed in Table V
are values for Ji'3"y Jl’4;' J2'4’,vand at 80°¢c only,
JlRS’A"JlIS'B' The splittings due #o these couplings
are cléarly_distinguishable at SOOC, at which tempera-
ture they were first detected. They were all verified
by double resonance techniques, and provide a much
improved fit when introduced into the computer—simulafed,

‘spectrum. At 30°, only J J ', and J,',' are still

130 J1's 2'4
distiﬁct, and it is possible to'simulatg the spectrum
without introducing any 1'-5"' couplings. While these
1'-5' couplings may still be present, there was no wéy
to estimate their size, due to the broadnéss of the
observed peaks, consequently it was decided not to
assign a value to thém.. Also, since the values for 5°C
were taken by extrapolation of theVSOOC and 30°C_values,

Jl's'A and JIIS'B do not appear here either.



The apparent splittings in the S'A and 5's
D

regions of the spectfum are somewhat less than the
actual couplings involved. The values reported are
those produced by the iferative form of LAOCNN3 used

to fit the calculated spectrum to that observed. This
experimental narrowing has been calculated by Jackman
and Sternhell44 for perfect Lorenzian line shapes. The
correction facter calculated by them is shown by the
graph in Figure 25,

The signs of J J and J,',' were verified

1 ! 1 '
1 37" 71 4 4

by double resonance experiments. Those for ~and

|
J15'a

Jl's'B were produced by the iterative form of LAOCN 3.

It is difficult to account for the signs of
Jl'3', Jl'4', and Jz'é'.by any of the present theoreti-
cal treatments. Barfieldss'loo has calculated values
for substituted and unsubstituted propanic fragments
which agree well with a number of experimental values.
Table IX lists his values for 4JHH, in propane calcu-
lated by the INDO (Intermediate Neglect of Differential
Overlap) technique. If the furanose ring in cU were
planar, the coupling paths would resemble propanic
fragments for which Barfield calculates the following
values (from Table IX):

35" (120°,240%) = -0.29 Bz, J '4'(1200,1zo°)= ~0.12 Hz,
and J,','(120°,120%) = -0.12 &y

for the unsubstituted

fragments. Ring puckering in the Vl conformation would




Figure 25

The effect of imperfect resolution on the
apparent magnitude of splitting of

resonances. (Ref.44,p,.313)
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alter the dihedral angles ¢ and ¢' (defined in Table I¥)

in such a manner as to makele'3' and Jl'4' more negative

and J ' more positive.

]
2 4

Extending the calculations to substituted propanic
fragments, Barfield55 proposes that the effect of an
inductive or hyperéonjugative substituent at any of the
three carbons should produce a positive shift in the

4
values of ‘JHH' relative to the propane values except

for a hyperconjugative substituent at C-3 which should

4
produce a negative shift in the value of ‘JHH'. The

inductive electron withdrawal at CZ' through the anhydro
linkage should have a considerable effect on the values

of J,',' and J,° The size of the effect is strongly

1
13 2 4 °
- 55 . L
conformation-dependent™ , which may explain in part why

J2'4' seems to be affected more than Jl'3'° There are
ﬁndoubtedly other factors which a semi—empirical treat-
ment like INDO neglects, but it is encouraging to see
that it agrees gualitatively with the observed values
for these long-range couplings in cU.

',No calculations have appeared on the effect of

inserting a heteroatom in place of C-2 of the propanic

fragment. In the example shown below, the signs of
105,106

5

_J2 trans and J cis are both positive while
, 5 - 2,5 — =

the Jl'dl observed in cU is more negative than that

predicted by Barfield's calculations. The exanple is

slightly different however, in that it possesses a
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double bond between C-3 and C-4, It seenms possible that
the heteroatom and the double bond have opposing in-

. ' 4_
fluences on the sign of a ~J in these cases.




Chapter VI

Summary and Conclusions
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Analyses of the proton magnetic resonance
spectra of arabinouridine and anhvdrouridine have been
carried out for 5°c, SOOC, and BOOC. Interpretation
of the shifts and coupling constants for these six
spectra provide the basis for a complete structural
analysis of each molecule.

The B-—anomer of arabinouridine is shown to exist
in the anti conformation about the glycosidic bond.
with less rotational freedom than in uridine due to
the presence of the 2'—hydroxyl group. Coupling
constants for the furanose protons indicate that the
0-endo (°V) conformation is favoured, but the energy
barrier to ring flexing is so low that most other con-
formations are probably’accessible at the temperatures
studied. Uridine has beeh shown to.favour the gauche-
gauche rotamer about the exocyclic bhond and the same
ié found to be-true for aU, although the preference is
less pronounced and decreases with increasing temp-
eratpre. A nﬁmber of long-range couplings are observed,
one of which (SJl'S) supports the suggestion that the
base ring is in the anti position and has little free-
dom of movement. The other long-range couplings,
between furanose protons, are interesting in that they
have not been previously reported. However, they.are
not readily interpreted in terms of particular struc-

tural characteristics. They will become more useful
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when similar values are obtained for other nucleosides
to which compafisons can be made.

Anhydrouridine was also studied as the B -anomer,
and the absence of any long-range couplings from Hl'
into the base protons confirmed the expectation that
the anhydro linkage holds the base at right angles to
the orientation observed in aU and U. The furanose
ring is apparehtly in the Hlf~§§g (Vl ) conformation,

despite previous reports that the V., conformation is

3
favoured in the crystal form. Rotamer preferences are
less pronounced than in either U or aU. Although the

gauche~gauche form is slightly predominant at lower

temperatures, this decreases with increasing tempera-
ture until at SOOC,Yno rotamer is clearly favoured.
Long-range couplings are even more in evidence than

in aU. The altered sugar-base torsion angle means

that 5Jl'5 and 4Jl'6 are no longer observed, but the
anhydro linkage apparently makes the furanose ring
sufficiently rigid that several new coupling paths
become favourable. While the long~range couplings do
serve in some cases as additional support for the struc-

tures proposed, there are no simple relations by which

they can be related to definite structural features.




Chapter VII

Sucggestions for Future Research
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One of the biggest problems in nuclear magnetic
resonance studies of nucleosides is the use of dilute,
agueous solutions. These have always been chosen so
that the results would have direct application to bio-
logical systems. Dilute solutions in any solvent'are
less satisfactory because of the poor signal—to;noisé
ratio, but agueous (Dzo) solutions may be presenting an
additional complication by causing broading of the lines.
While other sélvents such as DMSO may cause shift
changes that affect the biological significance of the
results, coupling constants should remain much the same.
‘A comparitive study of solvents at various concentra-
tions could suggest a number of alternative solutions
for which the differences from agueous nucleoside
solutions wvere known. These could then be used in con-
junction with aqueous studies to provide information on
the fine structure due to long-range coupling inter-
actions.

Further examination of the relationship between
vicinal couplings and furanose conformation is re-
quired in order to choose the correct confdrmation with
some degree of certainty.. The range of dihedral angles
chosen by various authors for any one conformation, and

. 0
the uncertainty about the values of J° and J18 to be
used in the Karplus relation make the choice of any

particular conformation somewhat difficult. Perhaps




with the low energy barrier to ring flexing the concept
of a favoured conformation should be restricted to
cases such as the ribose sugars where steric crowding
makes some conformations highly unfavourable.
. 13 . .

Several excellent ¢ magnetic resonance studies
on nucleosides have appeared and the information Dro-
vided serves to complement that obtained by proton

. . 13 1 .
magnetic resonance. An extension of C and H magnetic

. . . 31
resonance to nucleotides, plus the inclusion of P
magnetic resonance, would provide a basis for intensive
studies of the dimers and possibly the polymers. The
analysis of the combined data may be able to provide a
~complete structural analysis of these more complex
systens.
. . 55 . .
One of the problems noted by Barfield in his
discussion of long-range couplings was the absence of
a systematic study of small long-rance couplings in
substituted propanes. Such data could provide a basis
for a more precise evaluation of the substituent and
. : 4
conformational dependence of JHH’

be applied to the long-range furanose couplings. In-

which in turn could

formation gained in this manner would serve as corro-
boration for the furanose conformations established by

use of vicinal couplings.
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