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Abstract:

A theory for the quantitative interpretation of nuclear Overhauser effects (NOE) in multispin systems is

presented and applications to the determination of molecular configurations in solution are discussed. The NOE
between several of the protons of 2/,3-isopropylidene-3,5‘-cycloguanosine have been measured and are interpreted

to illustrate the use of the theory to measure relative interproton distances.

The computed distances were within

5-10% of the distances measured on molecular models constructed using bond lengths and angles known by

X-ray diffraction for a similar compound, 3,5’-cycloadenosine iodide.

The experimental and theoretical problems

of using the NOE for conformation studies of molecules in solution are discussed.

uclear magnetic double resonance methods have
found wide application in the study of molecules

in solution, including studies of relaxation mechanisms
and chemical exchange, and as an aid in analyzing
complex spectra. Double resonance effects and their
applications have been reviewed by Hoffmann and
Forsen,*® and by McFarlane.?®

Among these effects is the nuclear Overhauser effect
(NOE), which is the change in the integrated intensity
of one resonance in an nmr spectrum when a strong
radiofrequency field is applied at the frequency of a
second resonance in the spectrum. In spin systems
which relax primarily through dipole-dipole inter-
actions, such as all-proton systems, the magnitude of
the Overhauser effect has a 1/r® dependence on the
spatial separation of the observed and irradiated spins.
Because of this, the NOE has also found application
in studies of organic molecular conformation and struc-
ture. 318

Previously, only qualitative application of this struc-
ture tool has been made, but because of its well-defined
spatial dependence, the Overhauser effect may also
be used quantitatively to determine relative internuclear
distances.
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In this paper, the relation between internuclear dis-
tances and the observed change in line intensity during
an NOE experiment is presented and the conditions
on its validity are considered. The simple two-spin case
is presented first and then generalized to the case of N
spins which relax by intramolecular dipole-dipole in-
teractions and intermolecular mechanisms. This treat-
ment applies directly to most cases of organic chemical
interest since it will, with few exceptions, be valid
for all-proton systems. The inclusion of other re-
laxation mechanisms, such as the scalar and quadrupole
mechanisms, is discussed. Factors important in ob-
taining reproducible experimental results, such as the
strength and accurate positioning of the irradiating
rf field, are then considered in some detail. Finally,
the technique is illustrated by determining the ratios
of several internuclear distances in 2‘,3’-isopropyli-
dene-3,5'-cycloguanosine (1) (see Figure 5) and com-
paring them with values based on Zussman’s!® X-ray
study of the very similar compound, 2,3’-isopropyli-
dene-3,5'-cycloadenosine iodide (2).

Theory

Consider an Overhauser experiment in which the
spin / is irradiated while the resonance of spin d is
detected. Such an experiment consists of applying a
strong rf field of amplitude H, at a frequency « near
w;, where w, is the Larmor frequency of spin i, and
observing the indirect effect of the strong rf field on
spin d by sweeping a weak rf field of amplitude H,
through the resonance at w;. With the z axis chosen
in the direction of the static magnetic field and H,
too weak to cause saturation of spin d, the area of
the observed signal is proportional to ([, where
vah{lz) is the expectation value of the magnetization
in the z direction due to spins d. It is the change
produced in (I,;) by the H, field that is of interest.

Throughout this paper, it will be assumed that the
extreme narrowing condition is met. Under the three
additional conditions (1) the relaxation of the ob-
served spin, d, by the irradiated spin, 7, occurs ex-
clusively by a dipole-dipole mechanism, (2) H, is
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lution Nuclear Magnetic Resonance,” McGraw-Hill Book Co., Inc.,
New York, N. Y., 1959, p 35.



sufficiently strong to completely saturate the resonance
of i, so that (I,;) = 0, and (3) H, is sufficiently weak
so that it causes no change in the population of the
states of spin d, Abragam?? gives the relation

(L) = Tog + (/)0:S(Se + D/SLS: + 1) (D)
where S is the total spin quantum number of nucleus k&

and I is the equilibrium value of - (;) in the absence

of all irradiating fields. [l is thus proportional to
the area of the nmr line of spin & in the absence of
the strong rf field. Using the relation I/ = .S
(S; + D/vaS«AS: + 1), where 7, is the gyromagnetic
ratio of spins &, (I,;) can be written as

(Le) = Toa(1 + Yi/27a)

In terms of the fractional change in intensity of line d
due to saturation of spin i, f;%, this becomes

<]zd> - ]Od
4 — x=2/ ™
fi - IOd

If i and d are the same chemical species, eq 1 shows a
509 enhancement in the intensity of d when i/ is sat-
urated. It also shows that, if only two spins are present,
no information on geometry is available from the
experiment. Both these calculations are altered when
interactions between three or more spins are involved.
If a molecule contains more than two spins, concrete
information on its geometry can be extracted, provided
the number of intramolecular NOE experiments at
least equals the number of parameters to be determined.

The procedure uséd by Abragam to obtain eq 1
can be applied to a system of N spins with the result
that

= Y274 @)

‘Ykpfc‘?fik (3)
td YabPu
with p;* = the contribution of spin j to the relaxation
of spin k

¢ = YRt _ o
Ji=Ch) YaPy ( /Q)k;é

N
Pd = _ijd + potherd

=1

and poner? = the intermolecular contribution to tte
relaxation of d. A more detailed justification of eq 3
is given in the Appendix. The notation used here
is similar to that of Solomen?? and Solomen and
Bloembergen,?? and is connected to that of Abragam
by

pji = I/Tlii, O'ji = I/Tlij

In addition to extreme narrowing and conditions 2
and 3 discussed in connection with eq 1, eq 3 also
requires the following four conditions. (1) The spins
relax entirely by intramolecular dipole-dipole inter-
actions and intermolecular interactions. (2) The
irradiated line is sufficiently far from the observed
line so that (w; — wg)Tee? >> v, 2Hy*Ty,P;~1, where
Ty is the transverse relaxation time of spin d. This
condition assures that the intensity of the observed
line will not be altered by direct saturation at the
high H, strengths used. This is the usual condition
for nonsaturation?¢ with P,~! serving in place of T,

(21) A. Abragam, “The Principles of Nuclear Magnetism,” Oxford
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(23) 1. Solomen and N, Bloembergen, J. Chem. Phys., 25, 261 (1956).

3267

the longitudinal relaxation time of spin d. (3) Any
contributions to the relaxation rate due to correlated
motions of the interacting spins is small. Numerous
calculations based on the semiclassical density matrix
theory have been carried out on three- and four-spin
systems, and in all cases, the additional terms arising
from correlated motions of the spins have, in fact,
been negligible in the extreme narrowing case.?6—32
(4) For any spin which is J coupled to the observed
spin, the magnitude of the coupling constant must
be much less than the chemical shift difference between
it and the observed spin. This “weak-coupling’ con-
dition also applies to J couplings with the irradiated
spin. In such weakly coupled cases, the populations
of the states of one spin are relatively independent
of the populations of the states of the other spin,
except insofar as they are connected by some relaxation
mechanism. Under these circumstances, the only effect
of the coupling is to distribute the intensity of the
resonance among the lines of the resulting multiplet,
thus requiring integration of the multiplet in order
to obtain the intensity. However, even with a singlet,
it is advisable to use the area rather than the amplitude
as measure of intensity because the presence of the
strong rf field and/or unresolved J couplings may alter
the width of the line and thus destroy the proportion-
ality between intensity and amplitude. This qualifica-
tion of the statement about peak height measurements
made by Hart and Davis!® is necessary for rigorously
quantitative NOE studies. Nevertheless, since peak
height measurements are so much easier, it is acceptable
to use them for semiquantitative studies as long as
it is proven that areas and amplitudes correlate well
in the given case.

In the presence of J coupling, the spin functions
in a multispin system become mixed and the energy
levels are changed. The extent of this mixing becomes
large as the chemical shift difference approaches or
becomes less than the coupling constant. In such
tightly coupled spin systems, strong irradiation of one
transition may affect the populations of all levels in
the system. These cases cannot be properly handled
by the simple treatment given here, but rather require a
full density matrix treatment, 3%~ 3

Because both sides of eq 3 are divided by P,, which
is the sum of all contributions to the relaxation of
spin d, any relaxation mechanism of d in addition
to its interaction with i tends to decrease the value
of 2. Since a given spin will usually interact strongly
with only a few other spins, it will nearly always be
the case that either p;* << P, or f;* will be small for
most values of k. This results in the second term in
eq 3 being small so that f;* will normally satisfy the
inequalities 0 < £, < %,/2y, This is confirmed by
the many cases already noted.*~!* It is possible, how-
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Figure 1. Dependence of the enhancement f;!’ on concentration of
t-butyl alcohol-di: A, 2’,3’-isopropylidene-3,5’-cycloguanosine
(1); @, 3,5'-cycloguanosine (3). The rf field strength was 2,78 mG
for all experiments depicted here.

ever, for the second term in eq 3 to be large and, in
some cases, its absolute magnitude may exceed that
of the first term. It is then possible to have f;* > v,/
2y, or £ < 0. A negative value of £,? is most likely
to occur if a third spin is closer to both the irradiated
spin and the observed spin than they are to each other.
Such a case has, in fact, been reported by Bell and
Saunders.® Their explanation of this phenomenon
is essentially a special case of the theory presented
here.

Another interesting consequence of eq 3 is that
the effect of saturating more than one resonance at
the same time is approximately the sum of the effects
obtained by saturating each separately. This additivity
will be almost exact if the quantities in the sum in
eq 3 are each small.

In the only triple resonance Overhauser experiment
attempted in this study, this additivity was confirmed.
H-1’ of the guanosine cyclonucleoside was observed
while saturating the H-8 and H-2’ resonances individ-
ually, and then simultaneously. The results were fi!’
= 0.25, V' = 0.13, and fyr o = 0.39, in reasonable
agreement with the expected additivity. These en-
hancements have not been corrected for the replacement
of 199 of the H-8 protons with deuterium as this cor-
rection does not affect their additivity.

The inclusion of other relaxation mechanisms in
eq 3 is straightforward., First consider relaxation mech-
anisms of the observed spin, d, which do not depend
upon an interaction with other spins. This would
include the quadrupole, spin-rotation, and anisotropic
chemical shift mechanisms, for example.

The contribution of each such mechanism to the
relaxation of d is simply added into P,, and does not
enter the problem in any other way. As far as the
Overhauser experiment is concerned, the only effect
of these terms is to decrease the fractional enhancements
observed.

If the additional relaxation mechanism involves in-
teraction with other spins in the system, then a term
Zwp’yt is added to P,, where p’;? is the contribution
of spin k to the relaxation of d through this additional
mechanism. In addition, eq 3 must be rewritten as

(36) R. A, Bell and J. K. Saunders, Can. J. Chem., 46, 3421 (1968).
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(o2 + &p /kd)ftk
YaPq

_ nef2+ b

d
Ji Ya P,

K d @
where the constant £ depends upon the type of relaxa-
tion mechanism involved. Abragam has given values
for £;% if the mechanism involves a bilinear coupling
(the dipole~dipole interaction being of this type), two
quantum transitions (e.g., |ea) — |8B)) are allowed,
and this leads to the value £ = +1/,, If the mechanism
involves a scalar coupling which is modulated by chem-
ical exchange, only zero quantum transitions (e.g., |o8)
— |Ba)) are allowed, and £ = —1. If the modulation
of the scalar coupling results from rapid relaxation
of the spin k instead of chemical exchange, and if
the relaxation of k results from an interaction which
has a white frequency spectrum (e.g., if k experiences
quadrupole relaxation), then £ = —!/,, However, of
the latter two mechanisms, only the exchange modulated
scalar mechanism is likely to be of importance?? 23
in liquid systems of nuclear spins. There are no
bilinear mechanisms effective in liquids other than the
dipole-dipole interaction, and the terms p/ arising
from scalar coupling are, in practice, usually far too
small to have any effect. Bell and Saunders® sug-
gested scalar relaxation might be important in the
system they studied, but substitution of typical values
into Abragam’s equations?® shows that unless J ~ §
(a case for which the equations are not valid), scalar
relaxation will not be an important contribution to
the Overhauser effect. Thus, provided J <« 6, NOE
experiments can routinely be done between J-coupled
spins and the enhancement expected in such cases
will be the same as that which would arise if J were
zero.

For intramolecular relaxation through the dipole-
dipole interaction, the p’s in eq 3 are given by %

P = p = Wy iAre(n ) )

where (r:,7%) is the mean of the reciprocal sixth power
of the distance between k and j, and 7. is the correlation
time for the dipole interaction. Ifj and k are different
nuclear species, the factor v, in eq 5 is replaced with
ity

If the tumbling of the molecule is isotropic and any
internal motions are slow, 7. will be the same for all
intramolecular interactions and, upon substituting (5)
into (3), the constant #2r. can be removed from the
expression. Further assuming that all spins have the
same gyromagnetic ratio

1 (ra O
254, Rs

1(ra™®
e — - \Yu /
‘fi 2 Rd

()

where Ry = Zy(rax™® + ag = Py/v*hir. and a; =
Pother/A¥Y*r.. Equation 6 is a convenient form for
calculating the effect expected for a given molecular
geometry, as all the f* can be estimated by computing
just the first term of eq 6 for each possible pair of
indices, i and d, and then improving these values
iteratively by substituting them back into (6).

(37) Reference 21, p 312.

(38) Reference 21, p 311, eq 127.

(39) Reference 21, p 295.

(40) The third power size dependence mentioned by Hart and Davis!8s
occurs only when the interaction between two spins is intermolecular
and the interspin distance is determined by diffusion.
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Figure 2. Spectrum (100 MHz) of a 0.25 M sample of 2’,3’-isopropylidene-3,5’-cycloguanosine (1) in DMSO-d; containing 1.8 % #-bu-

tyl alcohol-a; v/v. Chemical shifts are in parts per million from TMS, and coupling constants in hertz.
Line widths ranged from approximately 0.8 Hz for H-8 to approximately 2.4 Hz

system, which is tightly coupled, are given in the text.

Actual parameters for the 4/,5",5"/

for the H-4’, H-5’, and H-5'/ protons. The field homogeneity was maintained at 0.4 Hz or better.

In cases where the Overhauser experiment can be
carried out between a sufficient number of spin pairs,
eq 6 can be inverted to calculate relative values of
the (r;;~%) from the observed Overhauser effects. If
the molecule is rigid, this leads directly to relative
values of the r;; In carrying out the inversion, it
is more convenient to write eq 6 in the form

auf? + j;i(rdfe)(fid + Cff7) =0 ™)

Substituting actual experimental enhancements for the
S, the equations are solved simultaneously for the
(ri;7%). Notice that the term in parentheses involves
the enhancements of all lines j in the spectrum when
iisirradiated. However, some knowledge of the molecu-
lar structure is generally available before beginning
the analysis, and this permits us to drop many of
the terms in the sum because {(r;;~%) will be very small
for all but a few spins, namely those closest to d. Also
note that the quantity f;* which arises in one term of
the sum will be f;* = —1, as the intensity of the ir-
radiated line is zero.

Before proceeding to illustrate the application of
this procedure, it will be useful to consider several
experimental factors important in obtaining reliable
experimental values for the /. Instrumental considera-
tions can be found in the review by Hoffmann and
Forsen,* and references therein.

First, as each additional relaxation path available
to the spins reduces the magnitude of the observed
Overhauser effect, the maximum effect consistent with
the molecular geometry will be observed when inter-
molecular relaxation is negligible. For this reason,
intermolecular relaxation should be minimized by use
of low solute concentrations, solvents composed of
atoms of low magnetic moment (CCl,, CS,, deuterated
solvents, etc.), and by careful removal of dissolved
oxygen. Nonetheless, the concentration of solute re-

quired to obtain good spectra, plus the internal ref-
erence usually required for field locking, will usually
make it impossible to eliminate intermolecular effects
entirely, so they must be specifically included in any
calculations based on the observed effects.

The importance of eliminating sources of intermolecu-
lar relaxation is indicated in Figure 1, where the per
cent enhancement observed in H-8 upon irradiation
of H-1’ is plotted against the percentage of t-butyl
alcohol-d; in samples of 1 and 3,5’-cycloxanthosine
(3). Both H-1’ and H-8 are well-isolated singlets
in these molecules (see Figure 2). A rapid decrease
in the per cent enhancement as the concentration of
t-butyl alcohol-d; increases is apparent. The leveling
of the curve at higher percentages of the internal lock
sample is not typical behavior, but probably reflects
strong preferential solvation of the nucleosides by
dimethyl sulfoxide (DMSO). This would cause the
local concentration of f-butyl alcohol-d; in the region
around the nucleoside molecules to be much lower
than the concentration in the bulk solvent phase and
to vary only slowly with it. This opinion is supported
by the observations that (a) both the xanthosine cyclo-
nucleoside 3 and the guanosine cyclonucleoside 1 are
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OH OH

3

7

P
[ah
v

Y

O
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(@]

relatively insoluble in #-butyl alcohol; (b) 3is noticeably
more soluble than 1 in DMSO-t-butyl alcohol mix-
tures, as would be expected from the differences in
behavior shown in Figure 1, which indicate that z-butyl
alcohol competes more effectively with DMSO for
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Figure 3. Dependence of the observed enhancement f;!’ on the
distance of the irradiating field from the center of the saturated
resonance: @, 2.78 mG H;; A, 1.86 mG H,; &, 0.94 mG H;;
¢, 0.5 mG H,. The sample was 0.25 M 2’,3’-isopropylidene-3,5'-
cycloguanosine (1) in DMSO-d; containing 1.8 % #-butyl alcohol-d;,
v/v.

association with 3 than for association with 1; and
(c) in the regions where the curves flatten out, addition
of t-butyl alcohol to the sample causes rapid decrease
in the solubility of the nucleoside.

Another important experimental factor is the strength
and position of the H, field. This is most conveniently
considered for the case of a system in which the ob-
served spins d interact strongly only with the irradiated
spins i. The observed value of f;% is proportional
to (I,;) — I,. But if the resonance of i is a singlet,
then {I,;) — I, will be a Lorentzian function of the
frequency of the irradiating field, and f;¢ will also be a
Lorentzian function of w. The Lorentzian will be
centered on w; and have a half-height width of (1 +
v:2H?T1;T2,) Y 7T,

The observed dependence of f;¢ on w and H, is shown
in Figure 3 where the per cent enhancement of H-8
is plotted against w — wgy’ for four values of H,. The
lines through the points are Lorentzians obtained by
calculating curves for various values of the width and
visually selecting the one which gave the best fit.

It can be seen in the figure that the enhancement
vs. frequency curve becomes quite flat on top at high
powers. This makes it advantageous to operate at a
power in excess of that required to saturate i (for
w = w;), because the effects of small instabilities or
error in H, field or frequency settings will be minimized.
Also taking into account the possibility of saturating
neighboring resonances, H; should be selected as large
as is consistent with the inequalities

12m8|2 3> y2H,2 3> Ty Tt

where 6 is the chemical shift difference between i and
the nearest other resonance. This may be operationally
defined as operating at as high an rf field strength as
possible while remaining in the flat region of the curve
in Figure 4. This curve should decrease again at
higher powers than those shown in the figure.

Experimental Section

3,5’-Cycloxanthosine (3) was prepared according to Hampton
and Nichol4! and 2’,3’-isopropylidene-3,5’-cycloguanosine (1)
according to Holmes and Robins. 42
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Figure 4. Relation between enhancement of H-8 in 2’,3’-isopropyl-
idene-3,5’-cycloguanosine (1) upon irradiation of H-1’ at various
power levels. The sample was a 0.25 M solution in DMSO-d; in a
coaxial assembly.

For samples in which intermolecular relaxation by the lock sample
was to be avoided, a coaxial assembly was employed consisting of
an inner tube (Wilmad No. 516-I) fit snugly and concentrically intoa
standard precision nmr tube (Wilmad No. 507-pp) by means of two
Teflon shims appropriately placed between the cylinders. Hexa-
methyldisilizane, placed in the annular space, served as an external
lock sample.

Internal standard samples were prepared in Wilmad No. 507-pp
tubes. The lock sample was #butyl alcohol-di (Merck, 98%; iso-
topic purity), as it has optimum solubility and chemical shift char-
acteristics. The volume percentages quoted for concentrations
of the internal lock material are based on volumes before mixing.

After recrystallization of 1 from D;O and a single lyophilization
of 3 from DO, each compound was dissolved in dimethyl sulfoxide
(Merck, 99.5% isotopic purity) with or without internal lock mate-
rial, as required, and degassed by at least three freeze~pump-thaw
cycles at less than 10~5 Torr before being sealed off. All cyclo-
nucleoside solutions were 0.25 M.

A 100-MHz spectrum of cycloguanosine is shown in Figure 2,
along with the assignments, apparent coupling constants, and chem-
ical shifts, The two 5’ protons and the 4’ proton constitute an
ABC system with the approximate parameters vs 97 Hz, Jap =
+3.0 Hz; vp 100 Hz, Jpc = 2.4 Hz; »c 0 cps, Jac = +14.4 Hz.
Calculations of a spectrum using these parameters and a line width
of 2.4 Hz reproduced the positions and all structural features of the
envelope, but there were some small differences between the ob-
served and calculated spectra with respect to the relative amplitudes
in the downfield group. The large value of Jac would seem to indi-
cate that these are the 5’ protons while B is the 4’ proton. De-
coupling the upfield resonance (C) gave an AB quartet downfield
which was in reasonable agreement with these parameters, Be-
cause the lines are broad and overlap considerably, including some
overlap with the adjacent H-2’ and H-3’ resonances, further im-
provement of these values would be difficult.

The resonances at § 4.37 and 3.57 are impurities, at least one of
them probably being water. A portion of the same batch on which
the spectrum was taken was recrystallized from anhydrous ethanol.
Following this treatment, the impurity lines were barely detectable
in the nmr spectrum. Recrystallization of another portion from
D,0 and subsequent drying at 100° for 120 hr under 5 Torr of pres-
sure completely eliminated the line at § 4.37 and greatly reduced the
intensity of the line at § 3.57. A high-resolution mass spectrum at
a sample pressure of 1075 Torr and 35° showed a large peak at
mje 18 indicating the presence of an unusual amount of H,O, prob-
ably incorporated as a nucleoside hydrate,

Experiments were performed on a Varian HA-100 nmr spec-
trometer run in the frequency sweep mode. Experiments done to
show the effects of internal lock material and frequency and strength
of the irradiating field were run as described by Hart and Davis!ss
using a 1000-Hz sweep width and a 2-Hz/sec sweep rate. Enhance-
ments to be used in the calculations were measured in the same
manner except that the resonance was recorded with a 50-Hz sweep

(41) A. Hampton and A. W, Nichol, J. Org. Chem., 32, 1688 (1967).
(42) R. E. Holmes and R. K. Robins, ibid., 28, 3483 (1963).



width and 1.0-Hz/sec rate, and the areas were measured with a plan-
imeter. Ten pairs of reference and Overhauser traces were taken
for each different experiment and each trace was integrated twice
and averaged to give the area used in computing an enhancement
for the particular experiment. Planimeter integrations were thought
to give better accuracy and precision than the standard nmr capac-
itor integrator.

Multiple resonance experiments were facilitated by a bank of
four Wein bridge oscillators, individually amplitude and frequency
tunable over the range of 1-4 kHz. Frequencies were measured
using a Transistor Specialties, Inc, Model 361-R universal counter.

Illegitimate negative effects*® and erratic results due to over-
loading part of the Model 4354A internal reference stabilized con-
troller were avoided by moving the spectrum amplitude control to
a point between the second and third stages of the 4354A, allowing
attenuation of the excessive signals often generated in multiple
resonance experiments before overloading of the 60-db amplifier
and/or the audio phase sensitive detector could occur.

Calibration of the voltage output of the decoupling oscillators
in terms of milligauss was made by measuring Bloch-Siegert shifts
as described by Johnson.*4

The probe temperature during all experiments was 31 = 1°,

Application to Cycloguanosine

The quantitative use of the nuclear Overhauser effect
in conformation studies will be illustrated by deter-
mining the relative distances between H-8, H-1’, and
H-2’ in compound 1 (see Figure 5). The guanosine
cyclonucleoside is a particularly good model because
the resonances of protons 1/, 2/, 3/, and 8 are well sep-
arated in the spectrum (see Figure 2) making experi-
ments between several spin pairs possible, and because
the molecule is fairly rigid, thus minimizing any com-
plications that might arise from internal motions.
Further, the ratios of intermolecular distances obtained
can be checked by comparison with values based on
Zussman’s!® X-ray study of 2, which is expected to be
very similar to 1.45

The relative distances are obtained by writing eq 7 for
the four experiments: irradiate H-8 while observing
H-1’ and H-2’, and irradiate H-1" while observing H-2'
and H-8. In the notation of eq 7, these experiments
correspond to (i, d) = (8, 1), (8, 2"), (1, 2"), and (1', 8).
These four equations are then solved simultaneously for
{rs% and (ry5%) in terms of (r1»~%. The values of
the experimental enhancements are given in Table I.
Substituting these values into eq 7, the equations to be
solved are

0.36a5 — 0.41(rs~%) — 0.14(rs) = 0 (8)

— 0.50(25™% + 0.05(ns) =0  (9)
0.10ay — 0.40(r»~%) + 0.10(rys™%) = 0 (10)
0.32ay + 0.32(r=%) — 0.18(ms=) = 0 (11)

In writing eq 8-11, it has been assumed that (#;5%) is
negligible for j 1’ or 2/, and that (r;;%) is negligible
forj = 2/, 3/, or 8. Itcan be seen from models of this
molecule that the separations of the nuclei whose inter-
actions are assumed negligible here are sufficiently large
in all physically allowed conformations to make this
assumption reasonable. Interactions which are ig-
nored but are not entirely negligible will be partly com-
pensated by the presence of the terms a; in the equations.

(43) B. M. Fung, J. Amer, Chem. Soc., 90, 219 (1968).

(44) L. Johnson, Varian Associates Technical Information Bulletin,
Summer, 1965, p 7.

(45) Unfortunately, the X-ray analysis of compound 1 is not avail-

able. The differences in structure between 1 and 2 should be minor in
terms of the gross geometry of the two molecules.
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Table I. Fractional Enhancements Observed in
2’,3’-Isopropylidene-3,5’-cycloguanosine*
Qbserve:
Irradiate H-2/ H-1’ H-8

H-3’ 0.05 = 0.04 0.00

H-2’ 0.10 & 0.05 0.00

H-1’ 0.10% 0.36 = 0.02

H-8 0.00 0.32¢

o Experiments reported here done in external lock mode with a
coaxial sample tube. Uncertainties listed are standard deviations.
b This value is only approximate as 2’ lies too close to part of the
4,5’ resonances for accurate determination of its intensity. ¢ The
experimental value is 27 == 0.04. However, H-8 is exchanged to the
extent of 199 (as determined by integration of the H-8 and H-1’
resonance), and the value in the table is corrected for this.

This can be seen by considering the effect of the inter-
action of H-1/ and H-4' (assumed negligible above) on
the experiment in which H-8 is irradiated and H-1’ ob-
served. This interaction enters the problem through
the term with j = 4’ in eq 7, and thus contributes the
quantity (r.s~(fs? + Y.fs¢) to eq 8. Using the ex-
perimental fact that fz# = 0, this term reduces to
(rram 8 fzV = 0.36{r1-~%), which is of exactly the same
form as the first term in eq 8. Thus, if {(r1++~% is not
actually negligible, the only effect of ignoring it will be
to cause the calculated value of “as” to correspond to
as + (rry~%). Provided we have no intention of using
a3 in any further analysis, this loss of definition will not
matter.

Equations 8 and 9 are now solved for gs in terms of
(rvs~%, and eq 10 and 11 for ay- in terms of the same
quantity, The result is a5 = 0.28(r15~%) and a4 =
0.25(r15-%. The similarity of these values is expected
considering the close proximity of H-1’ and H-8 in
the molecule. Substituting these expressions for as
and ay back into eq 8-11 and solving, we obtain 71
= 0.83r1/2/ and Vorg = 1.297‘1'2'.

In order to compare these ratios with the X-ray study
of 2, a model of 1 (Framework Molecular Models,
Prentice-Hall, Inc.) was carefully constructed using the
bond lengths and angles given by Zussman.!* The X-
ray study did not locate hydrogens, so these were posi-
tioned using a C-H bond length of 1.07 A and the usual
tetrahedral fasteners (ribose protons) or trigonal fast-
eners (H-8). The structure of the molecule, including
important bond lengths, is shown in Figure 5. The
glycosidic bond and the purine base are coplanar. The
comparison is made by measuring the model and using
this value to calculate 715 and r,5 from the experimental
ratios. The values of r15 and rys are then compared

Table II. Comparisons of Internuclear Distances in Models
with Calculated Results

8 = 0°¢ f = 35°a
Caled Calcd
Measured from Measured from
on exptl on exptl
mogel, ratios, model, ratios,
Distance A A A
n’y 2.8 2.9 3.1
I’s’ 2.5 2.4 2.6
re’s 3.7 3.6 4.6 4.0

¢ @ is the angle between the glycosidic bond and its projection on
the plane of the base. In the second case, the plane of the base is
tilted away from the ribose.

Schirmer, Noggle, Davis, Hart | Molecular Geometry by Nuclear Overhauser Fffect
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CHy  CHs

Figure 5. 2’,3’-Isopropylidene-3,5’-cycloguanosine (1). Indicated

distances are in angstroms.

with the corresponding distances in the model. The
results appear in columns one and two of Table II.

In order to obtain some idea of how strongly the ex-
perimental distance ratios would limit the conformation
of the molecule, calculations were made on a model that
differed from the one discussed above only in that the
purine plane formed a 35° angle with the glycosidic
bond. The data are recorded in columns three and four
of Table II. The values in the table, in which rys is
used as the reference distance, are the best fit possible
within the limits set by the bond lengths used and the
cyclic structure of the molecule. It can be seen that the
Overhauser data would eliminate angles of this magni-
tude from consideration.

Discussion

The connection between the Overhauser effect and
internuclear distances described in this paper allows the
ratios of these distances to be determined for a molecule
in solution. In the event that the basic structure of a
molecule severely limits the number of conformations it
may assume, as in the present case, a reasonable set of
values for bond lengths combined with the experimental
distance ratios will allow the conformation-dependent
internal angles to be determined uniquely.

The accuracy in such a determination is difficult to
estimate and will vary from case to case, as the sensitiv-
ity of the ratios of internuclear distances to changes in
an internal angle are very dependent on the molecular
structure intervening between the nuclei. As an ex-
ample, it can be seen in Figure 5 that the ratios used in
our example are not as sensitive to the angle between
the base and the glycosidic bond as might be desired be-
cause the distance of H-8 from the axis of rotation is
quite small. All ten measurements that comprised

Journal of the American Chemical Society | 92:11 | June 3, 1970

each of the nuclear Overhauser enhancements reported
in Table I fell within 2¢ of the average of the ten deter-
minations of the particular interaction. Standard
deviations in the experimental values are included in
Table I and are generally =0.03 or an experimental
error of about £109 of the larger observed enhance-
ments. Besides random error, there are also several
sources of systematic error which cannot be estimated
easily. These include nonlinearity in the instrument,
particularly at the high power levels required, errors in
phase settings, and errors in determining the base line
used in the integrations. Each of these errors would
tend to reduce the signal intensity, but some compensa-
tion will occur because only ratios of intensities are
used.

The most serious limitation on the application of this
method in conformation studies is the requirement that
several nuclei between which the experiment can be done
must be situated in such a way that their separation de-
pends upon the internal coordinate of interest. In
order for the experiments to be possible, the resonances
of the nuclei must be well separated in the spectrum.
Nonetheless, we feel that the accuracy and range of
applicability of the method are sufficient to make its
potential utility in conformation studies very high, par-
ticularly when the simplicity of the experiment and cal-
culation is considered.
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The Multispin Case. Justification of Eq 3

In a many nuclear spin system, we assume that the
relaxation Hamiltonian can be written generally as

(1) = ;Gcw“ + ; 37

Appendix.

(AD)

where 3¢,,4¢ is the dipole-dipole coupling of spins i and
J and 3¢,” represents other relaxation mechanisms of
spin /, e.g., intermolecular dipole-dipole, quadrupole,
spin rotation, etc.

Using the density matrix equations of ref 21, Chapter
VIII, it can be shown that the equation of motion of
(Ig) for spindis

Stem
% = —Z[pjd«lzd) —]od) -+ U'jd(<]zj> - ]Oj)] —
J#d

Potherd«]zd) — Iy) (A2)

providing that cross correlations between terms of eq
Al can be neglected (see text). Ineq A2, p,®and o,? are
due to 3¢,,%9, the dipole-dipole coupling of spin d with
spin j, and are calculated as in ref 21. pome? is due to
JC4%, the other relaxation mechanisms of spin d. Equa-
tions similar to A2 apply to the other spins j. If we
assume that one of the other spins j is saturated (call it
i ¥« d)so (I;) = 0and solve eq A2 in the steady-state
approximation, defining



Py = potner” + ijd
J

we get
d{Lg)/dt = 0 = Po(L:a) — Toa) —
0oy + ;”aﬂ«lz;) — L) (A3)

or where the double prime sum means j = i, d
d — <Izd> - ]Od —_
1 —10«1

oiflo; I_Z”V o Teg) — Iy

A4
Pdu P he 1, MY
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with
Ioy/la = S{S; + Dvi/Se(Sa + Drya
and
piflo = 28(S; + D/SASea + 1)

and f;* = ({I;) — Io;)/l,;, the enhancement of j when i is
saturated, we get

S = vipd2vePs — (1/2Pd);”7kpkdftk/7d (AS)
The second term on the right-hand side of eq AS is thus

the indirect polarization of d through the other spins j
when i is saturated.
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Abstract:

The conductances of dilute solutions of tri-n-butylammonium picrate in o-dichlorobenzene with added

methanol, n-propyl alcohol, isopropyl alcohol, r-butyl alcohol, tetrahydrofuran, diethyl ether, and triphenylphos-
phine oxide have been measured at 0, 25, 35,and 45°. Cation-~ligand association constants, K1, for each ligand have

been calculated from these data at each temperature.

Values of enthalpy and entropy changes for cation-ligand as-

sociation have been obtained from these results. The affinities of the alcohols for the cation as measured by values of
K at 25° differ only by 50%, but are in the order MeOH > i-PrOH ~ n-PrOH > r~-BuOH. The exothermicity (AH®)
for the association reactions are in the reverse order, that for ~BuOH being almost 2 kcal more negative than that
for MeOH. A second molecule of alcohol adds to the cation~-alcohol complexes as the alcohol concentrations

increase.

quilibrium constants, Ky, for the formation of cat-
ion-ligand complexes, eq !, in medium and low

BH+ 4+ L S B-H*...L Ky = [BH'L}/[BH*][L] (1)

dielectric solvents, have been determined at 25° in a
number of laboratories.»? Information concerning the
factors which govern the extent of reactions such as eq 1
is important in developing our understanding of specific
ion-solvent interaction and all the phenomena in
which this latter is involved.

We have now begun a program to determine the
enthalpy and entropy changes that accompany reac-
tions of this type. This, our first report under this pro-
gram, is concerned with the measurements of values of
K1, eq 1, at 45, 35, 25, and 0° for the cation tri-n-butyl-
ammonium (Bu;NH*) as BH+, with methanol, »-
propyl alcohol, isopropyl alcohol, t-butyl alcohol,
tetrahydrofuran, diethyl ether, and triphenylphosphine
oxide as L. We believe the thermodynamic data ob-

(1) This work has been supported in part by Grant No. GP-6949
from the National Science Foundation.

(2) (a) J. F. Coetzee and G. R. Padmanabhan, J, 4mer. Chem. Soc.,
87, 5005 (1965); (b) J. F. Coetzee, G. R. Padmanabhan, and G. P.
Cunningham, Talanta, 11, 93 (1964).

(3) (a) E. K. Ralph, III, and W. R. Gilkerson, J. 4mer. Chem. Soc.,
86,4783 (1964); (b) W. R, Gilkerson and J. B, Ezell, ibid,, 89, 808 (1967);
(c) J. B, Ezell and W. R. Gilkerson, J. Phys. Chem., 72, 144 (1968);
(d) A. L. Mixon and W, R, Gilkerson, J. 4mer. Chem. Soc., 89, 6410
(1967).

The ethers and triphenylphosphine oxide do not add a second molecule to the cation-ligand complex.

tained from these measurements are among the first of
their kind to be reported. The only comparable mea-
surements of which we are aware are those of Kebarle
and Searles* on the thermodynamics of the gas-phase
association of NH4*+ with NH;.

Experimental Section

Our experimental approach is based on the following: a salt,
typically tri-n-butylammonium picrate, in o-dichlorobenzene sol-
vent, exists principally as the ion pair, BuuNH*, Pi~, in equilibrium
with a small fraction present as the free jons, able to conduct an
electric current

BusNH*, Pi- > Bu;NH* + Pi~ @)
K, = [Bu;NH*I[Pi~]/[BusNH*,Pi]

K, has been found?s to be 2.9 X 1071 at 25°, Addition of a
reagent such as methanol, which formsa 1:1 complex with Bu;NH™,

Bu;NH* + MeOH > Bu;NH*. - .OMe €)
H

results in an increased free ion concentration, due to mass action,
thus an increased electrical conductivity. Measurements of the
conductances of the salt solution as a function of the ligand concen-
tration furnish the raw data from which values of the cation-ligand
association constants may be obtained by suitable treatment,?s-e

In the experiments reported here, all solutions were made up by
weight, A salt solution, typically 2-3 X 10~¢ mol/l., was placed
in the conductance cell and thermally equilibrated in the bath. The

(4) S, K. Searles and P. Kebarle, J, Phys. Chem., 72, 742 (1968).

Flora, Gilkerson | Thermodynamics of the Association of Tri-n-butylammonium Cation



