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complexes 28, 38, 33, and 34. Since the sign of 'J(P,F) in these
metal complexes can be assumed to be negative® from the two-
dimensional correlation experiments (cf. Figure 4b), it follows that
2J(F,Fe) is positive. Of particular value is the combination of
two-dimensional experiments, e.g. (‘\H,*’Fe) and (*',’Fe) for
complex 1. In this way, the relative signs of a variety of scalar
couplings in quasitrigonal and -tetragonal complexes can be ob-
tained (cf. Chart IV). To the best of our knowledge, the signs

(52) Staplin, D. C.; Parry, R. W. Inorg. Chem. 1979, 18, 1473.

of J(Fe,X) couplings have not hitherto been reported.
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Abstract: We have directly observed molecular reorientation in polycrystalline hexagonal ice, ice f;, by deuterium NMR and
deuterium-decoupled proton NMR. The dynamics are seen as exchange broadening of powder patterns. The reorientational
rates required to produce similar effects on the patterns are scaled according to the magnitudes of the anisotropic spin interactions,
~6 kHz for the proton-shielding anisotropy or ~200 kHz for the deuterium quadrupolar coupling in water. Because of the
differing sizes of these two interactions, the two methods are complementary for studying reorientation over the temperature
range 200-267 K. The results show that water molecules reorient with tetrahedral symmetry in ice. Line-shape simulations
using the assumption of tetrahedral reorientation are in accord with the experimental spectra and give rates directly comparable
to the temperature-dependent Debye correlation time, rp, from dielectric relaxation.

We report here the direct observation by deuterium and proton
magnetic resonance of tetrahedral jump motions in normal hex-
agonal ice 1,. This result returns one to Pauling’s 1935 observation
that, in ice /,, where each oxygen is tetrahedrally surrounded by
four half-hydrogens, there is no single hydrogen-bonding con-
figuration for the crystal.! Thus, the orientation of each molecule
is not uniquely specified. With the attendant combinatorial
consequences, Pauling accurately estimated the known? residual
entropy as NVkg In (3/2). Improvements in Pauling’s calculation?
and a neutron diffraction structure directly showing the disorder
in the deuteron positions of hexagonal D,0* have confirmed the
correctness of the original idea. The question then arises as to
whether or not ice molecules can interconvert among the different
crystal configurations and, if so, at what rate and by what mo-
lecular mechanism(s). Ice has a measurable conductivity and a
substantial polarizability (large ¢;), suggesting that different
configurations could be generated by proton transfer and by
molecular rotation. The rate question has been addressed by
studying the effects of electric field jumps on conductivity® and
by measurements of dielectric relaxation.%” In the latter, the
characteristic Debye correlation time, rp ~ 107 s at about 263
K, is related in some way to dipole moment reorientation resulting
either from proton transfer or molecular rotation. Auty and Cole®
declined to interpret their dielectric relaxation experiments in terms
of either of these possibilities but noted that the relaxation process
is characterized by a single relaxation time and a large activation
energy, E, = 13.5 kcal/mol, or about 3 times the hydrogen-bond
energy. Bjerrum?® addressed the matter of how water molecules
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reorient in ice without violating the Bernal-Fowler rules for hy-
drogen bonding. He assumed that a small concentration of
orientational defects, so-called D (two hydrogens between oxygens)
and L defects (no hydrogens between oxygens), naturally occur.
Once a defect is formed, neighboring waters are then relatively
free to rotate with consequent relocation of the defect, but without
creating additional H-bonding mismatches in the lattice. Ei-
senberg and Kauzman, in their standard monograph,® assumed
the dielectric relaxation to arise from reorientation and, on the
basis of theoretical considerations, approximately equated the
rotational correlation time with the dielectric correlation time;
i.e., 7. ~ 7p. This connection thus suggests that a water molecule,
at a temperature just below the freezing point, experiences ~10°
reorientations/s. Gréanicher et al. have argued, however, that in
ice interconversion among the (3/2)" configurations does not occur
by molecular rotation.”

The methods used here!'®!! directly detect molecular reorien-
tation by exchange modulation of the deuteron quadrupolar
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Figure 1. Experimental (a) and simulated (b) 2H spectra of hexagonal
D,0 as a function of temperature. All spectra are shown at the same
vertical height and obtained with a solid-echo delay of 21 us except at
262 K where 7 = 25 us. [ is the spectrum integral relative to the 220
K spectrum extrapolated experimentally (a) or theoretically (b) to zero
echo delay (7 = 0) and corrected for the Boltzman polarization. The
exchange rate is @ = 1/7..

coupling or proton-shielding tensors, which have fixed orientations
in the molecular frame. As discussed below, both tensors are
nearly axially symmetric; thus, symmetry requirements put the
unique tensor axis approximately along the O-D or O-H bonds.
Consequently, these experiments report on the reorientation of
this bond, Furthermore, these experiments are unaffected by the
most likely type of proton transfer: that between the two
neighboring oxygens to which the proton is bonded. Since the
O-H-O bonding is linear, proton transfer does not reorient the
tensor (shielding or quadrupolar) axis. Proton transfer between
nonneighboring oxygens, however, will be included in the overall
rates determined here. The results presented from 'H and 2H
NMR are complementary in that, as in any NMR exchange study,
the exchange effects are scaled according to the size of the spectral
splitting, i.e., the quadrupolar coupling constant of ~200 kHz
for the deuterium spectra and the proton-shielding tensor of ~
6-kHz breadth for the proton spectra.

Experimental Section

Spectra were obtained on 4.5 T (‘H) and 5.9 T (*H) spectrometers
previously described.'®!! The 'H spectra were deuterium decoupled!® and
recorded with a 60-s recycle delay. 2H spectra were recorded with a
solid-echo pulse sequence using 90° pulses of 2.7-us duration. Recycle
delays, varying from 10 s at 267 K to 360 s at 220 K, were chosen to
ensure that spectra were obtained at full unsaturated intensity.

Samples in this work were from commercially available spectroscopic
grade D,0 obtained from Bio-Rad Laboratories ('H spectra) and MSD
Isotopes or Cambridge Isotope Laboratories (*H spectra). One sample
used in the 2H studies was vacuum distilled and vacuum sealed and gave
results equivalent to those from other samples. The sample used in the
TH spectroscopy was doped to 0.5% with distilled water and sealed under
vacuum whereas the samples for 2H spectroscopy were sealed in the
atmosphere in 0.23-in.-0.d. Delrin tubes.

Results and Discussion

Shown in Figure la are a series of 2H NMR spectra obtained
from a polycrystalline sample of D,O over the temperature range
220-267 K with the solid-echo pulse sequence. The spectrum at
the lowest temperature, 220 K, shows the expected shape; a large
coupling constant, e29Q/h = 216 kHz, and noticeable asymmetry,
n = 0.1. These values are in excellent agreement with those
reported previously by single-crystal measurements!'? but sub-
stantially larger than the value of e2¢qQ/h = 195 kHz determined
from a polycrystalline sample.!> At 286 K, not shown, these

(12) Waldstein, P.; Rabideau, S. W.; Jackson, J. A. J. Chem. Phys. 1964,
41, 3407.
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Figure 2. Experimental (a) and simulated (b) 'H spectra of proton-doped
(0.5%) hexagonal D,O. Each simulation is labeled with the rate @ =

/7.

parameters are reduced to zero by the rapid and isotropic re-
orientation in the liquid state. At intermediate temperatures,
240-267 K, the spectra show the characteristic features of slow
molecular reorientation (1/7. < 200 kHz). Spectrum integrals,
I, are normalized by the spectrum integral obtained at 220 K and
extrapolated to zero echo delay. At 240 K the spectral shape
remains equivalent to the low-temperature static pattern, but there
is substantial loss of signal intensity. The loss of signal intensity
results from irreversible evolution due to molecular reorientation
during the echo delay periods. As the temperature is raised and
the dynamical rate approaches the quadrupolar coupling fre-
quency, increased intensity loss is accompanied by narrowing of
the pattern. At 267 K (some 9° below the freezing point) the
pattern is nearly reduced to an isotropic line with intensity 1.5%
of that observed in the low (rigid solid) limit.

The appearance of a narrow spectroscopic line (isotropically
averaged coupling tensor) and exchange effects at temperatures
below 220 K are also readily observed in the 'H spectra of Figure
2a.'° These spectra were obtained from a sample of D,0O doped
to 0.5% with protonated water. The spectral features arising from
chemical shift anisotropy, seen at lower temperatures, are only
resolved with the use of deuterium decoupling, the important
details of which have been dealt with previously.!>!'* The low-
temperature slow-exchange-limit spectrum, obtained for T < 200
K, clearly shows the previously reported shielding anisotropy for
water protons'# with ¢y = 15£2 ppm and ¢, = -194£2 ppm
(relative to TMS). Line-shape effects in the temperature range
210-240 K indicating reorientational rates exceeding the shielding
anisotropy of 6 kHz are indeed apparent. The feature at the
isotropic shift indicates reorientation by tetrahedral jumps rather
than continuous rotational diffusion.!®!3 Since these spectra are
obtained with single-pulse excitation, the intensity losses discussed
above for the 2H experiment are absent.

When a picture for the reorientational dynamics in ice is
proposed, the primary qualitative feature from our results is the
appearance below the freezing point (7,,, -~ T ~ 10 °C) of spectra
with vanishing (‘H) or nearly vanishing (*H) powder pattern
anisotropy. Solid-state dynamics of limited amplitude, such as

(13) Jackson, J. A.; Rabideau, S. W. J. Chem. Phys. 1964, 41, 4008.
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Figure 3. Experimental (a) and simulated (b) spectra for several echo
delays, 7, at 249 and 258 K. The simulations used the rates 1 /7, = 2.5
x 104stat 258 Kand 1/7, = 1.2 X 10* sl at 249 K.

observed for methyl group rotation or water of hydration flipping
so as to only interchange its deuterons, give rise to exchange-
averaged patterns both larger in breadth and, in the case of the
%H spectra, greater intensity than those observed here. Given these
observations and the lattice symmetry for ice, a natural picture
for water dynamics is jumping on the tetrahedral lattice with all
four tetrahedral orientations equiprobable. Because of the high
symmetry of this model, we need only specify the orientations of
the unique coupling or shielding tensor axis. When this model
is used,!%!516 the experimental spectra (Figures l1a and 2a) were
simulated by adjusting the single parameter 7., where 37, is the
site lifetime. Line-shape simulations such as these work over the
temperature range where relaxation is clearly dominated by re-
orientation; i.e., other contributions to the line width such as from
residual dipolar couplings can reasonably be neglected. Thus, rates
can be estimated in the range 240-267 K from the 2H spectra
and in the range 213-243 K from the 'H spectra. The simulations
in Figures 1b and 2b reproduce most of the features in the cor-
responding experimental spectra and are best described as nearly
quantitative. Where the 'H and 2H results overlap at ~240 K,
the rate is the same, and, as seen in Figure 1b, at each temperature
the rate giving the optimal line-shape fit also gives a quantitative
estimate of the 2H NMR spectrum intensity. Substantial intensity
losses have been predicted for tetrahedral jumps!> but not pre-
viously observed experimentally.

The model can be further tested at fixed temperatures by
varying the solid-echo delay period in the ZH NMR experiment
during which the irreversible reorientational process is allowed
to evolve. When the spectrum retains the appearance of the static
limit, cf. those obtained at T < 250 K, the spectrum intensity is
expected to decrease exponentially with time constant 7./2 as the
delay is increased (see ref 16, eq. 3.23¢ applied to the case of
equiprobable tetrahedral jumps). Indeed, this is observed ex-
perimentally, and a rate of 1/7, = 4.6 X 10° (240 K) is determined
directly from the decay constant. Again, this temperature ap-
proaches the limit where other relaxation processes cannot be
neglected, and thus the rate represents an upper limit. At higher

(16) Wittebort, R. J.; Olejniczak, E. T.; Griffin, R. G. J. Chem. Phys.
1987, 86, 5411.
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Figure 4. Activation energy for the jump rates, 1/, obtained from the
2H spectra of Figure 1b.

temperatures, the relaxation is nonexponential, and direct line-
shape simulation is required. Shown in Figure 3 are experimental
spectra at two temperatures (249 and 258 K) and several different
delay times. The corresponding simulations use the rate constants
from Figure 1b and are in quantitative accord with experiment.

In the earlier single-crystal ?H studies,'? it was felt that the
results indicated the absence of either isotropic molecular motion
or hindered rotation about the O-D bonds even at temperatures
as high as 263 K.!? These studies employed continuous-wave
techniques, equivalent to making the echo delay zero in the current
study. Although it is experimentally unfeasible to obtain spectra
with zero delay, the simulations of Figure 2b can be readily
calculated for zero delay. Notice, as seen in Figures 1 and 3, the
primary means for identifying reorientation at temperatures of
250 K or lower in the 2H spectra is not by change in the pattern
shape (contrary to the 'H spectra) but rather loss of signal in-
tensity. Thus, line shapes calculated with the 7. of Figure 2b in
the limit of zero echo delay are largely indistinguishable for T
< 250 K. In effect, the use of the echo experiment allows one
to study exchange processes at lower rates than is otherwise
possible. Furthermore, the single-crystal work was carried out
with a limited set of crystal orientations, the hexagonal axis either
parallel or perpendicular to the magnetic field. The parallel
orientation, for example, is particularly insensitive to slow ex-
change. Three of the sites have the unique tensor axis at the same
angle relative to H,, 70.5°, and thus equivalent quadrupolar
frequencies of ¥54 kHz. The fourth site is along H,, and the
frequencies are 162 kHz. Consequently the only relevant jumps
are those between orientations with the frequency difference of
216 kHz, which is large. Simulations show that frequency shifts
occur only if the rate exceeds 5 X 10* s7! or, based on Figure 1,
T > 260 K. This may explain why the previous report!? of the
quadrupolar coupling constant determined from a polycrystalline
sample (all orientations observed) is substantially smaller. Tem-
perature-dependent dynamics were indirectly alluded to in the
previous work.!2!3 Although spectra were readily obtained at the
higher temperatures, no spectra were obtained for 7' < 143 K due
to severe saturation (very long 7). In our work we have roughly
estimated the deuterium 7. It varies substantially with tem-
perature from about 3-10 s at 265 K to over 100 s at 220 K.
When the reorientational picture proposed here is used, these
observed T, values are readily calculated with the 7. of Figure
1b. Finally in this regard, we anticipate that some of the dis-
crepancy may arise from differences in the samples. The samples
used in this work are characteristic of commercial, spectroscopic
grade solvent.

The rather substantial temperature dependence of the NMR
spectra are in part due to the nonlinear manner in which the
spectrum changes with 7. as well as the substantial activation
energy characterizing this dynamical process. The standard graph,
Figure 4, shows a single activation energy, E, = 13.3 & 0.2
kcal/mol, over the range 240-267 K. This value is, within error,
equivalent to the £, = 13.5 kcal/mol characterizing the Debye
correlation time determined from dielectric relaxation for either
protonated or deuteriated water. Rates determined at lower
temperature from the 'H data indicate a lower activation energy.
This is possibly due to a higher concentration of impurities in the
sample.

In summary, these results show that, in a typical laboratory-
quality sample of hexagonal ice, the constituent molecules are
rotationally mobile. At 260 K, for example, each and every proton
(deuteron) in a time of ~100 us explores the four tetrahedral
orientations surrounding its bonded oxygen. The simple picture
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proposed here for reorientation by jumps on a tetrahedral lattice
is certainly a simplification but is acceptable in this experimental
context because the activation energy is large; i.e., the time in
transit is negligible in comparison to the residence time. Both
the activation energy and dynamical rates determined here are

directly comparable to those from dielectric relaxation.
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Abstract: Ab initio (Hartree—Fock) calculations are performed on plausible intermediates leading to the observed products
of decomposition of HENU’s ((2-haloethyl)nitrosoureas) under physiological conditions. The entities investigated are dia-
zohydroxides, diazonium ions, and diazoate salts. It is found that ethane- and 2-fluoroethanediazohydroxides are more prone
to a soft electrophilic attack on the DNA bases than methane and 2-chloroethanediazohydroxides, and the same trend is found

for their diazonium ions.

(2-Haloethyl)nitrosoureas (HENU’s) have an established place
in the clinical treatment of human malignancies, including
Burkitt’s lymphoma, Hodgkin’s disease, and cerebral neoplasms.!™
It has been established that HENU’s decompose spontaneously
under physiological conditions, producing electrophiles, which
attack sensitive cellular macromolecules, including DNA. Specific
lesions have been identified, including base alkylation, cyclic
nucleotide adduct formation, and interstrand cross-linking, the
latter being a lethal event to the cell.6

Simple nitrosoureas, such as methylnitrosourea, are highly
mutagenic and carcinogenic, but more complex analogues, such
as HENU’s, have much higher antitumor activity in relation to
their mutagenicity.” It was found that the extent of the interstrand
cross-linking correlates with activity against L-1210 murine leu-
kemia and with the G + C content of the DNA.%® The sequence
of reactions leading to interstrand cross-link formation by HENU’s
begins with the generation of reactive intermediates responsible
for the transfer of the 2-haloethyl group to nucleophilic sites on
the DNA bases. The monoadduct thus formed can then react
with a nucleophilic site on another base, eliminate the halogen,
and generate a cross-link consisting of an ethylene bridge. It has
been shown that nucleophilic sites alkylated by 2-haloethyl groups
comprise the OF site on guanine as well as the N7 site, while the
interstrand cross-linking sites that have been identified to date
involve a cytosine amine group.51®!! The Of-alkylation leads
to interstrand cross-linking, while the alkylation at N7 apparently
does not lead directly to a cytotoxic event.

The ability to repair the alkylation at O°, before interstrand
cross-linking can occur, has been related to the selective toxic
action of HENU’s. The tumor cell lines were found to be deficient
in the removal of O%-methylguanine from their DNA and thus
were found to belong to the phenotype termed Mer~, while normal
cells belong to the phenotype Mer*, that is, show proficiency in
removing O%-methylguanine from DNA.!12

Therefore, the determination of the site of attack by the products
of decomposition of HENU’s under physiological conditions, as

*The City University of New York.
YRockefeller University.
$ University of Alberta.

0002-7863/88,/1510-5671801.50/0

well as their ability to form interstrand cross-links, becomes a
crucial issue in respect to their antitumor activity and preferential
cytotoxicity.

In order to establish the preferred site of attack, one also has
to gather information about the nature of the intermediates in
the decomposition, which result in the alkylating reactions. The
possibility that a carbonium ion acts as the alkylating entity has
been rejected.l* The putative alkylating agents are now considered
to be either the 2-haloethanediazohydroxides or the corresponding
kinetically equivalent diazonium ions.!*13 Kinetic experiments
cannot distinguish between the latter species, and, therefore, it
is of interest to study both species and to clarify their similarities
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