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a-pyridone blue. The metal-metal distances in the sulfate 
(2.446 A), a-pyridonate (2.779 and 2.885 A), and pyrophos
phate (3.22 and 3.11 A) bridged complexes reflect the extent 
of metal-metal bonding and are correlated with differences 
in their formal oxidation states, 3.0, 2.25, and 2.0, respec
tively.19 

m-Diammineplatinum a-pyridone blue is unstable in 
neutral or alkaline solutions, judging by the diminution with 
time of the broad visible absorption band (Xmax 685 nm). The 
color of aqueous solutions of the compound is instantly dis
charged by excess chloride ion and by reducing (dithionite, 
borohydride) or oxidizing (peroxide) agents. These reactions 
should be noted in conjunction with attempts to explain the 
antitumor activity of the platinum pyrimidine blues. 

The bridged oligomeric structure involving partially oxidized 
platinum atoms found in the present study most likely em
bodies features shared by all amide containing platinum 
blues.2022 Moreover, the ability of m-diammineplatinum(II) 
to bond to the exocyclic keto oxygen atom of the deprotonated 
a-pyridone ligand requires that a similar binding mode be given 
serious consideration for the interaction of the antitumor drug 
m-dichlorodiammineplatinum(II) with DNA, RNA, and 
their constituents.24 
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Experimental Electron Density Distribution of Sodium 
Hydrogen Diacetate. Evidence for Covalency in a Short 
Hydrogen Bond 

Sir: 

In a typical hydrogen bond, the oxygen to oxygen distance 
is ~2.8 A with the hydrogen located ~1 A from one of the 
oxygens. In solids, however, considerable variation exists in 
O—O lengths, and examples are found which range down to 
a lower limit of ~2.4 A.' As the O- • -O distance decreases, the 
O—H distance increases until the hydrogen may be symmet
rically located ~1.2 A from each oxygen. Since both O—H 
bonds are now equal, the extent of covalency (in contrast to the 
largely electrostatic interaction of "long" hydrogen bonds) is 
of great interest.2 

The electron density distribution in a crystal may be ob
tained by combining accurate x-ray intensity measurements 
with neutron diffraction results.3 Quantitative comparisons 
between experimental charge density measurements and ex
tended basis set„ab initio theoretical calculations have recently 
been made.3b We report here a low temperature x-ray and 
neutron diffraction study of the bonding in the short, sym
metrical hydrogen bond of sodium hydrogen diacetate. 

Recent experimental electron density studies on several 
compounds (glycylglycine,4a a-glycine,4b 2-amino-5-chloro-
pyridine,4c and formamide4d) containing normal X—H- • -Y 
hydrogen bonds show a lack of charge buildup between the 
X—H donor and the acceptor Y, relative to isolated atoms. 
Theoretical calculations of the change in electron density on 
dimerization of various simple molecules (HCONFh,5" HF,5b 

and FhO50) predict a similar charge distribution between donor 
and acceptor. 

The deformation density is the difference between the ex-
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Figure 1. (a) Experimental deformation density (Apx-x) in the plane of 
the acetate ion. Contours at 0.1 e/A3, negative contours broken, (b) Error 
distribution in the deformation density: contours at 0.01 e/A3, lowest 
contour at 0.07 e/A3. Highest contours omitted and labeled with maximum 
values. 

perimental density and the density calculated for an assembly 
of isolated spherical atoms placed at the nuclear positions. In 
this function, covaient bonding is indicated by a buildup of 
density in peaks between atoms. The difference between a 
charge buildup (expected for covaient bonding) and charge 
depletion (as found in normal hydrogen bonds) allows assess
ment of covalency of the bond. Previous room temperature 
electron density studies on the short hydrogen bonds of pyri-
dine-2,3-dicarboxylic acid6 and the H 5 O 2

+ ion in C6H2-
(N0 2 ) 3 S0 3 H-4H 2 0 7 and in C6H4(COOH)SO3HOH2O8 are 
of limited accuracy and therefore inconclusive. 

Sodium hydrogen diacetate (NaHAc2) crystallizes in the 
cubic space group IaI with the short hydrogen bond lying 
across a crystallographic twofold axis. Trie structure has pre
viously been determined by both x-ray and neutron diffrac
tion.9 Spectroscopic studies clearly indicate the hydrogen to 
be in a symmetric single potential well.10 Single-crystal x-ray 

Figure 2. (a) Deformation density of the O- • -H- • -O hydrogen bond in 
the plane perpendicular to the twofold axis. Contours as in Figure 1. (b) 
Error distribution in the deformation density. The peaks off the bond axis 
are due to a crystallographic threefold axis. 

intensity measurements were collected on a Picker FACS-I 
diffractometer at 91 K using Nb filtered Mo Ka radiation. A 
total of 11 037 reflections were measured in the range O < sin 
9/\ < 0.86 A - 1 . Averaging symmetry related forms gave 1754 
unique reflections of which 976 had I > 3a (I). Full-matrix 
least-squares refinement based on F gave R(F) = 3.7% and 
RV(F) = 3.8%. 

To reduce bias in the refined parameters from the valence 
electron distribution, the x-ray data were refined using only 
high order measurements (sin 6/X > 0.65 A - 1 ) for which the 
scattering is predominantly due to the core electrons. The 
Apx-x deformation density was calculated using high order 
x-ray parameters and the full x-ray data set. Since hydrogen 
parameters are not well determined in the high order refine
ment, they were taken from a parallel 91 K neutron diffraction 
experiment performed at the Institut Laue Langevin, which 
is to be described in a later report. The x-ray scale factor was 
determined by refinement of the full data set with all other 
parameters fixed at the high-order and neutron values. 

In order to judge the significance of features in the defor
mation maps, it is necessary to estimate the standard deviation 
of the measured deformation density as a function of position 
in the crystal. The error distribution has been calculated and 
plotted as described by Rees1 ' including contributions from 
errors in the x-ray intensity measurements, in the refined pa
rameters, and in the x-ray scale factor. As the error function 
peaks near the atomic centers, details of the measured density 
within about 0.25 A of the heavy atom nuclear positions cannot 
be considered significant. 
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Figure 3. Deformation density of the O- • -H- • -O bond as in Figure 2, but 
without subtraction of the hydrogen atom density. Contours as in Figure 
1. 

In Figure 1, the Apx-x deformation density is plotted in the 
plane of the acetate ion. Peaks are found in the C-O, C-C, and 
C-H bonds indicating a buildup of electron density in the co-
valent bonds relative to an assembly of spherical atoms. The 
peak heights are higher than the ones generally found in room 
temperature studies (glycylglycine,4a for example) due to less 
smearing by the thermal motion of the molecule at low tem
perature. The oxygen not involved in the short hydrogen bond 
(Oi) has two lone pair peaks in the plane of the molecule 
consistent with sp2 hybridization. 

Figure 2 shows the Apx-x density in the plane perpendicular 
to the twofold axis containing the O2- • -H- • -O2' short hy
drogen bond. Large peaks (0.48 e A -3 , as compared with mean 
peak heights of 0.65, 0.44, and 0.39 e A~3 for the C-O, C-C, 
and C-H bonds) are located on each side of the hydrogen near 
the midpoints of the O-H bonds. Although these peaks merge 
into the ring of density around O2, they are somewhat further 
from the nuclear positions than the lone pair peaks on Oi 
shown in Figure 1 which are ~0.44 A from the nucleus. It may 
be noted that these peaks appear more diffuse than commonly 
observed in normal covalent bonds. There is no significant 
charge depletion near the hydrogen atom as would be expected 
for ionic bonding. 

The covalent character Of the short hydrogen bond is further 
evident in Figure 3 in which the calculated density of the hy
drogen atom has not been subtracted out in the difference 
density. The error distribution for Figure 3 is essentially the 
same as Figure 2b. A continuous ridge of electron density about 
0.55 e/A3 high extends along the hydrogen bond from one 
oxygen to the other. Such a distribution is incompatible with 
an ionic model. 

The early qualitative molecular orbital description by Pi-
mentel12 of bonding in HF 2

- works remarkably well for the 
bonding in NaHAc2. Combining the Is orbital on hydrogen 
with two oxygen pa orbitals gives three molecular orbitals: a 
bonding and an antibonding symmetric combination, and a 
nonbonding antisymmetric combination. Population of the 
bonding and nonbonding orbitals with two electrons each yields 
a density distribution in qualitative agreement with the ex
periment. 

A more detailed comparison may be made with the double 

zeta calculation of HsO2
+ by Kollman and Allen,2 who find 

a node in the bond charge density when the difference between 
the total density and the H2O- • -H+- • -OH2 unbonded system 
is plotted. This node, which is located between the O and H+, 
is not found in our deformation densities in which spherical 
atoms are subtracted rather than H2O molecules with extra 
density in the lone pair regions. There is no evidence in the 
experimental distribution for the unique character of short 
hydrogen bonds as distinguished from ordinary covalent 
bonds,2 though both studies indicate a large degree of cova-
lency. 

Both experiment and theory show a distinct difference in the 
distribution of electron density in normal hydrogen bonds and 
in the short, symmetrical hydrogen bonds. The large number 
of compounds with hydrogen bonds of intermediate length 
suggests a continuous change from the long bond in which the 
electrostatic contribution dominates, to the short bond in which 
covalent bonding dominates. In this respect, a theoretical 
analysis of the contributions to the charge redistribution in the 
short hydrogen bond similar to the study of Yamabe and 
Morokuma5c on "normal" hydrogen bonded systems would 
be desirable. 

While the molecular wave function itself cannot be obtained 
from measurements of the charge density distribution, the 
experimental density does indicate the degree of covalent 
character in bonding and provides an extremely detailed 
property of the system which any trial wave function must 
satisfy. 
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