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Abstract: The 14N NQR spectra at 77 K have been measured for A'-benzylimidazole, imidazolium iodide, imidazolium nitrate, 
and 11 zinc and cadmium complexes of imidazole. The changes in field gradient tensor at the imino nitrogen upon coordination 
have been related to the extent of electron donation to the Lewis acid center, using a modified Townes-Dailev model. Changes 
in field gradient tensor at the amino nitrogen are small, as expected. The NQR results suggest strongly that neutral ligands 
such as imidazole effectively transfer less electronic charge to the metal than most anionic ligands, e.g., than halides. However, 
anions such as nitrate, in which the charge is substantially delocalized, are less electron donating. 

Introduction 

As the side chain of the amino acid histidine, imidazole 
is an important component of many proteins. It has been as­
signed an important role in the functioning of many enzymes. 
For example, it plays an essential role in the "charge relay" 
mechanism that is thought to operate in the proteolytic enzyme 
chymotrypsin3'4 and in ribonuclease A.5 Imidazole also func­
tions as the metal binding site in many metalloenzyme systems. 
Its involvements in the binding of zinc in carboxypeptidase,6 

carbonic anhydrase,7 yeast alcohol dehydrogenase,8 and su­
peroxide dismutase9 are of especial interest. 

Because the imidazole nitrogens are not involved in the 
peptide bonds of the protein chain, they form readily available 
bonding sites for metal ions, In imidazole itself only the imino 
nitrogen is a likely binding site for a metal ion such as zinc, but 
in deprotonated imidazole, both nitrogens are strongly basic 
sites. The study of imidazole complexes forms a good starting 
point for evaluation of the interaction between metal ions and 
imidazole residues in proteins, because the electronic envi­
ronment experienced at the nitrogens of imidazole should be 
little altered by incorporation of the imidazole residue into 
histidine, and the further incorporation of histidine into a 
protein. Of course, the steric requirements for imidazole 
coordination may differ substantially, but the simple imidazole 
complexes form a good benchmark for evaluation of electronic 
effects.10 

Nuclear quadrupole resonance (NQR) spectroscopy can 
provide important insights into the nature of the charge dis­
tribution about quadrupolar nuclei such as 14N, for which / 
= 1. Previous studies of the 14N NQR spectra of L-histidine 
and imidazole1' have revealed strong similarities, indicating 
that very similar electronic environments prevail. In this con­
tribution we report the 14N NQR spectra of a series of zinc and 
cadmium imidazole complexes. We also describe a model 
analogous to that applied to coordinated pyridine,12 that ac­
counts for the changes in electric field gradient (efg) at the 
nitrogen in terms of the extent of electron withdrawal upon 
coordination. 

Experimental Section 

Dihalobisi imidazole izinc, Zn(Im)2Xj (X = Cl, Br, I), was prepared 
from aqueous solution of the zinc halide and imidazole in a 1:2 molar 
ratio. The ZnI2 solution was prepared from I2 and excess Zn metal, 
followed by filtration. The iodo and bromo imidazole complexes form 
initially as oils and crystallize upon addition of ethanol: mp Zn-
(Im)2Cl2, 157-158 0C; Zn(Im)2Br2, 128.5-130.5 0C; Zn(Im)2I2, 
162-163 0C. Anal. Calcd for Zn(Im)2Cl2: C, 26.47; H, 2.94; N, 20.59; 
Zn, 23.90. Found: C, 26.16; H, 2.94; N, 20.27; Zn, 24.18. Calcd for 
Zn(Im)2Br2: C, 19.94; H, 2.22; N, 15.51; Zn, 18.01. Found: C, 19.87; 
H, 2.13; N, 15.37; Zn, 18.57. Calcd for Zn(Im)2I2: C, 15.82, H, 1.76; 
N, 12.31; Zn, 14.29. Found: C, 15.79; H, 1.94; N, 12.31; Zn, 14.50. 

Alternative preparations have been reported.1314 

Dinitratobisiimidazolelzinc, Zn(Im)2(NOj)2, was prepared from 
an aqueous solution in a 1:2 molar ratio of Zn(N03)2-6H20 and im­
idazole. The solution was evaporated and the residue washed with cold 
H2O. Anal. Calcd for Zn(Im)2(NO3J2: C, 22.15; N, 25.85; Zn, 20.00. 
Found: C, 22.02; N, 25.91; Zn, 20.10. A different preparation route 
has been reported by Goodgame et al.14 

Catecholatobisl imidazole izinc, Zn(ImXC6H4O2). Several attempts 
were made to prepare a mixed catecholate-imidazole complex of zinc. 
Imidazole, catechol, and Zn(N03)2-6H20 were mixed in 2:1:1 mole 
ratios, with varying quantities of NaOH, in either water or ethanol 
solvent. The preparations were carried out in a nitrogen atmosphere. 
The solids obtained from the water and ethanol preparations exhibited 
low solubility in a wide range of solvents. In addition they yielded 
variable elemental analyses which differed from that expected. For 
example: Anal. Calcd for Zn(C3H4N2J2(C6H4O2): C, 46.54; H, 3.88; 
N, 18.10; Zn, 21.14. Found for water solvent preparation: C, 41.7; H, 
3.31; N, 13.86; Zn, 23.19. For ethanol preparation (two analyses on 
same sample): C, 30.6, 35.7; H, 2.44, 2.82; N, 12.88, 12.64; Zn, 20.5, 
21.0. The reported analyses showed poorly reproducibility for the same 
sample. The infrared spectra of these samples were essentially iden­
tical, and consistent with the presence of both coordinated imidazole 
and coordinated catecholate. The samples recovered from both water 
and ethanol yielded essentially identical 14N NQR spectra, indicating 
the presence of a single type of coordinated imidazole. No evidence 
for nitrate was seen in the NQR spectra. The reasons for the poor 
agreement in the analytical results are not clear. Although catecholate 
complexes are generally air sensitive, care was taken to exclude air 
in the present work. There is likely to be a hydroxyzine impurity in 
the sample because of the constraints placed on the pH range in which 
the compound can be formed. 

Tetrakislimidazoleizinc nitrate, [Zn(Im)4](N03)2, was obtained 
as crystals from an ethanol solution of Zn(N03)2-6H20 and imidazole 
in a 1:4 molar ratio, mp 147-148 0C. Anal. Calcd for Zn(Im)4(N03)2: 
C, 36.18; N, 32.84; Zn, 10.89. Found: C, 35.75; N, 32.42: Zn, 12.31. 
A different preparative procedure has been reported.14 

Tetrakislimidazoleizinc perchlorate, [Zn(Im)4](ClO4J2, was pre­
pared by the method of Bear and co-workers.15 The crystals formed 
as needles rather than as plates as reported. Anal. Calcd for Zn-
(Im)4(ClO4J2: C, 26.85; H, 2.98; N, 20.88; Zn, 12.19. Found: C, 26.62; 
H, 2.90; N, 20.99; Zn, 11.96. 

Hexakis/imidazoleizinc chloride tetrahydrate, [Zn(Im)6]Cl2-4H20, 
was prepared as previously reported.16 

Hexakisiimidazoleizinc nitrate, [Zn(Im)6](N03)2, formed as 
prismatic crystals from an ethanol solution of Zn(N03)2-6H20 and 
imidazole in 1:6 molar ratio, mp 188-189 °C. Anal. Calcd for 
Zn(Im)6(NO3J2: Zn, 10.89; C, 36.18; H, 4.02; N, 32.83. Found: Zn, 
12.31; C, 35.73; H, 3.77; N, 32.42. 

Dibromobislimidazoleieadmium. [Cd(Im)2Br2], formed immedi­
ately as a white precipitate upon addition of 2 equiv of imidazole to 
an aqueous solution of CdBr2-4H20. Volume loss was observed at 202 
0C. Anal. Calcd for Cd(Im)2Br2: C, 17.68; N, 13.75; Cd, 27.45. 
Found: C, 14.99; N, 11.76; Cd, 30.01. 

Ca tena-^-dichloro-bis! imidazole !cadmium. [Cd(Im)2Cl2]=, was 
prepared by the method of Flook et al.17 Anal. Calcd for Cd(Im)2Cl2: 
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Table I. 14N Nuclear Quadrupole Resonance Spectra of Imidazole Complexes at 77 K 

imino nitrogen, Nn) amino nitrogen, N ILL 

I. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 
10. 

11. 

12. 

13. 
14. 

15. 
16. 

"See 

compd 

/V-benzylimidazole 
imidazole (Im)0 

L-histidine" 

[Cd(Im)6](NOj)2 

[Zn(lm)6]Cl2-4H20 
[Zn(Im)6](NOj)2 

Cd(Im)2Cl2 

Cd(Im)2Br2 

Zn(Im)2(C6H4O2) 
Zn(Im)2Cl2 

Zn(Im)2Br2 

Zn(Im)2I2 

[Zn(Im)4](CI04)2 

[Zn(Im)4](NOj)2 
Zn(Im)2(NOj)2 

ImH+NO3-
ImH+I-

ref 11. 

"+ 

2780 
2560 
2631 
2287 
2286 
2296 
2001 
1952 
1934 
1930 
1896 
1872 
1844 
1839 
1832 
1857 
1857 
1844 
1816 
1776 

V-

2729 

2411 
1938 
1928 
1910 

1430 
1365 
1293 
1266 
1223 
1234 
1227 
1172 
1236 
1162 
1128 
1113 

"O 

(51) 
220 
220 
349 
358 
386 
(450) 
(400) 
504 
565 
603 
606 
621 
605 
605 
685 
621 
682 
688 
663 

e2Qq/h 

3679 
3270 
3362 
2817 
2809 
2804 
2368 
2336 
2243 
2197 
2126 
2092 
2045 
2049 
2039 
2019 
2062 
2004 
1963 
1926 

•o 

0.022 
0.135 
0.131 
0.248 
0.255 
0.275 
0.380 
0.342 
0.499 
0.574 
0.567 
0.579 
0.607 
0.591 
0.593 
0.678 
0.602 
0.681 
0.701 
0.689 

»+ 

1776 
1425 
1406 
1406 
1467 
1397 
1524 
1470 
1474 
1280 
1417 
1505 

1492 
1516 
1466 
1416 

1394 

1303 
1348 

V-

1521 

749 
910 
1035 
888 
1084 
1024 
1084 
855 
989 
1170 

1159 
1226 
1105 
924 

911 

737 
828 

"0 

255 
718 
657 
496 
432 
509 
440 
454 
390 
425 
428 
335 

333 
290 
361 
492 

483 

566 
520 

e2Qq/h 

2198 
1430 
1437 
1544 
1688 
1523 
1739 
1668 
1705 
1428 
1604 
1783 

1767 
1828 
1714 
1560 

1537 

1360 
1451 

V 

0.784 
0.995 
0.915 
0.462 
0.518 
0.668 
0.506 
0.514 
0.457 
0.597 
0.534 
0.376 

0.377 
0.317 
0.421 
0.631 

0.629 

0.832 
0.717 

Table II. 14N NQR Spectra Due to Nitrate Ion 

compd "o e2Qq2Z/h 

Zn(Im)2(NOj)2 
[Zn(Im)6](NOj)2 
[Zn(Im)4](NOj)2 
[Cd(Im)6](NOj)2 
ImH(NO3) 

576 
560 
567 
532 
651 

309 

380 
382" 
363° 

267 

187 

288 

590 

631 
609 
676 

0.905 

0.592 
0.492 
0.852 

" These resonances were either very weak or partially obscured by 
overlap with other bands. 

C, 22.57; N, 17.55; Cd, 35.11. Found: C, 22.84; N, 17.84; Cd, 
35.19. 

Hexakis(imidazole)cadmium nitrate, [Cd(Im)6](NOj)2, was pre­
pared by the method of Mighell and Santoro,18 mp 189.5-190.5 0C. 
Anal. Calcd for Cd(Im)6(NOj)2: C, 33.54; H, 3.73; N, 30.43; Cd, 
17.39. Found: C, 33.39, H, 3.85; N, 30.66; Cd, 17.54. 

The NQR spectra were obtained at 77 K, using the double reso­
nance technique described previously.12-19 

Infrared spectra were obtained as Nujol mulls, using a Beckman 
Model 4240 spectrophotometer. 

Results 

The 14N NQR spectra due to the nitrogen atoms of imid­
azole in several imidazole complexes are listed in Table I, along 
with the calculated quadrupole coupling constants e2Qqzz/h 
and asymmetry parameter 17. The spectra due to N O j - in the 
nitrate complexes are listed in Table II. 

In comparing the NQR data in the light of crystal structure 
studies, it must be kept in mind that the NQR data are ob­
tained at 77 K, whereas the X-ray structural studies are usually 
carried out at or near room temperature. There may be one or 
more phase changes in the temperature interval between room 
temperature and 77 K, resulting in different numbers of 
crystallographically distinct nitrogen sites at the two temper­
atures. Based on the X-ray crystal structure,20 the environment 
around Zn in Zn(Im)2Cl2 is approximately tetrahedral, with 
Zn-N distances of 1.995 and 2.020 A. Since only one set of 
NQR signals ascribable to imino nitrogens is observed, it would 
appear that the slight differences in environment occasioned 
by the crystallographic nonequivalence have only a small effect 
on the NQR frequencies. On the other hand, two distinct im­

idazole signals are observed in the spectra of Zn(Im)2Br2 and 
Zn(Im)2I2 . In [Zn(Im)4] (C104)2, Zn is tetrahedrally coor­
dinated by four imidazole molecules, with Zn distances of 
2.001 and 1.997 A.15 Two sets of imino nitrogen signals are 
seen for [Zn(Im) 4](004)2, in agreement with the X-ray re­
sults. On the other hand, for [Zn(Im)4] (NOj)2 , only one set 
of signals is observed. Both [Zn(Im) 6 ]Cl 2^H 2O 1 6 and 
[Cd(Im)6](NOs)2

18 exhibit relatively undistorted octahedral 
geometry. In the structure of the latter compound there is only 
one crystallographically distinct imidazole; correspondingly, 
only one set of imino nitrogen signals is seen in the NQR 
spectrum. However, in [Zn(Im)6]Cl2-4H20 all six imidazole 
molecules are nonequivalent, whereas only one set of imidazole 
NQR signals is seen. The quadrupole coupling constants of 
2809 and 2817 kHz for the imino nitrogens in [Zn(Im)6]-
C12-4H20 and [Cd(Im)6] (NO3J2 , respectively, are very little 
different. It appears that the coordinated nitrogen in the six-
coordinated complexes is not very sensitive to bond length 
variations of up to 0.2 A. Thus, it is not surprising that crys­
tallographically nonequivalent ligands do not produce distin­
guishable signals in these compounds. 

The compound CD(Im)2Cl2 poses special problems. On the 
basis of the crystal structure for this substance at (presumably) 
near room temperature, the environment about the Cd is six 
coordinate.17 Bridging chloride ions lead to a linear chain 
structure, with trans-axially coordinated imidazole groups. 
There is but one crystallographically distinct imidazole mol­
ecule per unit cell. However, the 14N NQR spectrum of this 
compound at 77 K cannot reasonably be interpreted without 
assuming two distinct sets of imino and amino nitrogen reso­
nances, which requires that there be at least two crystallo­
graphically distinct imidazole environments. Since the complex 
gives a very good elemental analysis, it seems unlikely that an 
impurity is responsible for additional lines. The crystals on 
which the X-ray work was carried out were grown from a so­
lution containing alanine, reported to improve the quality of 
the crystals. Since we did not employ alanine, the crystals we 
have studied may have a different structure. There is the fur­
ther possibility of a phase change in the temperature interval 
from room temperature to 77 K. 

The assignment of resonances to the imino nitrogens in 
Cd(Im)2Cl2 is complicated by the fact that in this compound 
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Figure 1. Orientation of geometric axis system at the nitrogens of imid­
azole. The z and z' axes are chosen to lie along the bisectors of the CNC 
angles. The y and y' axes are normal to the molecular plane. 

the v- and en transitions of the imino nitrogens are obscured 
by the much more intense signals due to the amino nitrogens. 
The estimated values of ô are listed in Table I in parentheses. 
The field gradient parameters for the imino nitrogens can 
therefore not be determined with as high precision as for the 
other complexes. 

Discussion 
Interpretation of Imino Nitrogen Data. To account for the 

change in field gradient at the imino nitrogen upon coordina­
tion, we have employed the Townes-Dailey approximations21 

in a development similar to that employed previously in con­
nection with pyridine complexes.12 In the Townes-Dailey 
model, the electric field gradient at a quadrupolar nucleus is 
attributed solely to electrons in the valence shell p orbitals of 
the atom of interest. Since the lone pair electrons reside in an 
orbital of predominantly p character, localized on the nitrogen 
atom, one would expect them to make a large contribution to 
the efg experienced by the nitrogen nucleus. Therefore, the Z 
axis, along the direction of the largest component of the field 
gradient tensor, would be expected to lie close to the axis of the 
lone pair orbital. As illustrated in Figure 1, we define the 
geometric z axis to contain the bisector of the imino CNC 
angle. The orientation of the field gradient axes in gas-phase 
imidazole has been determined by a microwave study; the Z 
axis has been found to lie in the plane, and to form an angle of 
only 4° with z, the CNC angle bisector.22 Therefore, little error 
would be expected to result if the Z axis and the z axis are 
taken to be coincident in the derivation of the equations pre­
sented below. In all subsequent discussions, x, y, and z refer 
to the geometric axes defined in Figure 1, whereas X, Y, and 
Z refer to the axes of the diagonalized field gradient tensor. 

We define b as the nitrogen N-C <x orbital population and 
a as the p,r orbital population on the imino nitrogen. It is as­
sumed that both imino N-C a orbitals have equivalent popu­
lations. For the axis system defined in Figure 1 and for a CNC 
bond angle of 26, the following expressions for the diagonal 
components of the efg tensor for gas-phase imidazole may be 
derived: 

?zz = <7o[<r(l - c o t 2 0 ) - ^ + Z>o(cot2A-V2)] (1) 

<7W> = <7o [ - ^ (1 - cot2 0) + a o - y O + c o t 2 0 ) ] (2) 

COt2A) - 2 2 + h (2 -co t 2 0)1 (3) -4-fo-

imidazole. The angle 26 has been determined to be 104.5°. On 
the basis of crystal structure determinations for several imid­
azole complexes,16~18,20,23 it is safe to assume that 26 is un­
changed upon coordination. For free imidazole, e2Qqzz/h and 
T] are given by 

e2Qqzz/h = (e2Qq0/h)a, a = 2(1 - cot2 6) 

- ^ + McOt2A-V2) (4) 

-fk _2xz (5) 
</zz 

The value for e2Qqo/h, which refers to the quadrupole 
coupling constant generated by a single 2p electron in atomic 
nitrogen, has not been determined. We will employ the value 
9.0 MHz used previously;12 this value is intermediate among 
those employed by various workers. For an assigned value of 
e2Q<io/h, ao and 6n can be calculated from the experimentally 
determined values for e2Qqzz/h and ?;. 

The fact that the experimentally determined Z axis lies only 
4° off the CNC angle bisector in gaseous imidazole22 supports 
the assumption that the two N-C a orbital populations are 
approximately equal. With this assumption, the sole difference 
in the treatment of imidazole and pyridine is the value of the 
angle 26. This angular difference is reflected in a difference 
in the mixing of p orbitals in the molecular plane. The net effect 
is to reduce the magnitude of the parameters a0 and 6o for 
imidazole relative to those of pyridine (vide infra). 

Upon coordination to a Lewis acid such as zinc or cadmium, 
the lone pair orbital becomes the donor orbital. We assign an 
occupation, a, which is less than 2. As the donor orbital pop­
ulation decreases upon coordination, corresponding population 
increases should occur in the nitrogen N-C a and -K orbitals 
due to inductive effects. Following the arguments advanced 
in connection with an analogous model for coordinated pyri­
dine, the populations, a and b, become 

a = a0 + A(2-a) b = b0 + B(2- a) (6) 

where ao and bo refer to the free imidazole populations and A 
and B are linearly related constants which are positive and 
whose sum 2B + A < 1. 

In the pyridine study, where \qzz\ > \qyy\ > \qxx\ for the 
complexes studied, the following linear relationship between 
\/a and rj was derived: 

1 _ 1 , L 
— = 77 

a K K ' 
(7) 

K 

L = 

(B-A) 
2 

3(A - B) 

\2(B-A) + (b0-a0) + (b0A-Ba0)} (8) 

[(I -cot 2 0) + A/2 -B(cot2 A-V2)] (9) 

The quantity a, representing the population of the lone pair 
orbital of the imino nitrogen, is assigned a value of 2 in free 

Since I/a = e2Qq0/e
2Qqzz, a plot of h/e2Qqzz vs. TJ yields 

values for K and L, and consequently the relationship between 
A and B, merely by multiplying the slope and intercept by an 
appropriate value of e2Qq0/h. However, the slope of a graph 
of h/e2Qqzz vs. r\ for the imidazole complexes reveals that the 
changes in 2p orbital populations on the nitrogen as compared 
with pyridine have caused a shift in the field gradient at N(2) 
into a region in which \qzz\ > \qxx\ > \qyy\- In this region, 
the appropriate equations are 

a = (1 - cot2 6)a - V2[Ao + A(2 - a)] 

+ [b0 + 5 (2 -a)] [cot2 6 - V 2 ] (10) 

«7? = 3/2([a0 + A(2 - a)] - [b0 + B(2 - a)]) (11) 

Elimination of a from these expressions yields 
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Figure 2. Graph of HIe1Qq22 vs. TJ for the imino nitrogen NQR data of zinc 
and cadmium imidazole complexes. Point B represent A'-benzylimidazole, 
employed as reference compound. The remaining numbered points cor­
respond to the compounds numbered in Table I. 

DO.NOR ORBITAL OCCUPANCY 

Figure 3. Graph of C1Qq2Jh (dashed line) and r\ vs. donor orbital occu­
pancy, a, for imino nitrogen in imidazole. 

L-i-L, (12) 
a K K ' 

where K and L are defined by eq 8 and 9. This expression 
predicts that for a series of coordinated imidazole compound's 
there should be a linear relationship between (e2Qq0)/ 
(e2Qqzz), the reciprocal of the reduced quadrupole coupling 
constant, and the asymmetry parameter TJ. 

Application of these relationships to coordinated imidazole 
requires choice of a suitable reference substance. Solid imid­
azole itself is not suitable, because strong hydrogen bonding 
perturbs the environment at both nitrogens, but most especially 
at the imino nitrogen.24 The data for gas-phase imidazole are 
free of this complication, but there is ordinarily a substantial 
shift in efg parameters associated with the transition from the 
gas to solid phase, aside from shifts due to specific interactions. 
We have chosen to use 1-benzylimidazole as reference; re­
placement of the amino hydrogen by the benzyl group should 
leave the electron distribution in the ring essentially unper­
turbed, while at the same time eliminating hydrogen bonding 
effects. 

From the experimentally determined values of e2Qqzz/h and 
7j for 1 -benzylimidazole, values of 1.026 and 1.018 are calcu­
lated for a0 and b$, respectively, using eq 1-5. These values are 
surprisingly small, considering the electronegativity difference 
between N and C. The lower values as compared with pyridine, 
in which a0 and b0 were 1.203 and 1.337, respectively, probably 
arise from the altered hybridization of orbitals in the five-

DCNOR ORBITAL OCCUPANCY 

Figure 4. Graph of (2Qq2Jh and ri vs. donor orbital occupancy in the range 
2.0 > a > 1.6. The numbered points correspond to the compounds num­
bered in Table I. 

membered ring. Furthermore, since 2d is rather small, the 
centroids of charge in the a orbitals may not lie precisely along 
the internuclear axes as assumed. In any event, interpretation 
of the values of these parameters is not of importance for our 
present purposes. We are concerned only with the changes that 
occur upon coordination to an acid center. 

The line defined by eq 12 is constrained to pass through the 
point representing 1-benzylimidazole. Figure 2 shows the data 
for the imino nitrogens of all the zinc and cadmium imidazole 
complexes listed in Table I, except for Cd(Im)2Cb- This 
compound was omitted because of the uncertainties alluded 
to earlier. A very good linear relationship is obtained for a wide 
range of imidazole coordination environments. The values of 
A and B are determined from this line to be A = 0.261 + 1.261-
B. Employing the physically reasonable constraints that both 
A and B must be positive, and that IB + A < 1, we obtain 0 
< B < 0.227 and 0.267 < A < 0.546. In keeping with our as­
sumption in treating the data for coordinated pyridine, we 
assume that 2B-VA= 0.62. The physical meaning of this, 
rather crudely, is that 62% of the charge withdrawn from the 
nitrogen by donation to the Lewis acid is restored via inductive 
electron flow in the a and ir bonds. The resulting values for A 
and B are 0.400 and 0.110, respectively. 

Having chosen values for A and B it is possible to relate the 
observed quantities e2Qq2Z/h and 77 to the donor orbital occu­
pancy, as shown in Figure 3. An expanded display of the range 
a = 2.0 to a = 1.6 is shown in Figure 4. All of the observed 
imino nitrogen data are shown on the figure. It is evident that 
the experimental data fit the predicted relationship very well. 
From this graph it is possible to estimate values of a for coor­
dinated imidazole compounds; these are listed in Table III. 

The data displayed in Figure 3 and the <r values listed in 
Table III provide several interesting comparisons. There has 
been some uncertainty regarding the correct assignment of the 
two sets of 14N NQR resonances to the two nitrogens in solid 
imidazole.' 1^25-27 The assignment of the transitions listed in 
Table I to the imino nitrogen is supported by the fact that the 
fit of the data to the calculated curve is very good. The presence 
of extensive hydrogen bonding interactions in solid imidazole 
is evident from solid-state IR spectra.28 It would appear that 
14N NQR spectroscopy has the potential for serving as a sen­
sitive probe of hydrogen bonding interactions in solids. 

The datum for histidine fits the calculated relationship very 
well, as expected. The derived value of a = 1.931 reflects the 
effects of hydrogen bonding to the imino nitrogen in the 
solid-state structure of L-histidine.29 
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Table III. Donor Orbital Occupancies of the lmino Nitrogen 
Atoms of Coordinated Imidazole 

compd 

L-histidine 
imidazole (s) 
[Cd(Im)6]-

(N03)2 
[Zn(Im)6]Cl2. 

4H2O 
[Zn(Im)6]-

(NO3J2 
Cd(Im)2Cl2 

Cd(Im)2Br2 

Zn(Im)2-
(C6H4O2) 

Zn(Im)2Cl2 

a" 

1.931 ±0.01 
1.921 ±0.005 
1.846 ±0.001 

1.843 ±0.001 

1.837 ±0.003 

1.758 ±0.01 
1.756 ±0.005 
1.739 ±0.001 
1.732 ±0.003 

1.718 ±0.001 

compd 

Zn(Im)2Br2 

Zn(Im)2I2 

[Zn(Im)4]-
(C104)2 

[Zn(Im)4]-
(NOj)2 

Zn(Im)2-
(NO3J2 

aa 

1.714 ±0.001 
1.706 ±0.002 
1.708 ±0.004 
1.706 ±0.005 

1.707 ±0.001 
1.692 ±0.006 

1.691 ±0.005 

1.684 ±0.005 
1.684 ±0.001 

o The listed uncertainties are an estimate of the precision with which 
a is determined by the fit of the data to the calculated curves in Figure 
4. 

When six imidazoles are coordinated to the metal, the 
population of the donor orbital is nearly independent of both 
the metal and counterion. The extent of donation by each im­
idazole is less in the hexakis(imidazole)zinc complexes than 
in tetrakis(imidazole)zinc nitrate, in which the metal ion has 
a four-coordinate, tetrahedral environment. This result is 
consistent with the greater number of coordinated ligands and 
the observed Zn-N bond distances, 2.2 and 2.0 A in the hex-
akis16 and tetrakis15 complexes, respectively. 

The donor orbital populations in the tetrahedral complexes 
exhibit a strong dependence on both the metal ion and coun­
terion. Since the smaller zinc ion is more acidic than the cad­
mium ion, one would expect a greater degree of electron 
withdrawal from the coordinated nitrogen in the zinc com­
plexes, as observed. 

One would expect that in tetrahedral complexes of the form 
M(Im)2L2, those complexes of a given metal containing the 
most strongly donating ligands L will require the least electron 
withdrawal from the imidazole donor orbitals. We observe the 
a values to vary in the order L = catecholato > Cl - > Br - > 
I - > Im > NO3 -. Although the order of the anions is not un­
usual, the position of imidazole seems anomalous in terms of 
its expected position in the spectrochemical series.30 We have 
considered the possibility that this apparent discrepancy is due 
to the fact that imidazole is the sole neutral ligand in the series, 
and that the charged ligands exert a significant direct effect 
on the field gradient at the imino nitrogen. From the geometry 
of Zn(Im)2Cb,20 one can calculate the contribution to the 
major component of the field gradient tensor at the imino ni­
trogen due to negative point charges located at each of the two 
chloride atomic positions, using the expression 

K „ - « , „ - - ' P e c 2 * - O ( 1 3 ) 

ri 

The calculated values of eqzz are -9.90 X 1012 and -8.49 X 
1012 esu cm -3. These can be converted to values 0Ie1Qq12Jh 
by choice of an appropriate value for Q. Using the Clementi 
SCF functions for the nitrogen 2p orbital,31 and neglecting 
Sternheimer shielding effects,32 a value of 1.66 X 1025 cm - 3 

can be calculated for 90 In order that e2Qq0/h = 9.0 MHz, 
Q must have a value of 0.0156 b. The calculated contributions 
to e2Qqzz/h from point charges then become —11.2 and —9.5 
kHz. This contribution is of the same sign as the contribution 
from the electrons of the donor orbital. Thus, to compare the 
donor orbital occupancies of imidazole in Zn(Im)2Cl2 and 
Zn(Im)4

2+, the point charge contributions to the field gradient 

Table IV. Comparative Donor Orbital Occupancies for Imidazole 
and Pyridine Complexes 

(T for L = 
complex 

CdL2Cl2 

ZnL2(NO3J2 

ZnL2I2 

ZnL2Br2 

ZnL2Cl2 

[ZnL4](ClO4J2 

pyridine 

1.87 ±0.02 

1.767 ±0.007 
1.761 ±0.004 
1.793 ±0.001 
1.788 ±0.001 
1.792 ±0.001 
1.781 ±0.002 
1.795 ±0.003 
1.789 ±0.001 
1.747 ±0.005 

imidazole 

1.758 ±0.01 
1.756 ±0.005 
1.684 ±0.005 
1.684 ±0.001 
1.708 ±0.004 
1.706 ±0.005 
1.714 ±0.001 
1.706 ±0.002 
1.718 ±0.001 

1.707 ±0.001 
1.692 ±0.006 

components should be subtracted. However, the effective 
charge at each chloride is less than 1.0, because of electron 
donation to the central metal. Assuming a net charge at each 
chloride of —0.8, as estimated from the 35Cl NQR spectrum 
of Zn(py)2Cl2,

33 the corrected value ofe2Qqzz in Zn(Im)2Cl2 
is about 2110 kHz. The correction due to charge is clearly 
much too small to change the relative position of [Zn(Im)4]-
(NOs)2. This treatment, which takes account of only the closest 
and most important charges, is only approximate, but it does 
suggest that the electrostatic effect can be neglected in com­
paring donor orbital occupancies in cases where the charges 
of the other ligands vary. 

It is also of interest to compare the values of a obtained for 
the imidazole complexes with those found for analogous pyr­
idine complexes, Table IV. The same trends in relative donor 
orbital occupancies are seen. Note that 0 for [Zn(py)4](C104)2 
shows the same decrease relative to the Zn(py)2X2 complexes 
as seen for [Zn(Im)4] (NOs)2 and [Zn(Im)4] (C104)2. A lower 
than expected donor orbital occupancy of the nitrogen orbitals 
is observed also in Pd(o-phen)2

2+ as compared with Pd(o-
phen)X2, where X are anionic ligands.34 

From the fact that the relative ordering of a values is so 
systematically carried from one set of complexes to another, 
we conclude that the relative values of a deduced from the 
NQR data do indeed reflect relative effective charges at the 
central metal. This in turn means that neutral ligands such as 
imidazole or pyridine are less donating toward the metal ion 
than most ionic ligands. Because the field gradient is a one-
electron operator, the NQR data are a direct reflection of the 
charge distribution in the ground electronic state. In this re­
spect they differ from electronic spectral data, which relate to 
properties of both ground and excited states. The NQR data 
suggest that the extent of electron donation to the metal in­
creases with the energy of the donor orbital. Thus, in general, 
anionic ligands are stronger donors than neutral ligands; 
however, in most cases where charge is delocalized, as in NO3

- , 
the ligand may be more weakly donating. Secondly, the NQR 
data indicate that among ligands for which the donor orbital 
energies are comparable (Cl -, Br, I - ) , the extent of charge 
donation is greatest for the ligands of smallest radii. 

Interpretation of Amino Nitrogen Data. The amino nitrogen 
of imidazole experiences a structural environment similar to 
that found in pyrrole. From microwave studies of both pyr­
role35 and imidazole22 it has been determined that the major 
component of the efg tensor is along the direction y' in Figure 
1, normal to the plane of the ring. To treat the NQR data for 
the amino nitrogen using the model described above for the 
imino nitrogen, we designate the population of the nitrogen 
orbital in the N-H bond as a. The condition that qzz lies 
normal to the plane of the ring corresponds to the region on the 
graph of Figure 3 of 1.00 < a < 1.33. This range of nitrogen 
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Figure 5. Graph of h/e2Qqzz vs. rj for the amino nitrogen NQR data of zinc 
and cadmium imidazole complexes. 

Table V. Infrared Absorptions Due to N-H Stretching and Out of 
Plane Bending Modes in Imidazole Complexes 

compd 

Zn(Im)2(NOj)2 
[Zn(Im)6](NO3);, 
Zn(Im)2Cl2 
Zn(Im)2Br2 
Zn(Im)2I2 
Cd(Im)2Br2 

[Cd(Im)6](NO3J2 
Cd(Im)2Cl2 

"N-H .OI l " 7 N - H . cm" 

3265 
3180 
3307 
3347 
3337 
3343 
3320 (sh) 
3300 (sh) 

736, 708 
748,712 
740, 706 
708,685 
695,682 
708 
750,712 
730 

orbital populations in N-H bonds is consistent with previous 
experience. 

Coordination of the imino nitrogen to an acid site should 
result, via inductive effects, in slight changes in populations 
of the orbitals of the amino nitrogen, N(i). However, inter-
molecular interactions, particularly those involving hydrogen 
bonding, might be expected to obscure the variations in in­
tramolecular effects. Figure 5 shows a graph of h/e2Qqzz vs. 
•n for the amino nitrogen data of Table I. A considerable scatter 
is evident. Furthermore, there is no evident correlation between 
the trend observed in the field gradient parameters for the 
imino nitrogen and the data for the corresponding amino ni­
trogens. On the other hand, the IR spectra of the solid com­
plexes furnish an indication that hydrogen bonding effects are 
largely responsible for the variations seen. The frequencies of 
the N-H stretching, ^N-H> and out of plane N-H bending 
modes, 7N-H. a r e listed in Table V for several of the complexes 
studied. The band assignments were made by analogy with 
previous work.36,37 The values of v are highest for weakly hy­
drogen-bonding anions such as I - or Br-, lower for Cl - , and 
lowest for the more strongly hydrogen-bonding nitrates. The 
opposite trend is observed in the N-H bending mode, as ex­
pected. It is noteworthy that the nature of the counterion has 
a greater effect on the observed IR frequencies than the nature 
of the metal ion, or its coordination number. Similarly, the 
lowest 14N coupling constants correspond to the complexes 
containing the more strongly hydrogen-bonding species such 
as nitrate. Presumably a hydrogen-bonding interaction of the 
hydrogen with a base site results in a shift in electron density 
toward nitrogen, i.e., in an increase in the value of <r. From the 
slope of the curve of e2Qqzz/h vs. a in the region 1.00 < <r < 
1.33, Figure 3, hydrogen bonding is thus expected to cause a 
decrease in coupling constant, as observed. These consider­
ations are illustrated by the data for [Zn(Im)1I](ClCUh- The 
crystal structure data for this compound15 reveal two non-
equivalent coordinated imidazole molecules. For one, the angle 
made by the CNC bisector and the nitrogen-oxygen vector to 
the nearest oxygen of an adjacent CIO4- is 21.3°. The corre­

sponding N-O distance is 2.95 A. For the other imidazole, the 
angle and N-O distance are 36.8° and 3.06 A, respectively. 
The nitrogen in this latter environment is clearly involved in 
a weaker hydrogen bonding arrangement than the former. 

Two distinctly different field gradient parameters are ob­
served for amino nitrogens in this compound. The lower value 
of e2Qq/h, 1560 kHz, can be assigned to the amino nitrogen 
involved in stronger hydrogen bonding. From the values of 
e2Qq/h and t] observed, this nitrogen appears to experience an 
environment similar to that for the amino nitrogens of 
[Zn(Im)4](NO3)Z. 

The values of rj of the amino nitrogen vary over a wide range 
in an unpredictable manner. The lack of a regular behavior for 
this parameter is probably related to the fact that the lattice 
anions responsible for the variations in efg parameters occupy 
a variety of positions relative to the coordinated imidazole. 

For imidazolium nitrate and imidazolium iodide, a single 
quadrupole coupling constant is observed in each case. This 
suggests, as expected, that the two nitrogens are equivalent. 
The efg parameters for the nitrate do not fit well on the cal­
culated curve, no doubt for the reasons suggested above: hy­
drogen-bonding effects are important, and the environment 
about the nitrogens is distorted from that assumed in the 
model. The fit is much more satisfactory for imidazolium io­
dide. 

On the basis of this study of imidazole complexes it should 
be possible to delineate some of the details of the metal ion 
environment in more complex metal-peptide complexes in­
volving metal-imidazole interactions, using the 14N NQR 
spectra. In addition, analysis of the NQR data in terms of a 
model for coordinated imidazole provides useful insights. It 
is evident, for example, that charge withdrawal from the imino 
nitrogen is lower in six-coordinate than in four-coordinate 
metal complexes, and less in cadmium complexes than in 
analogous zinc species. Furthermore, the extent of charge 
withdrawal from the coordinated imino nitrogen in four-
coordinate complexes is shown to vary with the nature of the 
other ligands present on the metal. The implications of this 
conclusion for the nature of the environment in zinc-containing 
metalloenzymes is explored in the paper which follows. 
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The imidazole moiety is of great biochemical importance 
owing to its presence in the side chain of the amino acid histi-
dine. In histidine, the pA"a of the imino nitrogen of imidazole 
is 6.09, which makes it possible for imidazole to function as 
either a proton donor or acceptor.2 This ability is important 
in the proposed mechanisms of action of both chymotrypsin3 

and ribonuclease A.4 

The amino nitrogen of imidazole in histidine has a pKz of 
14.4,5 which is very similar to the pATa of 14.2-14.5 observed 
for imidazole itself.6 However, upon coordination to Zn(II), 
the p # a of imidazole is lowered to between 7.0 and 7.3,7 

making possible the ready involvement of the amino nitrogen 
in proton transfer processes. A similar effect is seen in the 
Co(II) complex of cyclic-L-histidyl-L-histidine, which has a 
pKa of 8.5.7 The pKa of a water molecule bound to a zinc 
coordinated to four /V-methylimidazole ligands is 9.12.7 The 
greater acidity of the amino nitrogen has led Appleton and 
Sarkar to propose that the nucleophilic hydroxide which at­
tacks CO2 in the active site of carbonic anhydrase may not be 
coordinated to zinc,8 but instead is generated by abstraction 
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of a proton from a water molecule by a zinc-bound imidazolate 
of one of the three metal-binding histidine residues.7'9 

A zinc-bound imidazolate ring is also of importance in the 
active site of superoxide dismutase, as revealed by a recent 
X-ray structure determination.10 The imidazole ring of HIS-61 
is bound to both zinc and copper in the active site. It has been 
suggested that this interaction is responsible for the organi­
zation and maintenance of the active site structure." The other 
zinc ligands are neutral histidines. 

In light of these considerations, complexes involving the 
anionic imidazolato ( Im - ) ligand in which the metal ion en­
vironment is structurally similar to that expected in metal-
loenzymes are clearly of interest. Polymeric complexes of the 
form [M(Im-)2]», for M = Zn,12-13 Cd,13 Cu,14-15 Co,12-16-17 

and Ni1 6 have been reported. (The symbol I m - is employed 
to distinguish imidazolate anion from neutral imidazole, Im.) 
The structure of the Zn compound has been determined. Zinc 
is tetrahedrally coordinated to four bridging imidazolato li­
gands, resulting in a three-dimensional network.18 The only 
reported mixed imidazole-imidazolato complex, Cu-
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Abstract; The X-ray structure determination of catena-M-imidazolato-bis(imidazole)zinc nitrate (1) reveals approximately 
tetrahedral coordination about each zinc. The structure consists of chains of bis(imidazole)zinc units bridged by imidazolate 
anions. Zn-N distances range from 1.986 (3) to 2.000 (3) A, with no clear difference between the neutral and anionic ligand-
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10.040 (2), C = I l .354 (2) A; /3 = 91.00 (2)°; Z = 4; Rx = 0.047 for 2043 observed reflections [with / > 2a(/)]. The 14N NQR 
spectra at 77 K were obtained for 1 and bis(imidazolato)cadmium. Application of the model previously developed for 14N 
NQR spectra of coordinated imidazole leads to the conclusion that the bridging imidazolato ligand is a slightly stronger donor 
than neutral imidazole. 
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