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Crystal and Molecular Structure of the {2,6-Bis[1-(2-imidazol-4-ylethyl-
imino)ethyl]pyridine}-zinc(un) and -copper(u) Cations: Five-co-ordinate
Relatives of a Copper(1) Oxygen Carrier

By James D. Korp and lvan Bernal,* Department of Chemistry, The University of Houston, Houston, Texas 77004
U.S.A.
Connie L. Merrill and Lon J. Wilson,* The Department of Chemistry, William Marsh Rice University, Houston,
Texas 77001, U.S.A.

The crystal and molecular structures of the two title compounds are reported and discussed as they reiate to the
analogous copper(l) derivative which reacts reversibly with O, in solution under ambient conditions. The five-co-
ordinate [Cu''(imep)][CIO,]}, and [Zn'(imep)][CIO,], complexes are isomorphous and isostructural, being
derived from a single quinquedentate ligand {imep = 2,6-bis[1-(2-imidazol-4-ylethylimino)ethyl]pyridine}
containing one pyridine nitrogen atom, two imine nitrogen atoms, and two imidazole nitrogen-donor atoms to give
MN; primary co-ordination spheres. The co-ordination about Cu™ and Zn'' is best described as intermediate
between an idealized trigonal bipyramid and a square pyramid, with a potential sixth site lying trans to the pyridine
nitrogen-donor atom (and between the imidazole rings) where a small molecuie like O, is most likely to bind in the

copper(l) species.

Crystal data for [Cu™(imep)][CIO,],: space group C2/c,Z = 8,a = 19.065(9), b = 11.370(4),
¢ =23.802(12) A, and R = 0.043 for 1 939 reflections.

Crystal data for [Zn(imep)][ClO,],: space group

C2/c,Z =8,a =19.414(8), b = 11.313(4), ¢ = 24.012(6) A, and R = 0.051 for 2 551 reflections.

WE have recently reported that the title compound with
M = Cu! {{Cul(imep)]* in Figure 1} reacts reversibly
with molecular oxygen under ambient conditions in
solution.! If this reaction involves simple adduct
formation of O, as a ligand, the [Cul(imep)]™* cation is the
first synthetic copper(1) oxygen carrier found to function
in the solution state,} despite the large number of syn-
thetic O, complexes now known for several other metals.4
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General structure of the [Cul(imep)]* cation

FIGURE 1

A special interest associated with [Cul(imep)]* as an
oxygen carrier is its potential as a model compound for
the bimetallated copper(1) active site of the naturally
occurring haemocyanin proteins, and, like deoxyhaemo-
cyanin, [Cul(imep)]* reacts reversibly with O, in a 2:1
(Cu:0Q,) stoicheiometry giving an oxy-form which is
essentially e.s.r. silent.}-3

An obvious advantage that model compounds offer
over their more complex naturally occurring counter-
parts is the detailed structural information that can be
gathered as an aid toward understanding structure-
function-reactivity relationships. Thus, structural
characterization of deoxy-[Cul(imep)]* and its oxy-

1 A bimetallated copper(1) ‘ earmuff * compound has been re-
ported to reversibly bind O, in the solid state, J. E. Bulkowski,
P. L. Burk, M. Ludmann, and J. A. Osborn, J. Chem. Soc.,
Chem. Commun., 1977, 498.

form is of considerable interest and these results will be
reported in subsequent work. In this paper we com-
municate the structural features associated with [Cull-
(imep)][C10,], and with [ZnU(imep)][ClO,},, an iso-
electronic analogue of the deoxy-copper(1) compound.
Unlike the copper(1) compound, the zinc(11) and copper-
(11) species are unreactive toward O,, allowing the crystals
to be grown and handled under ambient conditions.

EXPERIMENTAL

Crystals of [Zn!(imep)][ClO,], are pale yellow, while those
of [Cull{(imep)]{ClO,], are dark green. Single crystals of
each were mounted on an Enraf-Nonius CAD-4 automatic
diffractometer using Mo-K, radiation monochromatized by
a dense graphite crystal, assumed to be ideally imperfect.
Lattice constants and orientation matrices were obtained
from least-squares fits of 25 automatically centred reflections
distributed over reciprocal space. Final cell constants, as
well as other pertinent data, are given in Table 1. The
details of the data collections were similar, except as noted
below. The Laue symmetry in both cases was determined
to be 2/m, and from the systematic absences noted, the
space groups were both found to be C2/c.

Intensities were measured using the 6-—206 scan tech-
nique, with the scan rates depending on the net count
obtained in rapid pre-scans of each reflection. Two
standard reflections were monitored after every 2 h of
exposure time as a check of electronic reliability and crystal
stability, and showed no unusual trends during the course of
the data collections. In each case, a unique quarter of the
reciprocal sphere was collected, according to the limits in
Table 1. In reducing the data, Lorentz and polarization
factors were applied, but no corrections were made for
absorption since the absorption coefficients were both small.
An acceptance criterion of I > 3¢(I) was employed in
determining the reflections to be used in the least-squares
refinements.

The structure of [ZnI(imep)][ClO,], was solved first by
use of the Patterson method to determine the location of the
metal atom in the unit cell. Subsequent difference-
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TABLE 1
Summary of data collection and processing parameters *
Zinc complex Copper complex

Formula C,oH,3CL,N,04Zn C,pH,;3C1,CuN,O,
Space group C2/c C2/c
afA 19.414(8) 19.065(9)
b/A 11.313(4) 11.370(4)
c/A 24.012(6) 23.802(12)
B/° 108.50(3) 108.17(4)
U/A® 5001 4 902
M 613.72 611.89
D,/g cm™ 1.63 1.66

cm™! 11.83 11.00
F(000) 312 311
Scan speed range/

° min! 0.4—4.0 0.4—3.4
Total data collected 3244 3173
Data with |I| > 35(/) 2551 1939
Total variables 408 430
R = EHFOI — |Fe]l/

o 051 0.043
R = [Zw(|F,| — |Fo})?/
Zw|F, |3t 0.050 0.038

* The following parameters are the same for both com-
plexes: monoclinic, Z = 8; data collection range, 4 < 20 < 45°;
scan width, A8 = 1.10 4 0.35 tan 9; maximum scan time,
300 s; and weights, w = o(|F])2.

Fourier syntheses revealed the positions of all the remaining
atoms, including the hydrogens. The six methyl hydrogens
behaved poorly and had to be fixed in the final cycles of
refinement, which is why the zinc structure had fewer
variables than the copper. Since the two compounds
appeared to be isomorphous and isostructural, the atomic
co-ordinates from the zinc refinement were used as the
starting positions in the copper refinement, and they showed
only slight deviations at the conclusion, when all shift-to-

J.C.S. Dalton

in Supplementary Publication No. SUP 23064 (31 pp.).*
Bond lengths, angles, least-squares planes, and torsion
angles based on these positions are given in Tables 4—7.
The numbering scheme employed is shown in Figure 2.
The hydrogens have numbers corresponding to the atoms to
which they are bonded.

RESULTS AND DISCUSSION

As can be seen from Table 4, the carbon-carbon and
carbon-nitrogen distances of homologous bonds in the two
structural refinements are all within ca. 4o of each other,
which indicates no discernable perturbation in the basic
framework of the quinquedentate (imep) ligand due to the
change in the central metal atom. Similarly, no evi-
dence exists for any alteration of the resonance patterns
in the ring systems of the ligands. The pyridyl ring is
quite similar to those found in other structures with
chelated metals,®?® as well as to gaseous pyridine.l® The
only significant difference is the C-N-C angle, which for
the present structures averages 122.6°, but is usually
much smaller, ¢a. 117°.10  This deviation is most likely
due to the strain at the points of connection to the pyri-
dine ring [C(11), C(15)] of the atoms involved in the
five-membered rings containing the metal atom. The
tendency would obviously be to open up the C-N-C
angle, as can be seen in Figure 2. A similar effect has
been seen previously.!!

The imidazole rings also agree quite well with pre-
viously reported results,'®»1 including the shortening in

FIGURE 2

probability envelopes, with hydrogens shown as spheres of arbitrary diameter.

Stereoscopic view of the atom labelling scheme used for both refinements.

The thermal ellipsoids are 509, equi-
Note the distortion of the co-ordination about

the metal atom from either a square-pyramidal or trigonal-bipyramidal configuration

error ratios were less than 0.1. The final agreement factors
for both structures are given in Table 1. The atomic
scattering factors for the non-hydrogen atoms were com-
puted from numerical Hartree-Fock wavefunctions;® for
hydrogen, those of Stewart et al.® were used. All calcul-
ations were made with the SHELX-76 series of programs
by G. M. Sheldrick.” In the zinc refinement, there were
high correlations between the scale factor and the zinc
thermal parameters, but this was not observed in the
copper refinement. Final positional parameters are listed
in Tables 2 and 3 (a zero entry for estimated standard
deviation indicates the parameter was held constant).
Thermal parameters and structure factor tables are deposited

the attachment to the ethane bridges at C(5)-C(6) and
C(21)-C(22).22 They are all quite planar, as can be seen
from Table 6, indicating no unusual strain involved in the
rotation necessary to properly approach the metal atom.
Several structures are known in which the same ligand
framework from N(8) to N(19) is found, making them tri-
dentate,11-14 as well as one which is also quinquedentate,!®
and our results compare favourably with those found
previously. There is very nearly a two-fold (C,) axis of
symmetry running through the centre of the ligand

* For details see Notices to Authors No. 7, J. Chem. Soc.,
Dalton Trans., 1980, Index issue.
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TABLE 3 (continued)

TABLE 2
Atomic co-ordinates for [Znl(imep)][ClO,], with
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TABLE 4 (continued)
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* The range of bonding distances for all hydrogens in each

structure is given.

0.70—1.32

TaBLE 5
Bond angles (°) for [MI(imep)][ClO,],

N(1)-M—N(16)
N(1)-M~N(26)
N(16)—~M-N(26)
N (8)~M—-N(16)
N(8)~M~-N(19)
N(16)-M-N(19)
M-N(1)-C(2)
M=N(1)=C(5)

M—N(8)~
N(8)-C(9)~C(10)
N(8)—-C(9)~C(11)
C(10)—C(9)-C(11)
—C(11)—C(12)
9~C(11)—N(16)
12)-C(11)-N(16)
1)—C(12)-C(13)
2)~C(13)~C(14)
3)-C(14)—C(15)
4)—C(15)-N(16)
C(14)—C(15)—C(17)
w(w) ~C(15)-C(17)
(ll)—-N(lb) C(15)
M—N(16)—C(1
M-N(16)-C(1
qb)()

)
—C(1
C(15)-C(17)—N{
N(

C(

C(9)
C(
C(
c1
ca
cQ
cQl

(1

—C
C
—C
—C

1
5)
8)
19)
C(18)~C(17) -N 19)
(17)—N(19 20
M-N(19)—-C(17)
’.\/I—N(IQ)—C(20)
N(19)-C(20)— C(21)
20-C(21)-C(22)
)( 2)-C(23)
1-Cl22)-N(26)
-Cl221-N(20)
—C(23)-N(24)
- V(24) C(25)
N(24)-C(25)-N (26)
(25)—N(26)—C(22)
M—N(26)—C(22)
M-N(26)-C(25)

A
(21
(21
(23
(22
(23

O/(‘QGG"N"A

M =1Zn
119.6(2)

121.4(6)
116.0(4)
122.6(4)
111.6(5)
115.2(5)
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122.5
126.1
111.4
122.6
118.5
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115.1
125.2
120.6
115.3
124.0
111.5
116.6
131.6(6)
120.3(6)
108.1(6)
107. 0(6)
108.6(6)

110.6(6)

105. 6(5)
119.8(5)

134. 4(4)
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5)
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6)
7)
5)
7)
6)
5)
5)
4)
6)
6)
5)
6)
4)
5)
5)
6)
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TABLE 6
Least-squares planes and atomic deviations (A) &
M= Zn M = Cu M = Zn M = Cu
Plane 1: N(1)—C(5)
A —0.4344  —0.4711 C(2) —0.005(7) —0.008(7)
B 0.4500 0.4315 N(3) 0.002(6)  0.005(6)
c —0.7802 —0.7693  C(4) —0.002(7) ~0.001(7)
D 14.011 13.527 C(5) —0.005(6) —0.004(7)
N(1) 0.006(5)  0.007(5) M?®  —0.111(1) —0.214(1)
Plane 2: C(11)—N(16)
A 0.2666 0.2838 C(12) —0.006(7) —0.009(7)
B —0.9122 —0.8846  C(13) 0.001(7)  0.005(7)
C —0.3113 —0.3702 C(14) 0.012(7) —0.001(7)
D 7.168 8.512 C(15) —0.019(6)  0.002(7)
C(11) —0.001(6)  0.010(7) N(16)  0.014(5) —0.006(5)
M 0.112(1)  0.018(1)
Plane 3: C(22)—N(26)
A 0.5802 0.6020  C(23) —0.005(8) —0.011(7)
B —0.1504  —0.1651 N(24)  0.010(7)  0.005(7)
c —0.8005  —0.7813 C(26) —0.011(7)  0.002(7)
D 19.042 18.694 N(26 0.007(5)  0.009(5)
C(22) —0.001(6)  0.012(7) M?*  —0.076(1) —0.177(1)
Plane 4: C(7)—C(20)
A 0.2211 0.2473  C(12) —0.046(7) —0.044(7)
B —0.9271 —0.8955  C(13) 0.027(7)  0.020(7)
C —0.3027 —0.3700  C(14) 0.083(7)  0.056(7)
D 6.709 8.313 C(15) 0.029(6)  0.048(7)
c(7) 0.150(7)  0.137(7) N(16) —0.002(5) —0.008(5)
N(8) —0.050(5) —0.059(5) C(17) 0.050(6)  0.026(7)
C(9) —0.064(7) —0.064(7) C(18) —0.013(7) —0.000(8)
C(10) —0.043(8) —0.025(8) N(19)  0.021(5)  0.008(5)
C(11) —0.061(6) —0.033(7) C(20) —0.091(6) —0.072(7)
M 0.063(1)  0.005(1)
Plane 5: N(8)—N(19), without C(10) and C(18)
A 0.2464 0.2687 C(12) —0.029(7) —0.030(7)
B —0.9190 —0.8868 C(13) 0.007(7) 0.002(7)
c —0.3077 —0.3760 c(14) 0.038(7)  0.017(7)
D 6.964 8.572 C(15) —0.003(6) 0.025(7)
N(8) 0.022(5)  0.009(5) N(16)  0.002(5)  0.001(5)
c(9) 0.013(7)  0.008(7) C(17) —0.003(6) —0.013(7)
C(11) —0.033(7) —0.005(7) N(19) —0.015(5) —0.013(5)
M 0.085(1)  0.032(1)
Interplanar angles (°)
Planes M=Zn M=Cu
1—2 106.6 103.3
1—3 72.3 75.8
1—4 106.1 102.6
1—5 106.3 102.7
2—3 57.2 52.7
2—4 2.8 2.2
2—5 1.2 0.9
3—4 59.3 54.1
3—5 58.2 53.0
45 1.6 1.4

* The planes are described by the four coefficients of the

expression:

Ax+By+Cz+D‘0 b

The position of the

metal (Zn or Cu) was not included in the calculation of any

of the planes.

TABLE 7

Selected torsion angles (°)

M-N(1)-C(5)—C(6)
N(1)—C(5)—-C(6)- QH
C(4)—C(5)—C(6)-C(7)
C(5)-C(6)-C(7)-N(8)
M—N(8)—C(7)-C(6)
M—-N(IB)—C(20)—— (2
1)~

1
N(19)—C(20)—C(2 (:)(22)
C(20)—C(21)—C(22)-N(26)
C(20)-C(21)—C g) ( 3)

M-N(26)-C(22)-C(21)

M = Zn
—17.41
66.19
—118.47
—49.03
—11.66
—3.72
—52.71
62.24
—119.09
—4.09

M = Cu
—11.40
64.66
—120.91
—44.82
—18.96
0.71

— 54.20
60.11
—118.85
—5.58
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along the C(13) - - - N(16) vector, except that the angles
of orientation of the two imidazole rings with respect to
the diacetylpyridine (dap) plane differ by 16° for the
zinc structure and 24° in the copper case (see Table 6).
Although this ligand has the potential to be highly con-
jugated from N(8) through N(9) across the pyridyl por-
tion, there is little evidence to support this from the
standpoint of observed bond lengths. A similar situation
occurred in another dap-containing five-co-ordinate
ligand where non-conjugation was attributed to the
slight degree of non-planarity which resulted from chel-
ation,1%

The co-ordination of the Zn and Cu atoms in the
present structures would be best described as inter-
mediate between a trigonal bipyramid and a square
pyramid, based on the ideal values of the angles.’ A
number of examples are already in the literature 1%17-20

1955

were applied.2-2® The only unusual feature is the short
bond Cl(2)-O(5) in each case. This can be explained
easily, however, when it is noted in Tables 2 and 3 that
O(5) has the largest thermal parameters, and the effect ot
this apparent oscillation is to shift the centre of density
toward the chlorine, resulting in a shorter bond length.
The oxygen—N(imid) contacts are all too long to be in-
volved in hydrogen bonding, a conclusion confirmed by
the magnitudes of the oxygen thermal parameters which
can be seen clearly in Figure 3. There are no unusually
short contacts between any other atoms in the molecules.

Finally, on the basis of the present structural study,
which establishes [ZnI(imep)]?* and [Cul(imep)]2* to be
well defined five-co-ordinate species, it is possible to
speculate more firmly on the structure of the [Cul-
(imep)]* oxygen carrier and on the mechanism for its
reversible oxygenation. While five-co-ordinate cop-

FIGURE 3 Stereoscopic packing diagram of the contents of the unit cell, with hydrogens omitted for clarity. The perchlorate
anions are positioned in channels running through the crystal, but they do not seem to be involved in any hydrogen bonding to

the imidazole nitrogens

The distortion makes the metal atom a chiral centre,
and although the current structures crystallize as a
racemic mixture of both possible handednesses, it may
eventually be possible to resolve the two optical isomers
as has been done with a similar five-co-ordinate zinc
complex.’® The metal-nitrogen distances shown in
Table 4 are in the range of those listed for other five-
co-ordinate species,®1%19-21 but due to the geometric
constraints of the ligand itself, some of the distances are
as short as those seen in tetrahedral complexes %22 or as
long as in octahedral complexes.’®»23 In the same en-
vironment, one would expect the Cull-N distances to be
slightly shorter than the Zn1I-N distances,® but this is not
observed in the bonds to the imidazoles, which are as
long or longer in the copper structure. Since these
Cul™N bonds are still shorter than Cu’-N bonds in five-
co-ordinate copper(1) structures,? as expected, then this
perhaps points to unusually short Zn-imidazole contacts
in the current series. The reason for this not obvious,
nor is the disparity in Cu-N(imid) lengths noted when the
two Zn—-N(imid) lengths are the same.

The two independent perchlorate ions in each struc-
ture are in excellent agreement with literature results, 2526
including those in which rotational oscillation corrections

per(1) species are still relatively rare, a few are now
known,® and the predisposition of the five nitrogen-
donor atoms of the imep ligand suggests that [CuX(imep)]*
will ultimately prove to be five-co-ordinate as well.*
Assuming this to be the case, the most reasonable site for
initial O, ligation appears to be trans to the pyridine
nitrogen atom and between the two imidazole rings.
However, due to steric hindrance with imidazole nitro-
gens [N(3), N(24)], a bent O, ligated at this site would
produce a dioxygen adduct (probably more correctly
written as Cul’-0,~) which could get no stabilization by
intramolecular [Cu—O,~ - - - HN(imidazole)] hydrogen-
bonding interactions of the type proposed to exist between
end-on bonded O, in [Fe(haeme)-O,"] and the distal
histidine imidazole proton in oxymyoglobin and oxyhae-
moglobin.3!  On the other hand, the product of dioxygen
addition could be a five-co-ordinate species obtained by
release of an imidazole ligand from the copper co-ordin-
ation sphere at the time of attack by dioxygen. Such a
species could then be stabilized by an NH - - - O hydrogen
bond between the end-on bonded dioxygen ligand and

* Attempts are presently underway to grow crystals of
[CuT(imep)]X (X = ClO, or BF,) under inert atmospheric
conditions.
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the hydrogen atom of the ‘ free ' imidazole. The resulting
free space around the metal would also be advantageous
for dimer formation of the type discussed below. Finally,
an end-on bonded configuration for O, is also suggested
by the fact that the stoicheiometry of the reversible
reaction 2[Cul(imep)]* + O, === oxy-product implies
that the final oxygenated material is binuclear in copper
and an end-on bonded p-dioxygen bridge, ¢.e. Cul™-O-
O—Cul!, would probably be necessary to span the distance
(5—6 A) required to bridge the two copper centres.
Furthermore, it is possible that the imidazole protons are
even more intimately involved in the oxygenation mech-
anism. For example, the following mechanism, equ-
ations (1) and (2), can be written whereby the p-dioxygen

2[Cul(imep)]* + Op == [{Cu"(imep)},(0*)1*" (1)

[{Cull(imep)}5(05%7) " ==
H,0, + 2[Culi(imep — H)]* (2)

(or p-peroxo-) species serves as only an intermediate from
which proton abstraction can occur to give, for example,
H,0, and a mono-deprotonated oxidized copper(ir) pro-
duct, [Cull(imep — H)]*. In fact, a similar deproton-
ation scheme has recently been proposed for the reaction
of O, with tris(2,2-bi-2-imidazoline)iron(11).32 The final
[Cull(imep — H)]* product would need to be dimerized
or polymerized to adequately explain the observed
reduction in e.s.r. intensity of the oxy-form,!-3 and the
removal of O, would then have to cause spontaneous re-
reduction to [Cul(imep)]* to complete the reversible
oxygenation cycle. Additional spectroscopic, product
analysis, and structural studies designed to further
illucidate mechanistic details of the reversible oxygen-
ation reaction of these unusual copper(l) species are
presently being intensely pursued.
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