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The crystal and molecular structure of cyanobis(1,10-phenanthroline)copper(Il) nitrate monohydrate, [Cu(N2C12Hs)2-
CN](NO3)-H20, has been determined from three-dimensional single-crystal X-ray diffraction data, collected by counter
techniques. The dark-blue crystals are triclinic, space group P1 (No. 2), with two formula units in a unit cell of dimensions

a=10816 Q) A, b=12.098 ) A, c= 10118(2)A a =105.62 (2)°, 8= 110.10 (2)°, v

= 66.68 (2)°. The structure

was refined by full-matrix least-squares methods to a weighted R of 0.076 for 2392 independent reflections with I > 34(J).
The coordination geometry of the monomeric complex ion is based on a distorted trigonal bipyramid with the cyanide ligand
bonding to copper(1]) in an equatorial position. Bond lengths are as follows; Cu~N(equatorial), 2.123 (6) and 2.102 (6)
A; Cu-N(axial), 2.001 (10) and 2,014 (10) A; Cu-C, 1.935 (10) A; C-N(cyanide), 1.16 (1) A. The water molecule of
hydratlon is found to be hydrogen bonded sxmultaneously to the nitrogen atom of the coordinated cyanide ion and to one

of the nitrate oxygen atoms.

Introduction

The most interesting aspects of the coordination chemistry
of copper(I1) can be succinctly summarized: (1) the variety
of coordination geometries available about Cu(II), (2) the
influence of the 3d? electronic distribution on the coordination
geometry, and (3) the relative stability vs. the 1+ oxidation
state as a function of coordinating ligand and coordination
geometry. With regard to the last point, it has long been known
that several ligands, among them the iodide and cyanide ions,
do not generally form stable complexes with the cupric ion.
In aqueous solution at ordinary temperatures, cyanide reduces

* Address correspondence to the Department of Chemistry, Colorado State
University, Fort Collins, Colo. 80523.

copper(II) to cuprous cyanide, with simultaneous formation
of cyanogen.! At low temperatures in nonaqueous solvents,
the existence of complex ions such as the tetracyanocuprate(11)
anion has been claimed, although the ion has not been isolated.2

Recently, it has been shown that by choosing ligands which
strongly prefer to coordinate the cupric rather than the cuprous
ion, it is possible to stabilize the copper(II) ion sufficiently to
allow direct bonding between cyanide and the cupric ion in
aqueous solution at ordinary temperatures. Such was the case
for the stable complexes [Cu(tet-a)CN]CIO4-H20 (tet-a =
5,7,7,12,14,14-hexamethyl-1,4,8,1 1-tetraazacyclotetradecane)
and [Cu2A2(CN)I(CI04)3 (A = 5,7,7,12,14,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene),3 the



[Cu(phen)2CN](INO3)-H20

structure of the latter having been recently established.4 In
these cases, cyanide was able to coordinate directly to cop-
per(II), presumably due to the stabilization of the 2+ oxidation
state provided by the macrocyclic tetradentate ligands. More
recently, interesting cyanide complexes of copper(II) have been
synthesized employing 1,10-phenanthroline (hereafter ab-
breviated phen) as the stabilizing ligand,’ among which was
the title compound, cyanobis(1,10-phenanthroline)copper(II)
nitrate monohydrate. Since ligands such as 1,10-
phenanthroline and 2,2'-bipyridine are not capable of
square-planar coordination at copper(II) on steric grounds,$
the basic coordination geometry for the [Cu(phen)2CN]*
cation was suggested to be similar to the trigonal-bipyramidal
coordination found in iodobis(2,2'-bipyridine)copper(II)
iodide.” It was also suggested, on the basis of infrared evidence,
that a derivative six-coordinate structure might be found for
the geometry about the cupric ion, due to counterion
“semicoordination.”® To ascertain the mode of bonding of the
cyanide ion and the overall coordination geometry in this novel
complex, an X-ray crystallographic study was undertaken on
the title compound, cyanobis(1,10-phenanthroline)copper(II)
nitrate monohydrate.

Experimental Section

Crystal Data. For [Cu(N2C12Hs)2CN](NO3)-H20 (mol wt 530.0,
triclinic) a = 10.816 (2) A, b =12.098 (2) A, c = 10.118 () A, «
= 105.62 (2)°, 8 = 110.10 (2)°, v = 66.68 (2)°, ¥ = 1128.04 A3,
pobsd = 1.56 g em3, paaed = 1.56 g cm™3, Z= 2, and F(000) = 542;
space group P, Mo Ka radiation, A 0.70926 A, \20.71354 A, and
u(Mo Ka) = 10.55 cm~1,

Data Collection and Reduction. Dark blue crystals of the title
compound were kindly supplied by Dr. M. Wicholas. Preliminary
Weissenberg and precession photographs revealed no symmetry, and
the centric triclinic space group Cil-P1 was chosen for further work
(later shown to be correct by successful solution and refinement of
the structure).

The crystal chosen for data collection was mounted in a random
orientation on the Syntex PI diffractometer. The crystal was ac-
curately centered, and the orientation matrix was obtained from
least-squares calculations on the automatically determined 26, w, and
x settings of 15 high-order reflections.® Measurement of the setting
angles for 72 high-order reflections at 20 (£1)° (including 19 with
negative 26 values) allowed calculation (by least-squares methods)
of the unit cell parameters and standard deviations reported above,
The cell reported above is related to a_type I cell (positive reduced
form)23 by the transformation matrix [010/001/100]. The dimensions
of the reduced cell are a = 10.118 A, b = 10.816 A, and ¢ = 12.098
A, a = 66.68°, 8 = 74.38° and v = 69.90°. The measured density
reported was obtained by neutral buoyancy in chloroform-1,2-di-
bromoethane.

The intensities of 4218 unique reflections with 26 < 50° were
measured by §-26 scans, employing Mo K« radiation passed through
a graphite monochromator. The scan range was 1° on either side
of the Ka1 and Kaz peaks, with a2 minimum scan rate of 2°/min
automatically increased to a maximum of 24° /min for very strong
reflections. Background was counted at either end of the scan, for
a time equal to the duration of the scan. The intensities of three
reference reflections (002, 351, and 011) were measured every 50
reflections and showed no significant changes during the data col-
lection. Intensities were calculated as / = D[A ~ (B/C)], and standard
deviations were calculated from o(I) = D[4 + (B/C)]\/2, where D
is the scan rate, A is the total corrected count, B is the total background
count, and C is the ratio of background to scan times. The intensity
was corrected for coincidence losses on strong reflections by the
formula A = [1 = (1 - 471,1/2] /27, where Io is the observed intensity,
7 is the counter dead time, and A is the corrected count. The intensities
were also corrected for Lorentz and polarization effects. Reflections
with I > 3¢(I) were judged to be observed; the 2392 reflections which
met this criterion were used in the solution and refinement of the
structure. An absorption correction was applied to the observed
reflections, !0 employing a gaussian grid technique. For the crystal
used, roughly a thick six-sided plate with approximate dimensions
0.02 X 0.007 % 0.015 cm, extrema in the reciprocal transmission factor
were 1.233 and 1.106.
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Figure 1. Coordination geometry of the monomeric cation [Cu-
(phen),CN]*. Hydrogen atoms have been omitted for clarity.

Solution and Refinement of Structure, The position of the copper(1I)
ion was assigned from the highest nonorigin peak in the initial
Patterson map. The positions of all nonhydrogen atoms were obtained
from a series of Fourier syntheses phased by the atoms in known
positions. Scattering factors for copper(IT) were taken from ref 11,
those for C, N, and O from ref 12, and those for H from ref 13, while
correction terms Af’ and Af " for anomalous dispersion due to copper
were taken from ref 14.

Two cycles of full-matrix least-squares refinement with isotropic
thermal parameters for all atoms except copper(II), the cyanide ion,
and the coordinating nitrogen atoms, which were refined aniso-
tropically, lowered R (=[% |fFo| —|Fell]/ S| Fof) from its initial value
of 0.315 to 0.107 (unobserveds not included) and Rw (=[2w(|Fo| -
|FeD)2/ o wiFof2}1/2, w = 6-2(F5)) from its initial value of 0.351 to 0.109
(no unobserveds). The CLS refinement program minimizes w(AF)2.
At this point a difference Fourier map clearly indicated the presence
of the hydrogen atoms attached to the phenanthroline rings (electron
density 0.3-0.5 ¢ A-3). These hydrogen atoms were then included
in fixed calculated positions 0.95 1{ from ring carbon atoms, with fixed
isotropic thermal parameters 1 A2 larger than those of the carbon
atoms to which they were attached. Hydrogen atoms of the water
of hydration were not as pronounced in the difference Fourier and
were not included. Two final cycles of refinement on all atoms, with
thermal parameters assigned as above, reduced R to 0.083 and Rw
t0 0.076. On this final cycle, no shifts in positional parameters were
greater than 10% of the standard deviation, and the maximum shifts
in thermal parameters were less than 30% of the standard deviation.
An extinction correction was deemed unnecessary. A final difference
Fourier map showed no peak higher than 0.7 ¢ A-3 and no depression
lower than —0.3 e A-3.

Atomic positions and isotropic thermal parameters are listed in
Table 1, and anisotropic thermal parameters, in Table IL.

Results and Discussion

The calculated bond lengths and angles involving the
copper(II) ion are reported in Table 111, while the bond lengths
and angles within the phenanthroline ligands and the nitrate
anion are found in Table IV (standard deviations reported
include the contributions from the standard deviations in the
unit cell parameters but not coordinate covariance). Figure
1 shows a view of the coordination geometry about the cupric
ion. The monomeric complex ion is seen to exhibit approx-
imately trigonal-bipyramidal coordination geometry about the
copper(II) ion, with the cyanide ion occupying an equatorial
position. The angles in the equatorial plane are considerably
distorted from the ideal trigonal angle of 120°, with one small
angle of 98.6° between the Cu~N(phen) bonds in the
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Tabie I. Atomic Coordinates (Fractional) and Isotropic
Thermal Parameters?

Atom x y z U, A?
Cu(Il) 0.2674 (1) 0.2697 (1) 0.2809 (1)

N(1) 0.3122(7) 0.3712 (6) 0.1872 (8)

N(2) 0.1240 (7) 0.2586 (6) 0.0767 (7)

N(3) 0.4318(7) 0.1085 (6) 0.2447 (7)

N4) 0.2229 (7) 0.1568 (6) 0.3560 (7)

C(l) 0.2476 (11) 0.3956 (9) 0.4449 (11)

N(5) 0.2360 (13) 0.4749 (9) 0.5397 (10)

C(2) 0.4081 (11) 0.4258 (10) 0.2473 (11) 0.070 (3)
C(3) 04227 (12) 0.5030 (10) 0.1741 (12) 0.075(3)
C4) 0.3409 (12) 0.5179 (10) 0.0457 (12) 0.073 (3)
C(S) 0.2382 (10) 0.4654 (9) -0.0247 (11) 0.062 (3)
C(6) 0.1450 (11) 0.4709 (10) -0.1636 (12) 0.068 (3)
C(7) 0.0571 (11) 04173 (10) —0.2224 (12) 0.072 (3)
C(8) 0.0396 (10) 0.3392 (9) —0.1463 (10) 0.058 (3)
C(9) —-0.0513(11) 0.2726 (9) —0.1954 (11) 0.066 (3)
C(10) —0.0553(11) 0.2047 (10) -0.1176 (12) 0.068 (3)
C(11) 0.0357 (10) 0.1974 (8) 0.0222 (10) 0.055 (3)
C(12) 0.1304 (9) 0.3276 (8) -0.0043 (9) 0.042 (2)
C(13) 0.2282 (9) 0.3886 (8) 0.0552 (10) 0.045 (2)
C(14) 0.5341 (9) 0.0863 (8) 0.1876 (9) 0.045 (2)
C(15) 0.6319 (10) —0.0307 (9) 0.1681 (1) 0.057 (3)
C(16) 0.6234 (10) —~0.1235(8) 0.2109 (10) 0.055 (3)
C(17) 7 0.5192(9) —0.1031 (8) 0.2745 (9) 0.042 (2)
C(18) 0.5044 (10) —0.1947 (8) 0.3268 (10) 0.054 (3)
C(19) 0.4038 (10) -0.1707 (8) 0.3874 (10) 0.053 (2)
C(20) 0.3024 (9) —0.0497 (8) 0.4017 (9) 0.046 (2)
C21) 0.1923 (10) ~0.0166 (9) 0.4615(10) 0.056 (3)
C(22) 0.1032 (10) 0.0974 (9) 0.4702 (11) 0.062 (3)
C(23) 0.1198 (10) 0.1848 (9) 04148 (10) 0.057 (3)
C(24) 0.3136 (8) 0.0420 (7) 0.3503 (8) 0.036 (2)
C(25) 0.4248 (8) 0.0140 (7 0.2878 (8) 0.035 (2)
N(10) 0.7631 (14) 0.1646 (12) 0.0923 (15) 0.110 4)
O(1) 0.8401 (13) 0.1259 (1 1) 0.1959 (14) 0.160 (4)
0(2) 0.7705 (10) 0.0851 (9) ~0.0165 (11) 0.122 (3)
0@3) 0.6647 (15) 0.2495 (13) 0.0770 (14) 0.176 (5)
04) 0.7538 (8) 0.2866 (7) 0.4411 (8) 0.083 (2)
H(2) 0.4703 04118 0.3431 0.082
H(3) 0.4934 0.5438 0.2192 0.091
H4) 0.3522 0.5698 -0.0060 0.084
H(6) 0.1528 0.5241 —-0.2168 0.081
H(T) --0.0002 0.4280 -0.3209 0.085
H(9) -0.1153 0.2775 -0.2921 0.079
H(10) -0.1203 0.1595 —~0.1555 0.084
H(11) 0.0317 0.1452 0.0792 0.068
H(14) 0.5414 0.1535 0.1577 0.060
H(15) 0.7063 -0.0450 0.1252 0.070
H(16) 0.6889 ~0.2052 0.1957 0.067
H(18) 0.5696 -0.2780 0.3163 0.070
H(19) 0.3973 ~-0.2360 0.4224 0.066
H(21) 0.1811 -0.0782 0.4981 0.067
H(22) 0.0283 0.1195 0.5140 0.076
H(23) 0.0519 0.2678 0.4190 0.070

@ Standard deviations in parentheses. If no standard deviation is
given, the parameter was not refined. Isotropic temperature factor
of the form exp[~8n*U((sin? 6)/A?%)].

equatorial plane and large angles of 129.0° (C(1)-Cu-N(2))
and 132.4° (C(1)-Cu-N(3)) between the Cu—CN bond and
the equatorial Cu~N bonds. The equatorial coordinating atoms
are very close to coplanar, with the copper(II) ion lying only
0.03 A below the best least-squares plane through the two
cyanide atoms and the equatorial phenanthroline nitrogen

Table II. Anisotropic Thermal Parameters (A*)®
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atoms (see Table V). The remaining two phenanthroline
nitrogen atoms, N(1) and IN(4), are slightly removed from the
“ideal” axial positions due to the small “bite” of the rigid
bidentate phenanthroline ligands. The observed N—Cu-N bite
angles of 79.9 and 80.7° are entirely normal for phenanthroline
coordinated to copper(II).!5

The bond lengths and angles involving the cyanide ion are
all normal. The C-N bond length of 1.16 (1) A is slightly
longer than the observed C-N bond length in the dimeric
[Cuz(tren)2(CN)2](BPh4)2 (tren = 2,2',2"-triaminoethyl-
amine) of 1.13 A4 and very similar to the C~N bond lengths
found in the hexacyanometalates of Mn(III) (C-N = 1.145
(6) A), Fe(I1I) (1.148 (5) A), and Co(III) (1.148 (5) A).16
The Cu-C(1) distance of 1.94 (1) A found here compares
favorably with the 1.97-A distance found in the dimeric tren
complex cited above.# The Cu-C(1)-N(5) system is linear
(178 (1)°), as expected. The Cu-N(phen) bond lengths are
within the normal range for binding to Cu(II).!5 The axial
Cu-N bond lengths (2.00 (1), 2.01 (1) A) are significantly
shorter than the equatorial Cu—-N bond lengths (2.102 (6),
2.123 (6) A), in agreement with the pattern found in the
pentachlorocuprate(Il) anion.!” However, this axial con-
traction may be due to other forces operating within the crystal
and may not be a result of the influence of the 3d? electronic
distribution on the coordination geometry.18

As mentioned previously, a splitting in the 3 band of the
nitrate ion has been interpreted® as indicating a weak in-
teraction between the copper(II) ion and the nitrate ion, of
the type referred to as “semicoordination.” In the diagram
of the unit cell and its contents (Figure 2) the nitrate ion is
clearly well separated from the copper(II) ion. The origin of
the infrared splitting lies, instead, in hydrogen bond formation
between the water of hydration (O(4)) and atom O(1) of the
nitrate anion, with the distance O(4)-O(1) = 2.83 (4) A. This
distance, being less than twice the oxygen van der Waals radius
of 1.50 A,19 together with the observed nitrate splitting,
strongly suggests the existence of a hydrogen bond between
these two oxygen atoms. Similar distances have been observed
in other H-bonded systems.20 The O(4)-N(5) distance of 2.88
(2) A and the O(1)~0O(4)-N(5) angle of approximately 112°
also strongly suggest the existence of a hydrogen bond between
the water of hydration and the nitrogen atom of the coordinated
¢yanide. In the dimeric complex [Cux(tren)2(CN)2](BPh4)2
mentioned earlier,* hydrogen bonding between coordinated
cyanide and hydrogen on one of the coordinated amine sites
was established, with the N(H)-N distance being 3.05 A. The
C-N stretching frequency of 2136 cm~! observeds for [Cu-
(phen)2CN](NO3)-H20 is quite comparable to that observed
in the H-bonded system of the dimeric tren complex (2140
cm1).

The position (axial or equatorial) of the cyanide ion in the
trigonal-bipyramidal coordination geometry apparently does
not control the relative lengths of axial and equatorial bonds
for the other coordinating atoms and the pattern of angles in
the equatorial plane. For example, in the complex [Cuz-
(tren)2(CN)2](BPh4)2 (vide ante), cyanide occupies an axial
position, leading to an axially compressed system and two
angles greater than 120° in the equatorial plane. In the

Atom 104U, 104U, 104U, 104U, 104U, 10°U,,

Cu(Il) 460 (6) 356 (6) 411 (6) -156 (5) 133 (5) 55 (4)

N(1) 458 (46) 400 (43) 644 (34) ~153 (38) 240 (1) 19 (38)
N(2) 390 (41) 288 (37) 512 (45) ~92 (33) 201 (36) 16 (33)
N(3) 377 (41) 387 (40) 401 (42) —121 (34) 93 (34) 82 (33)
N(4) 444 (44) 416 (43) 449 (45) ~168 (37) 130 (37) 87 (35)
(1) 819 (76) 459 (62) 588 (70) ~166 (57) 179 (60) 233 (54)
N(5) 1997 (126) 636 (66) 630 (68) ~4389 (76) 477 (76) ~67 (54)

@ In the form exp{—-2n2(h*a*?U,, + - - + 2hka™b*U,, + - - )], with standard deviations in parentheses.



[Cu(phen)2CN](NO3)-H20

Table III. Bond Lengths (A) and Angles (deg) Involving Cu(I)®
(a) Bond Lengths

Cu~N(1) 2.014 (10) Cu-N(4) 2.001 (10)

Cu-N(2) 2.123 (6) Cu-C(1) 1.935 (10)

Cu-N(3) 2.102 (6) C(1)-N(5) 1.161 (13)

(b) Bond Angles

C(1)-Cu-N(2) 129.0(3) Cu-C(1)-N(5) 177.8 (13)
C(1)-Cu-N(3) 1324 (3) Cu-N(1)-C(2) 125.9 (7).
C(1)-Cu-N(1) 91.8 (5) Cu-N(1)-C(13) 114.0(7)
C(1)-Cu~N4) 939 (5) Cu-N(2)-C(11) 130.6 (7)
N(1)-Cu-N(2) 79.9 (3) Cu-N(2)-C(12) 110.5(6)
N(1)-Cu~N(3) 95.9 (3) Cu-N(3)-C(14) 131.0(6)
N(1)-Cu-N(4) 174.3(3) Cu~-N(3)-C(25) 111.0(6)
N(2)-Cu~-N(3) 98.6 (2) Cu-N#4)-C(23) 127.1 (6)
N(Q2)-Cu-N(4) 96.0 (3) Cu-N#)-C(24) 1144 (D
N(3)-Cu-N®#4) 80.7 (3)

@ Standard deviations in parentheses.

Table IV. Bond Lengths (A) and Angles (deg) for Ligands
and Other Species?

(a) Bond Lengths

C(1)-N(S) 1.161 (13)
N(1)-C(2) 1.332(15)  N(3)-C(14) 1.323 (14)
N(1)-C(13) 1.349. (11)  N(3)-C(25) 1.365 (13)
C(2)-C(3) 1420 (21) C@14)-C(1s5) 1.403(11)
C(3)-C4) 1.308 (15)  C(15)-C(16) 1.351(18)
C4)-C(5) 1.385(17)  C(16)-C(17) . 1.393.(16)
C(5)-C(13) 1.440 (18) CAA7)-C(25) = 1.383(10)
C(5)-C(6) 1421 (14) CQA7)-C(18) 1.431(17)
C(6)-C(7) 1.253(18)  C(18)-C(19) 1.326 (17)
C(7)-C(8) 1.468 (20)  C(19)-C(20)  1.446 (11)
C(8)-C(9) 1.392 (18)  C(20)-C(21)  1.390 (16)
C(8)-C(12) 1441 (12)  C(20)-C(24) 1.405(16)
C(9)-C(10) 1.303 20)  C(21)-C(22)  1.334(12)
C(10)-C(11) . 1.421(13) C(22)-C(23) 1.415(19)
N(2)-C(11) 1.319 (14)  N(4)-C(23) 1.326 (15)
N(2)-C(12) 1.351 (14)  N@4)-C(24) 1.345(9)
C(12)-C(13) 1.403(14) C(24)-C(25) 1.431(14)
N(10)-0(1) 1.169 (18)  N(10)-0(3) 1.148 (17)
N(10)-0(2) 1.255 (16)
(b) Bond Angles
C(2)-N(1)-C(13)  120.0 (10) C(14)-N(3)-C(25)  118.0(6)
N(1)-C(2)-C(3) 1206 (9) N(3)-C(14)-C(15)  122.0(10)
C(2)-C(3)-C(4) 118.4 (12) C(14)-C(15)-C(16) 119.4 (11)
C(3)-C(4)-C(5) 124.9 (14) C(15)-C(16)-C(17) 120.3 (8)
C@4)-C(5)-C(13) 1141 (9) C(16)-C(17)-C(18) 124.3(8)
C(4)-C(5)-C(6) 131.0 (13) C(16)-C(17)-C(25) 117.2 (10)
C(13)-C(5)-C(6) 114.8(11) C(25)-C(17)-C(18) 118.5(9)
C(5)-C(6)-C(7) 127.5 (14) C(A7-C(18)-C(19) 122.1 (8)
C(6)-C(7)-C(8) 120.6 (10) C(18)-C(19)-C(20) 120.8 (11)
C(71)-C(8)-C(12)  115.9 (10) C(19)-C(20)-C(21) 124.8 (11)
C(1)-C(8)-C(9) 1281 (9) C(19)-C(20)-C(24) 118.4 (10)
C(12)-C(8)-C(9) 116.0 (11) C(24)-C(20)-C(21) 116.8(8)
C(B)-CO-C(10) 122.2(9) CQ0)-C21)-C(22) 1209 (12)
C(9)-C(10)-C(11) 1194 (12) C(21)-C(22)-C(23) 1193 (11)
C(10)-C(11)-N(2) 121.9 (11) C(22)-C(23)-N(4) 121.7(8)
C(11)-N(2)-C(12) 119.0(7) C(23)-N(4)-C(24) 1184 (9)
N(2)-C(12)-C(8) 121.5 (9) N@4)-C(24)-C(20) 122.9(9)
N(2)-C(12)-C(13) 117.6 (7) N@4)-C(24)-C(25) 117.5(9)
C(8)-C(12)-C(13) 121.0 10) C(20)-C(24)-C(25) 119.6 (7)
C(12)-C(13)-N(1) 117.8(10) C(24)-C(25)-C(17) 120.6 (9)
C(12)-C(13)-C(5) 120.2(8) C(24)-C(25)-N(3) 116.3 (6)
N(1)-C(13)-C(5) 122.0 (9) N(3)-C(25)-C(A7) 123.1(9)
O(1)-N(10)-0(2) 112(1) 0O(2)-N(10)~0(3) 115 (1)
O(1)-N(10)-0(3) 131 (2)

@ Standard deviations in parentheses.

complex [Cu2([14]-4,11-diene-N4)2CN](ClO4)3, where the
cyanide ion bridges the two copper(II) ions directly, the cyanide
occupies an equatorial position,* as it does in the monomeric
[Cu(phen)>CN](NO3)-H20 reported here. In the monocyano
dimer, however, the axial Cu—N bonds were longer than the
Cu-N equatorial bonds, in contrast to the monomer, which
exhibits the “expected” axial compression. Also, the monomer
exhibits two angles larger than 120° and one smaller than 120°
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Table V. Deviations from Least-Squares Planes
(a) Deviations (A, A) of Atoms from Ligand Planes?
Plane 1 (n=14) Plane 2 (n=14) Plane 3 (n=4)

Atom A Atom A Atom A
N(@) -0.005 N@3) 0.023 CQ) —0.033
N(2) 0.036 N@4) —0.034 N5 0.025
CcQ2) -0.025 C(14) 0.037 NQ2) 0.004
C(3) -0.016 c(1s) -0.001 N(@3) 0.00s
C4) -0.003 C(16) —0.031 Cu(ll) -0.027
C(5) 0.023 c(17)y -0.016 N() 1.952
C(6) 0.007 C(18) —0.006 N@&) -1.993
C(7) -0.010 CQ9) 0.016

C(8) 0.006 C(20) 0.015

c©® -0.022 C@21) 0.016

c(10) -0.025 C(22) 0.012

C(11) -0.001 C(23) -0.023

C(12) 0.017 C(24) -0.005

C(13) 0.018 C(25) -0.003

Cu(Il) 0.126  Cudl) 0.003
(b) Equations of the Planes?

Plane P (4] R S
1 —6.0915 5.4704 4.4200 0.9619
2 4.6171 3.0522 6.8296 3.9730
3 8.3367 9.7756 —6.5396 3.0556

@ The first 1 atoms in each list generate the plane. ? In the form
Px 4+ Qy +Rz=S.

Figure 2. Unit cell of [Cu(phen),CN]}(NO,)-H,0O. Origin in lower
left-hand rear corner, with a2 horizontal, b vertical, and ¢ coming out
of the page toward the reader.

in the equatorial plane, more like the tren dimer above than
the monocyano dimer, which exhibits two small angles and
one larger one. It appears that the rigidity of the other ligands
and crystal forces are more important in establishing these
patterns than the position of the cyanide ligand.

The geometries of the phenanthroline ligands and the nitrate
counterion are satisfactory. The rigid phenanthroline rings
are highly planar (see Table V), and the copper(II) ion is found
in the plane of the N(3, 4) ligand and slightly out of the plane
of the N(1, 2) ligand. The mean C-C bond distance in the
two phenanthroline liiands is 1.39 (2) A, while the mean C-N
distance is 1.34 (1) A, in good agreement with the results of
earlier studies.!3.21 Intraligand angles average to the expected
120 (1)°. Thus, despite the size of the deviations from the
average values for individual bonds and angles, the average
configuration is very satisfactory. The mean N-O distance
of 1.19 A in the nitrate ion observed here is slightly shorter
than earlier values22 but must be considered satisfactory, and
the O-N~-O angles average to 119 (1)°.

The overall structure of the cation in [Cu(phen)2CN]-
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Figure 3. Numbering scheme for the phenanthroline ligands. Hy-
drogen atom numbers correspond to those of the carbon atoms to
which they are bound.

(NO3)-H20 is, as was suggested earlier, very similar to that
of the compound [Cu(bipy)2I]1,7 where bipy = 2,2'-bipyridine.
In that five-coordinate complex, iodide ion was stabilized in
bonding directly to copper(If) and occupied the equatorial
position in the trigonal-bipyramidal coordination sphere.. The
structures observed to date thus suggest that stable bonding
of reducing ligands such as cyanide ion and iodide ion to
copper(I1) is associated with the formation of the relatively
rare trigonal-bipyramidal coordination geometry about the
cupric ion.
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The crystal structure of Mg(H20)6Cl2-CsH 1604, where CsH1604 is 1,4,7,10-tetraoxacyclododecane, has been determined
by a single-crystal X-ray diffraction study. This complex crystallizes in the monoclinic space group C2/c with cell constants
a = 16406 £ 0.005 A, b = 8.443 £ 0.003 A, ¢ = 12.729 £ 0.005 A, and 8 = 93° 18 + 2, g1v1ng a calculated density
of 1.432 g cm™3 for Z = 4. The intensities of 2006 independent reflections were measured using the §—26 scan mode of
a Picker four-circle diffractometer and Mo Ka radiation. The structure was solved by Patterson and Fourier methods
and all hydrogens were located. Full-matrix least-squares refinement, with the hydrogens assigned isotropic temperature
factors and all heavier atoms anisotropic thermal parameters, converged to give an R factor of 3.5% for the 1646 reflections
above background. The structure contains octahedral Mg(H20)s2+ units, very similar to those in MgCl2:6H20, located
on crystallographic twofold axes. The Mg-O distances range from 2.054 to 2.082 A with errors of 0.001-0.002 A. Eight
of the twelve water hydrogens form hydrogen bonds to six different chloride ions, which are located in tetrahedral holes,
while the remaining four hydrogens of the Mg(H20)62* unit form hydrogen bonds to ether oxygens from four different
cyclomer molecules. The Mg(H20)s2+ units and the chloride ions form two-dimensional layers, as do the 12-membered
rings. The tetraoxacyclododecane molecule is situated on a crystallographic center of symmetry and has normal bond distances

and angles.

Introduction

As part of a systematic effort!-4 to determine the nature
of the complexes formed between 1,4,7,10-
tetracxacyclododecane (CsH1604) and inorganic salts, we have
performed an X-ray diffraction study of a hexahydrate complex

formed by this novel ligand with MgCla. Previous work!.2 has
established that in the compounds Na(CsH1604)2Cl:5H20 and
Na(CsH1604)20H-8H20 the heterocycle adopts a C4 con-
formation to form 2:1 octacoordinate complexes of overall D4
(square-antiprismatic) symmetry. X-Ray powder diffraction





