Mixed-Ligand Complex of Cu(II)

Table IV. Angles L-O-L’' (deg, above the Diagonal) and Distances

between the Ligands (A, below the Diagonal) around the O and F
Ions in Te(OH),-2KF

O(1) O(1)-L H(l) Te Ke K Ke
H(1) 0.805 117.6 115.2 86.7 60.9
Te 1.903 2.39 126.1 95.2 98.1
K 2766 3.19 4.18 97.9 97.7
K 2931 299 3.64 4.30 147.5
K¢ 3225 292 397 452 591
£, =3589°
0(2) O(2)-L H(2) Te Kb K 1Y
H(2) 0.647 111.5 1335 71.3 74.2
Te 1.911 2.23 114.7 88.7 99.5
Kb 2776 325 3.97 108.6 92.8
K 3.136 3.06 3.64 4.81 151.4
Kf 3.149 3.04 394 430 6.09
£, =359.7
0(3) O@3)-L H(@3) Te K¢ K
H(3) 0.627 100.9  133.1 102.0
Te 1.902 2.11 113.5 95.6
Ke 2780 3.24 3.94 105.1
K 2918  3.11 3.64 4.52
%, =347.5°
F F-L H(1)®¥ H2)¥ HB3)* K K¢
H(1)®¥ 1.734 133.5 121.1 100.2  66.9
H(2)? 1.969 3.40 97.9 100.7  69.7
HG3)® 2017 327 3.01 94.9 164.1
K 2.591 3.36 - 3.53 3.42 97.1
1 G 3.125 292 3.06 509 4.30
%, =3525°
a1f, — Xy, - Y, +z. b—‘/z+x =y 2. ¢x, =Y, +y,

Y-z 1/2 x, Y, Y2 + 2 l/2 X, —'1/2 +y,-z T—x,—
—i 4z Ex, \y +y, o=z Py 4, Y-y, 2. \
be split threefold. For u(OH) however, only one very broad
band is found at 2720 cm~!. This corresponds!? to an O-H--O
bridge of about 2.63 A; i.e., because of the ~0.04 A smaller
ionic radius of F- this bond indicates an O-H-~F bridge of
about 2.59 A. This expected value agrees well with the found
mean O-F distance of 2.58 A.
The 6(TeOH) band (in plane) is somewhat structured: 1160
(s) cm~1 with a shoulder at 1190 cm-!. The latter value should
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correspond to the shortest O—H-~F bridge, whereas the other
two O-~F distances differ too little. Because of the anhar-
monicity of these vibrations the first overtones also appear at
wavenumbers 2250 (m) and 2370 (w) cm~!, which are not
quite doubled.

The v(TeOH) band (out of plane) is rather nicely split into
three lines at 935 (m), 890 (m), and 815 (mw) cm-!, which
do not coincide with the »(TeO) band as in the case of
Te(OH)s and Te(OH)s-NaF.2

The valence band »(OH-+F) corresponding to the hydrogen
bonds shows up at 255 cm! as for Te(OH)sNaF.
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Crystal Structure of a Mixed-Ligand Complex of Copper(II), 1,10-Phenanthroline,
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The crystal and molecular structures of glycylglycinato(1,10-phenanthroline)copper(II) trihydrate has been determined
by single-crystal x-ray diffraction, using counter methods. In the mixed Cu(II) complex glycylglycine serves as a terdentate
ligand with amino, ionized amide nitrogen, and carboxylate oxygen donor atoms approximately tetragonally disposed about
Cu(II). The fourth tetragonal position about Cu(II) is occupied by one phen nitrogen atom while the other more distant
nitrogen occupies a tilted apical position resulting in an overall distorted square-pyramidal geometry about Cu(II). The
individual complex molecules are hydrogen bonded to their neighbors via the three water molecules, forming a polymerlc
hydrogen-bonded lattice. Visible absorption spectra results suggest that the structure found in the crystal persists in aqueous
solution near pH 9. Crystal data: CuOgN4CisHzo, space group PI,Z=2,a=7842(1)A,b=9395() A, c=13.763

@) A, a = 74.64 (2)°, B = 72.00 (2)°, v = 75.76 (2)°, V'
After amide nitrogen deprotonation, glycylglycine dianion
(gg) serves as a terdentate ligand with amino, ionized amide
nitrogen, and carboxylate oxygen donor atoms about tetragonal
Cu(lIl). Originally deduced from potentiometric titrations,?
this structure, which exists in neutral aqueous solutions34 has
been confirmed by optical® and calorimetricé results in solution

=915 A3

= 3.1%, 1664 reflections.

and by an x-ray study in a crystal, where water molecules
occupy the fourth position in the tetragonal plane and an axial
position.” Due to the planar amide bond, terdentate gg with
an ionized amide nitrogen never assumes a bent but only the
planar conformation about a transition metal ion. In an
aqueous solution study of mixed complexes of oligoglycines
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Figure 1. Stereoscopic pair of the mixed Cu(Il) complex of phen and dianionic glycylglycine.

with Cu(II) and 2,2'-bipyridyl (bpy), it was suggested that gg
is only bidentate through the two nitrogen atoms with a free
carboxylate group since the opposite pair of positions about
the tetragonal Cu(ll) was presumed to be occupied by bpy
nitrogens.8 In this paper, we report from the results of an x-ray
crystal structure of a mixed complex with 1,10-phenanthroline
(phen) that the gg is terdenate and the Cu(II) five-coordinate
square pyramidal with phen nitrogens occupying both
near-tetragonal and near-apical positions. An effort is made
from visible absorption spectra to deduce whether this structure
persists in solutions.

Experimental Section

Preparation of Glycylglycinato(1,10-phenanthroline)copper(II)
Trihydrate. An aqueous solution containing Cu(NO3)2:3H20, 1,-
10-phenanthroline monohydrate, glycylglycine, and KOH in 1:1:1:2
molar ratio was left to evaporate at room temperature. Deep blue
needle-shaped crystals slowly formed. They were collected by filtering
the mixture on suction and washed with distilled water. The crystals
once formed dissolved slowly in water. A small, approximately cubic
fragment was broken from a larger single crystal for x-ray data
collection. i

Crystal data: mol wt 428, space group P1,Z =2, a = 7.842 (1)
A, b=9.395(2) A, ¢ =13.763 (4) A, o = 74.64 (2)°, 8 = 72.00
(2)°, v = 17576 (2)°, V= 915 A3, deated = 1.55 g em3, dobsd = 1.52
g em3, u(Mo Ka) = 12,8 cm™!, F (000) = 442; maximum, minimum
crystal dimensions (calibrated microscope) 0.11, 0.09; maximum,
minimum e+ 0.28, 0.25.

The Enraf-Nonius program SEARCH was used to obtain 15 ac-
curately centered reflections which were then used in the program
INDEX to obtain an orientation matrix for data collection and also
preliminary cell dimensions. Refined cell dimensions and their es-
timated standard deviations were estimated from least-squares re-
finement of 28 accurately centered reflections. The mosaicity of the
crystal was examined by the w-scan technique and judged to be
excellent.

Collection and Reduction of Data. Diffraction data were collected
at 292 K on an Enraf-Nonius low-circle CAD-4 diffractometer
controlled by a PDP8/M computer, using Mo Ke radiation from a
highly oriented graphite crystal monochromator. The 6-26 scan
technique was used to record all reflections for which 0° < 26 < 50°.
Scan widths (SW) were calculated from the equation SW = 4 + B
tan 6 where A4 is estimated from crystal mosaicity and B allows for
Kai and Kaz splitting. The values of 4 and B were 0.60° and 0.20°,
respectively. This scan angle is extended on each side by 25% for
background determination (BG1 and BG2). The net count (NC) is
then given by NC = TOT - 2(BG1 + BG2), where TOT is the
integrated peak intensity. Reflection data were considered insignificant
if intensities registered less than 10 counts above background on a
rapid prescan, such reflections being rejected (coded as “unobserved™)
automatically by the computer.

The intensities of three standard reflections, monitored at 100-
reflection intervals, showed no greater fluctuations during the data
collection than those expected from Poisson statistics. The raw intensity

data were corrected for Lorentz—polarization effects but not for
absorption. The absence of absorption corrections for this small crystal
should have at most a small effect on the temperature factors. After
averaging of the intensities of equivalent reflections, the data were
reduced to 2742 independent intensities of which 1664 had Fo? >
3a(Fo?), where a(Fo?) was estimated from counting statistics.9 These
1664 data were used in the final refinement of the structural pa-
rameters,

Determination and Refinement of the Structure. Full-matrix
least-squares refinement was based on F, and the function was
minimized as 3_w(|Fo| - |Fc|)?, with weights w taken as [2Fo/ ( Fo?)]?
where |Fo| and |F¢| are the observed and calculated structure factor
amplitudes. The atomic scattering factors were taken from Cromer
and Waber!0 and those for hydrogen from Stewart et al.!! The effects
of anomalous dispersion for all nonhydrogen atoms were included in
F¢ using Cromer’s values!2 for Af’ and Af”. Agreement factors are
defined as R = T || Fo| - |Foll /L {Fo| and Rw = (Zw(|Fo} - |Fe))?/
2 W|Fol?)1/2. To minimize computer time, the initial calculations were
carried out on the first 1000 reflections collected.

The coordinates of the copper and two of the ligand atoms (N(1),
O(1)) were determined from a three-dimensional Patterson function
and these phased the intensity data well enough to solve the structure.
All of the nonhydrogen atoms were located from Fourier difference
maps, and the remaining diffraction data were then added to the
calculation (R = 7.3%). Anisotropic temperature factors were in-
troduced, and the phen hydrogen atoms and the methylene hydrogens
of gg were inserted at their calculated positions with isotropic
temperature factors of 5.0 A2, assuming C-H = 1.00 A. After
convergence of this model (R = 3.8%), a Fourier difference map was
used to locate the remaining eight hydrogen atoms (NHz and H20)
and indicated extensive hydrogen bonding. These hydrogen atoms
were subjected to one cycle of least-squares refinement with fixed
temperature factors. The model was then refined with all hydrogens
fixed and converged with R = 3.1%, Rw = 3.7%. A structure factor
calculation with all observed and unobserved reflections included (no
refinement) gave R = 3.6%,; on this basis it was decided that careful
measurement of reflections rejected during the data collection would
not significantly improve the results. No secondary extinction effects
were observed in any of the strong low-angle reflections.

A final Fourier difference map was featureless. A table of the final
observed and calculated structure factors is available.13

Results and Discussion

Final positional and thermal parameters for Cu(gg)-
phen:3H20 are given in Table I. Tables II and III contain
the bond lengths and angles. The digits in parentheses in the
tables are the estimated standard deviations in the least
significant figures quoted and were derived from the inverse
matrix in the course of least-squares refinement calculations.
The labeling system of the atoms is indicated in i and ii.
Figures 1 and 2 are stereoscopic pair views of the molecular
unit and of the molecular packing in the unit cell, respectively.

The terdentate gg and the bidentate phen coordinate to the
Cu in the form of a distorted square pyramid, whose base
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Table I. Positional and Thermal® Parameters and Their Estimated Standard Deviations
Atom x y z B(1,1) BQ2,2 B(3,3) B(1,2) B(1,3) B(2,3)
Cu 0.1358 (1) —~0.03620(8) 0.31406 (5) 0.0132(1) 0.00992(8) 0.00478 (4) —-0.0053 (2) ~0.0059(1) —0.00105(9)
o(l) 0.33124) 0.0734 4) 0.3061(3) 0.0141(7) 0.0100(5) 0.0064(2) -0.0082(9) -0.0083(6) -0.0002(6)
0(2) 0.5888 (5) 0.0394 (4) 0.3521(3) 0.0160(7) 0.0130(6) 0.0078(3) -—0.0084 (10) —0.0072(7) -0.0035(6)
0Q3) 0.2005 (5) —-0.3796 (4) 0.5532(3) 0.0201(8) 0.0136(6) 0.0059(3) -—0.0078(12) —-0.0083 (7) 0.0043 (1)
0(s) -0.0071 (6) —-0.5671 (4) 0.7193 (3)  0.0241 (10) 0.0132(6) 0.0080(3) -—0.0106(12) —0.0045 (9 0.0017(7)
0(6) 0.3517(6) 0.38134) 0.2389 (3) 0.0309 (11) 0.0114 (6) 0.0095(3) —0.0078 (13) —0.0068 (10) —0.004 7 (7)
Oo(7) 0.5173 (6) —0.4783 (5) 0.6217.(3) 0.0309 (10) 0.0175(7) 0.0111(3) 0.0040 (14) —0.0223(8) ~—0.0087 (7)
N(1) 0.0332(5) 0.1230@4) 0.206 8 (3) 0.0150(9) 0.0088(6) 0.0052(3) ~—0.006 (1) —0.0068 (8) —0.0016(7)
N(2) 0.2795 (6) —0.126 8 (5) 0.1659 (3) 0.0134(9) 0.0088(6) 0.0054(3) -0.005Q1) —0.0039(8) -0.0019(7)
NQ@3) 0.2311 (5) —0.1700(%) 0.4229(3) 0.0138(8) 0.0122(6) 0.0052@3) -0.011(Q1) ~0.0059 (8) 0.0007 (7)
N@4) ~0.0669 (6) —-0.1603 (5) 0.3725@3) 0.0131(9) 0.0111(6) 0.0056(3) -—0.002(1) ~0.0068 (8) —0.0019 (7)
C(2) -0.0935(8) 0.2435¢(6) 0.2277 (4) 0.0185(13) 0.0115(8) 0.0073 @4) 0.002 (2) -0.0076 (11) -0.0054 (10)
C(3) -0.1547(8) 0.3543(6) 0.1501(5) 0.0210(13) 0.0103(9) 0.0100(5) 0.006 (2) -0.0148 (12) -—-0.0038(11)
C@4) -—0.0870(8) 0.3399 (6) 0.0497(5) 0.0255(13) 0.0104(8) 0.0089(4) -0.008(2) -0.0172(12) 0.0048(10)
C(S) 0.1201 (7) 0.1891(7) -0.0811(4) 0.0206 (11) 0.0224 (11) 0.0059 (4) ~-0.027(2) -0.0121 (10) 0.0079 (11)
C(6) 0.2411(8) 0.0638(8) -0.1000(4) 0.0218 (13) 0.0282(12) 0.0046 (4) -0.023(2) -0.0038 (11) -0.0048 (11)
(64)] 0.4246 (8) —0.1818(7) -0.0345@) 0.0213(4) 0.0240(10) 0.0072(4) +-0.018(2) 0.0026 (12) -0.0156 (10)
C(8) 0.4685(8) -0.2823 (7 0.0484 (5) 0.0194 (14) 0.0163(9) 0.0103(5) -—0.003(2) -0.0028 (13) -0.0142(10)
Cc9) 0.3950 (8) ~0.2510(6) 0.1483 (4) 0.0185(13) 0.0117(8) 0.00744) -0.004(2) —0.0045 (12) -0.0053 (10)
C(11) 0.1015 () 0.1073 (6) 0.1055(4) 0.0120(9) 0.0113(7) 0.0045(3) -0.012Q1) —0.0041 (990 -0.0021 (8)
C(12) 0.2313 (6) —0.0258 (6) 0.0843 (4) 0.0126 (10) 0.0114(7) 0.0044 (3) -0.013(1) -0.0024 (9) -0.0027(8)
C(13) 0.0455(7) 0.2146 (6) 0.0237 (4) 0.0163 (10) 0.0137(8) 0.0053(3) ~0.017Q1) ~-0.0094 (9) 0.0026 (9)
C(14) 0.3001 (7) —0.0474(6) -0.0190(4) 0.0129 (11) 0.0182(9) 0.0052(3) -—0.011(2) ~0.0025 (10) -0.0065(9)
C(15) 0.4481 (7) —0.0025 (6) 0.356 8 (4) 0.0131(10) 0.0103(7) 0.0049 (3) -0.000Q1) -0.0050(9) -0.0065 (8)
C(16) 0.4082 (7) —0.1520(6) 04258 (4) 0.0112(10) 0.0125(8) 0.0060(4) ~-0.008 (1) -0.0073 (9) -0.0004 (9)
C(17). 0.1424 (7) -0.2744 (6) 0.4860(4) 0.0156(11) 0.0110(8) 0.0032(3) -0.004 (2) -0.0010 (10) ~0.0032(8)
C(18) —0.0474 (7) —-0.2595(6) 04736 (4) 0.0161(12) 0.0118(8) 0.0049(4) -0.006(2) —0.0040 (10) -~0.0013(9)
x ¥ z B, A? x y z B, A?
H(2) ~0.1482 (11) 0.2526 (9) 0.3024 (6) 5.0 H(81) -0.1395(10) -0.2158(9) 0.5318 (6) 5.0
H(3) -0.2480 (11) 0.4429 (9) 0.1706 (7) 5.0 H(@182) ~0.0690 (10) -0.3610(9) 0.4764 (6) 5.0
H(3) -0.1327 (11) 0.4196 (9) =0.0062 (7) 5.0 H(IN) ~0.1875 (63) -0.1032 (53) 0.3809(36) 5.0
H(S) 0.0823 (10) 0.2649 (10) -0.1418(6) 5.0 HE@2N) —0.0475 (63) —0.2251 (52) 0.3228 (35) 5.0
H(6) 0.2925 (11) 0.0484 (11) -0.1736 (6) 5.0 H(105) -0.1233(63) -0.5116(52) 0.7304 (36) 5.0
H(7) 0.4803 (12) -0.2014(10) -0.1100(7) 5.0 H(205) 0.0415 (65) —0.5094 (53) 0.6671(36) 5.0
H(8) 0.5523(12) -0.3804 (9) 0.0382(7) 5.0 H(106) 0.3578 (64) 0.2796 (53) 0.2541 (35) 5.0
H(9) 04294 (11) -0.3250(9) 0.2089 (6) 5.0 H(206) 0.3593 (63) 04154 (53) 0.2890(36) 5.0
H(161) 0.4060(9) - -0.1536 (9) 0.4993 (6) 5.0 HU0D 0.4162 (63) ~0.4438(52) 0.5917 35) 5.0
H(162) 0.5027 (9) -0.2354 (9) 0.3999 (6) 5.0 HQR0D 0.4934 (64) —0.3986 (52) 0.6572 (36) 5.0

@ The form of the anisotropic thermal parameters is exp[~(B(1,1)4* + B(2,2)k* + B(3,3)1* + B(1,2)hk + B(1,3)Al + B(2,3)kD)].

Table II. Bond Distances (A)

Table ITII. Bond Angles (deg)

Cu-0(1) 2.008 4) C()-C(3) 1.391 (9) 0O(1)-Cu-N(1) 94.1 (2) C(6)-C(5)-C(13) 120.5 ()
Cu-N(1) 2.009 (5) C(3)-C@) 1.349 (9) 0(1)-Cu~N(2) 96.2 (2) C(5)-C(6)-C(14) 122.1 (D)
Cu-N(2) 2.275(5) C@4)-C(3) 1.409 (9) 0(1)-Cu-N(3) 82.0 (2) C(8)-C(7)-C(14) 119.7 (1)
Cu-N(3) 1.901 (5)  C(5)-C(6) 1.347 (10) 0(1)-Cu-N(4) 161.3 (2). C(7)-C(8)~C(9) 119.9 ()
Cu-N@) 2.040 (5) C(6)-C(14) 1.418 (10) N(1)-Cu-N(2) 78.3 (2) N(2)-C(9)-C(8) 1224 (D
0(1)-C(15)  1.283(7) C(7)-C(8) 1.351 (10) N(1)-Cu-N(3) 173.8 (2) N(1)-C(11)-C(12) 117.9 (6)
0(2)-C(15)  1.238(7) C(7)-C(14) 1.414 (10) N(1)-Cu-N(4) 99.9 (2) N(1)-C(11)-C(13) 121.9 (6)
0(3)-C(17) 1.263(6) C(8)-C(9) 1.396 (9) N(2)-Cu-N(3) 106.9 (2) C12)-C(11)-C(13) 120.2(6)
N(1)-C(2) 1.340 (7)  C(11)-C(12)  1.439(8) N(2)-Cu-N(4) 98.7 (2) N(2)-C(12)-C(11) 117.9 (6)
N(1)-C(11)  1.365(7)  C(11)-C(13)  1.401 (8) N(3)-Cu-N(4) 82.9 2) N(2)-C(12)-C(14) 122.7 (6)
N(Q2)-C(12)  1.352(7) C(12)-C(14)  1.407 (8) Cu-0(1)-C(15)  114.5(4) C(11)-C(12)-C(14) 119.3 (6)
N(3)-C(16) = 1.453(7) C(15)-C16) 1.517(8) Cu-N(1)-C(2) 124.7 (5) C(4)-C(13)-C(5) 123.5(7)
N(3)-C(17) 1308 (7) . C(17)-C(18) 1.519 (8) Cu-N(1)-C(11)  116.9 (4) C(4)-C(13)-C(11) 117.5(7)
N@)-C(18) 1.484(7) C(5)-C(13) 1.440 (9) C(Q2)-N(1)-C(11) 118.3 (5) C(5)-C(13)-C(11) 118.9(7)
‘ Cu-N(1)-C(9) 132.5 (5) C(6)-C(14)-C(7) 1243 (1)

Cs cs Cu-N(2)-C(12)  108.7 (4) C(6)-C(14)-C(12) 119.0(7)
C(9)-N(2)-C(12) 118.7 (4) C(N-C(14)-C(12) 116.6 (7)

ca—orb OCM_C? 02 03 Cu-N(3)-0(3) 1462 (3) O(1)-C(15)-0(2)  123.9 (6)
\}315_016\}:17_“8 Cu-N(3)-C(16)  115.6 (4) O(1)-C(15)-C(16) 116.8 (6)

C30c11-—-c12 ce / S/ \ Cu-N(3)-C(17)  120.2(4) O(2)-C(15)-C(16) 119.3 (6)
ol N4 C(16)-N(3)-C(17) 124.2 (5) N(3)-C(16)-C(15) 108.4 (5)

C2—MN N2—C9 Cu-N4)-C(18) 109.5 4) O(3)-C(17)-N(3)  126.0 (6)

i it N(1)-C(2)-C(3)  122.6 (7) O(3)-C(17)-C(18) 120.3 (6)
C(Q)~C(3)-C(4®) 119.3(7) N(3)-C(17)-C(18) 113.7 (6)

C(3-C4)-C(13) 1203 (7) N(M4)-C(18)-C(17) 1109 (5)

contains the three gg donors and one of the phen nitrogen
atoms. The other phen nitrogen atom forms the apex of the
pyramid, with a significantly tilted and elongated Cu~N bond.
This, together with the other noteworthy features of the
coordination sphere, is shown in Figure 3. The square base
of the coordination pyramid is reasonably planar (plane IX
of Table IV), with the gg amide nitrogen atom and the phen
nitrogen slightly raised with respect to the other gg donors.

As expected for a square-pyramldal structure,!4-16 the Cu is
raised (0.15 A) above this plane toward the other phen ni-
trogen. The two ligands are only approximately orthogonal,
with an angle of 83.7° between Cu(phen) and Cu(gg) (Table
IV). The N.«N “bite” of phen is 2.71 A, which lies in the
normal range.!7-23 The bite angle N-Cu~N is 78.3° compared
with 80.6, 81.0° for bpy in square-pyramidal copper(II)
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Table IV. Coefficients of Least-Squares Planes AX + BY + CZ=D

Lim, Sinn, and Martin

Plane Atoms in plane A B C D Distances (A) from plane
1 N(1), C(2), C(3), C(4), 0.8678 0.4874 —0.0966 1.7870 N(1), 0.0075; C(2),—0.0077;C(3),
C(13),C(11) 0.0053;C(4),—0.0029; C(13), 0.0028;
C(11),-0.0050
11 C(11), C(12), C(13), C(14), 0.8820 0.4547 -0.1236 1.7279 C(11),-0.0022; C(12), 0.0028; C(13),
C(5), C(6) 0.0011; C(14), -0.0023; C(5), —0.0006;
C(6), 0.0012
111 N(2), C(12), C(14), C(7), 0.8949 0.4295 -0.1209 1.7655 N(2), 0.0024; C(12), —0.0043; C(14),
C(8), C(9) —-0.0008; C(7), 0.0076; C(8), —0.0095;
C(9), 0.0046
v Cu, O(1), N(1), N(3), 0.2358 -0.7017 -0.6723 -2.6395 Cu, 0.1206;0(1),—-0.0853; N(1), 0.0122;
N(4) N(3), 0.0354; N(4),-0.0829
A" Cu, N(3), N4), C(17), 0.1294 ~0.8026 —0.5823 -2.4116 Cu,—-0.0435;N(3),-0.0056;N(4), 0.0921;
C(18) C(17), 0.0689;C(18),-0.1120
VI Cu, O(1), N(3), C(15), 0.2237 -0.6560 ~0.7208 -2.8114 Cu, 0.0926; 0(1), -0.0849; N(3), —~0.1136;
C(16) Cu(15), 0.0300; C(16), 0.0759
VII Cu, N(3), N4), C(17), 0.1662 -0.7321 —-0.6606 —2.8112 Cu, 0.1624, N(3), 0.0587;N(4), 0.1109;
C(18), O(1), C(15), C(17),-0.0090; C(18), —0.2261; O(1),
C(16) —0.1964; C(15),—0.0554; C(16), 0.1549.
Vil Cu, N(1), N(2), C(2)-C(9), 0.8801 04592 -0.1209 1.7014  Cu, 0.0880; N(1), —0.0005; N(2), 0.0075;
C(11)-C(14) C(2), ~0.0622; C(3), -0.0550; C(4),
—0.0200; C(5), 0.0276; C(6), 0.0222;
C(7),~0.0213; C(8),—-0.0657; C(9),
—0.0331;C(11), 0.0311; C(12), 0.0284;
C(13),0.0358;C(14),0.0172
IX O(1), N(1), N(3), N(4) 0.2347 -0.7010 ~-0.6734 —-2.6765 0O(1),-0.0561;N(1), 0.0458;N(3), 0.0625;
N(4), —-0.0523
Interplanar angles, Deg
I-11 I-111 II-1IT V-VI VII-VIII
2.6 3.9 1.6 12.8 83.7

N4

Figure 3. Dimensions of the mixed Cu(Il) complex of phen and
dianionic glycylglycine.

complexes with bpy joining two corners of the pyramid
base, 14,15

Table V. Hydrogen-Bonded Contacts (A)

Atom 1 Atom 2 Distance H atom
o) 0(6) 2.82 H(106)
0Q) N4) 2.93¢ H(N)
0@3) o) 2.79 H(107)
o(5) N@4) 3.00 H(2N)
0(5) 0(6) 2.82 H(105)

@ Intermolecular.

The gg ligand deviates significantly from planarity: the two
five-membered rings in Cu(gg) are inclined at 12.8° to each
other. The phen is also distorted (planes 1, II, and I11), mostly
near the apical nitrogen atom. The angle between the two CsN
fragments is 3.9°.

The individual Cu(gg)phen molecules are hydrogen bonded
to their neighbors via the three H20 molecules, forming a
polymeric hydrogen-bonded lattice (Table V and Figure 2).

The structure reported in this paper bears similarities to that
of Cu(gg)-3H20 with a similarly coordinated gg ligand.” In
the water complex, the Cugl) to gg distances are as follows:
0O(1), 1.98 A; N(3), 1.89 A; N4, 2.02 A. These values are
less than those given in this paper for the phen complex.
Intraligand gg bond distances are similar in the two structures.
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In addition the Cu(II) to H20 distance of 1.96 A in the
tetragonal plane is shorter than that to N(1) while that to
apical water of 2.35 A is longer than that to N(2). Except
for those involving the restricted N(1) and N(2) atoms in the
phen ligand, bond angles in the two structures are similar.

The crystal structure result indicates that phen does not
displace the carboxylate group of gg from a tetragonal position
about Cu(II) but adopts a seemingly more awkward position
with near-tetragonal and tilted axial nitrogen donors. Due to
the planarity of the amide bond, it is not feasible for the
carboxylate group of gg to adopt an apical position. In the
Cu(II) complex of triglycine with two ionized amide nitrogen
atoms, hydroxide is able to displace the carboxylate oxygen
atom in the fourth tetragonal position at pH 12.24 The
preference of phen to form a square-pyramidal mixed complex
rather than displace the gg carboxylate in the crystal structure
to form a mixed complex with four tetragonally disposed
nitrogen donors may be due to the lesser tetragonal field
provided by one vs. two ionized amide nitrogens.

In order to assess whether the five-coordinate mixed complex
found in the crystal persists in solution, visible absorption
spectra are compared under a variety of conditions. The
absorption spectrum of the crystal dispersed in a Nujol mtll
and mounted on a strip of filter paper exhibits a broad

maximum at 615 nm with considerable absorption still ap-

pearing at 850 nm. The crystal was dissolved in several
solvents at about 10-2 M where an absorption maximum occurs
at 616 nm in DMSO, at 629 nm in methanol, and at 640 nm
(€ 102) in water. In all three solvents an appreciable absorption
approaching that of a shoulder occurs at about 850 nm. The
absorptivity at 850 nm as a percentage of the absorptivity at
the maximum wavelength is 34, 38, and 41%, respectively, for
the three solvents. The spectrum in water at pH 9.3 is
unaffected by increasing the temperature from 23 to 60 °C.
The correspondmg solution containing 1:1:1 mole ratios of
2,2"-bpy:Cu:gg in water at pH 9.5 exhibits a similar absorption
spectrum with a maximum at 642 nm (e 103) with the ab-
sorptivity at 850 nm 479% of that at the maximum. In contrast
to these high relative absorptivities near 850 nm, a solution
containing 1:1:1 mole ratios of bpy:Cu:glycinamide at pH 8.7,
where the amide nitrogen atom is deprotonated, displays an
absorption maximum at 618 nm (e 60) with the absorptivity
at 850 nm only 24% that at the maximum. A solution

contammg 1:1:1 ratios of phen:Cu:glycinate exhibits an ab-

sorption maximum at 617 nm (e 50) with the absorptivity at
850 nm only 16% of that at the maximum. The binary
complex of Cu(Il) and glycylglycine with a deprotonated
amide nitrogen exhibits an absorption maximum at 639 nm
(e 87) similar to that of other binary dipeptide complexes.’
The absorpt1v1ty at 850 nm is only 10% of that at the max-
imum,

In judging whether the five-coordinate square-pyramidyl
Cu(II) mixed complex of gg and phen exists in solutions, two
aspects must be considered: the frequency with which a
comiplex species of given composmon occurs and the poss1b111ty
of multiple structures for a species of set composition. The
first point on compositions of solution complexes may often
be solved by detailed computer-assisted interpretation of ti-
tration results over a range of conditions. Titration results from
a similar solution with Cu(II), gg, and bpy® suggest that
appreciable amounts of the binary complex of Cu(II) and
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dianionic gg without coordinated phen might exist but that
the complex with mixed composition should predominate in
aqueous solution.

Does then the structure found in the crystal for the complex
of mixed composition persist in aqueous solution? The
similarity of the absorption maximum and intensity of the 1:1:1
solution with that of a solution containing the binary Cu(II)
complex of gg suggests that gg is also terdentate in the mixed
complex. The presence of appreciable absorption at 850 nm
in all solutions containing Cu, gg, and either phen or bpy
suggests that in these solutions some Cu(II) is five-coordinate
with a nitrogen donor in a near-apical position.25 Thus the
visible absorption spectra results suggest that an appreciable,
perhaps predominant, fraction of the complexes of Cu, gg, and
either phen or bpy in aqueous solution adopts the structure
found in the crystal. It is anticipated that other mixed couples
of Cu(gg) and bidentate ligands will adopt a comparable
structure in the solid state and in solution.
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