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1123. The Colour, Isomerism, and Structure of Some Copper Co-ordin-
ation Compounds. Part V.t The Crystal Structure of NN'-Ethylene-
bis(acetylacetonevmanato)copper(Ir).

By D. Harr, A. D. RaE, and T. N. WATERs.

A two-dimensional X-ray analysis of NN'-ethylenebis(acetylacetone-
iminato)copper(11) has shown the copper to be quadricovalent, as predicted
from the colour of the compound. Pairs of centrically related molecules
appear to be bound together by polarisation-type bonds.

CRYSTAL-STRUCTURE determinations of the green complexes of copper with NN'-disalicyl-
idenepropane-1,2-diamine and NN'-disalicylidene-ethylenediamine have shown the metal
atom to be quinqueco-ordinate.! These observations, together with spectral evidence,
prompted the suggestion that a green colour in complexes of this type indicated a co-
ordination number greater than four. That thisis not generally true has been demonstrated
for bis(salicyclaldiminato) copper,? and it is necessary to study the spectral transitions to
make an exact correlation between colour properties and structure, Nevertheless, the
“ colour rule ”’ often applies, for reasons which are qualitatively obvious from spectra 4
and it still seems reasonable to assume that where *‘ colour isomerism '’ occurs extra
co-ordination is shown by the green isomer. The purple complex, NN'-ethylenebis(acetyl-
acetoneiminate)copper(tr), and its green hydrate present such a situation. Their crystal
structures have therefore been determined as a further test of this assumption and to
provide evidence towards an eventual quantitative explanation of the colour effects. This
paper describes the structure of the anhydrous form.

EXPERIMENTAL

The compound was prepared as previously described,® and crystallised from hot light
petroleum (b. p. 40—60°) as violet plates, tabular on (100) with (011) well developed. The
crystal data were: C,,H,,0,N,Cu, M = 285-5, monoclinic, @ = 11-02 4 0-04, b = 8-97 4 0-03,
c=1310 4 004 A, B =940°, U = 12908 A®, D, = 146 g. cm.”® by flotation, Z = 4,
D, == 1-47 g. cm.™3, F(000) = 596. Space group P2,/¢c(C3;, no. 14). Cu-K, radiation, single-
crystal Weissenberg photographs. Intensity data were collected for the %%0, 407, and 0%/ zones
by the multiple-film method. Relative intensities were estimated by visual comparison against
a standard scale. Small crystals were used, and no absorption correction was made.

The copper—copper vectors were easily recognisable on the Patterson projection P(u,%), and
the copper-light atom vectors were resolved by application of the minimum function.® The
resulting map was interpreted with the help of a model of the expected molecule and the atomic
positions were refined by successive Fourier and difference Fourier syntheses. Analysis of the
data, as described by Pinnock, Taylor, and Lipson,” showed the intensities to be suffering from
extinction, and the eleven largest were corrected accordingly. An overall isotropic temperature
factor for the light atoms and a separate isotropic temperature factor for the copper atom
were determined by least-squares methods. The final reliability factor was 0-108 for 186 observed
reflections, and the final electron density map is shown in Fig. 1.

Analysis of the [100] projection was attempted by the same procedure, but no recognisable
picture was obtained from the minimum function or from a Fourier synthesis based on the
heavyatom. Itwasseen thatalthough the 022 amplitude was the largest in this zone it received
only a very small contribution from the copper atom. On its inclusion in the Fourier synthesis
with negative sign (arbitrarily chosen) the electron density map could be interpreted as a heavily
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F1c. 3. The two molecules centrically related through (4,0,0) projected parallel to the
mean plane through Cu, N(2), C(10), C(9), C(7), O(2).
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Fi1c. 4. Thetwo molecules centrically related through Fic. 5. Bond lengths (A) and bond
($,0,0) projected normal to the mean plane through angles.
Cu, N(2), C(10), C(9), C(7), O(2).
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overlapped projection of the molecule. It was not feasible to refine this, but the approximate y
co-ordinates thus obtained were used, together with the x co-ordinates from the [010] projection,
to provide an initial model for the [001] projection. This was also overlapped to some extent
but could be refined by means of difference syntheses. With 3 of 135 observed reflections
corrected for extinction, the final reliability factor was 0-124. The electron-density map is
shown in Fig. 2. A problem in interpretation was posed by atoms O(1), O(2), and C(7) which
lay very close to the apparent mirror plane at y = }, and the choice between (#,y) and (%, — )

Some Copper Co-ordination Compounds.

was made on bond-length considerations.

TaABLE 1.
y/[b zfe Atom xla y/[b z[c
01376  0-1007  C(5) ......... 0-1539 0-2099 0-0563
0-0270 0-1954 C(6) ...vnn.n 0-0590 0-2910 —0-0083
0-0233 0-1604 C(T) cvuennnnn 0-6166 0-2369 0-0055
02465 00415  C(8)......... 0-6727 0-3650  —0-0527
0-2530 0-0148 C(9).eurnnnnn 0-6937 0-1421 0-0578
( —0-0395 0-2760 C(10) ...... 0-6552 0-0400 0-1332
c(2) . 0-0191 01929  C(11) ...... 07476  —0-0705 0-1780
C(3) vevennnnn 0-1375 —0-0840 0-2726 C(12) ...... 0:5070 —0-0845 0-2313
CH) vvrnnn 0-1128 0-0970  0-1217
TABLE 2.
Observed structure amplitudes and calculated structure factors ( x 10).
(Planes corrected for secondary extinction are marked with an asterisk.)
Plane Fo Fe Plane Fo Fo Plane Fo F¢ Plane Fo Fe Plane Fo Fe
%0l zone § 765%* —8l.6 700 197 177 11,00 286 —289 020 96 4.4
002 42:9* 4556 8 481 —57-1 2 482 + 426 2 205 —187 1  46:4* —55.7
1 38 o4 I <62 —28 4 127 4103 4 125 4120 2 180-8* —1744
6 230 —200 12 194 4214 6 591 —586 6 30:3 4275 3 160-1* —161.7
3 122 143 14 <58  +23 8 256 —250 8 <45  —14 4 440 —486
10 310 4348 b 55 —81 10 75 +84 2 <62 +17 5 7-7 +2:6
o T pTe e G
14 114 —12- 4 <4 -0 55 . : .
4 12T 400 sg7x 577 2 198 —463 8§ 117 123 8 190 157
16 <36 31 2 38.8 3 2 8
. +370 i 697 —709 I8 125 —135 9 315 4222
100 + 1766 4 106-3% +100-5 8§ 137 4113 10 7.3 —4-2
t, 6 277 425 B <64 427 12,00 156 +131 11 202  —216
2 833* —9I1 8 530 —486 10 <66 —55 2 204 419:2 12 67 —50
4 322 —283 10 247 —24.6 I3 108 —144 4 <50 408 13 132 —13.9
6 216 +224 12 152 +159 2 134 —161 6 201 —167 14 <45 +1-2
8 11-8 +20 14 <52 +51 2 58 —4-8 15 44 +6-9
W 261 —249 3 376 —458 - i 147 —129 16 <28  —01
12 297 —32:0 i 190 +135 800 254 4181 § <53 445
14 124 +161 T 757% 4852 2 450 —dl3 8 89  +81 031 369 —395
16 107 +146 8 55 +29 4 146 125 2 528 —505
3 483% 4504 10 255 —263 6 177 4143 1340 47 o2 3 178 —166
1 901* +92:8 iz 161 —157 o2 430l 2 153 —150 4 259 4196
5 246 4287 11 <56 406 9 <bs 426 4 79 =70 5 70-8% 1817
B 433 —41.7 5 67 58 12 97 106 3 149 4148 6 444 1503
iy 33 —29:6 2 ggg i;g'g I 125 4130 7 265 4261
I3 115 4121 1 - . 8 . i
1% <58 439 500 160 -+161 § 250 -—283 6 64 58 s a7 1850
1 49 159 2 169 4104 8 66 406 1400 90 89 0 o= -3
4 703 —685 I0 <63 409 '3 g1 111 oSk iz
200 56 425 g 818 295 12161 4153 I <23 410 12 77  _gsg
2 408% 448.3 8 238 4237 12 39 434
y . . 10 199 +19-4 13 <49 + 35
4 466 4416 12 66 0%l zone 14 <43 —2.7
6 301 —258 +110 900 370 —362 g0z 4389 +55.9 15 139 16-2
. . 4 107 —120 2 150 15.7 1 +
8 <56 +-1-2 3 +15 4 4.7 —17 16 3.0 +2:0
10 139 194 2 115 —88 4 234 —204 :
12 394 it 1 428 —416 6 <66  +09 & 263 212
2 : - 3 5 _de. . - 8 140 +144 040 149 —101
14 <58  +13-0 ¢ 3%2 Aot § 265 —268 10 388 4378 1 273 4258
16 11-5 —14-2 =2 10 153 —14-1 12 +59 +0-8 2 3.9 +0-8
Z 2111 —169 %Q ‘ﬁg +53-7 12 72 +51 14 113 —150 3 126 162
I 402 —489 2 : +87 2 519 —507 16 11 16 4 728%* 4747
: " : I 100 —96 I . .
8§ 214 162 4 i <66 +01 5 406 39-2
o 1% ) 16 65 —10-2 § 187 .
8 89-1% 41028 il +227 011 127-7*% +119:9 6 687* 796
19 25-3 +24-0 8 11.7 +11-5 7 23.2 —12-0
2 133 114 60 248 —252 I 174 189 012 1156% —1273 8§ 131 -—I111
I 127 119 2 386 —379 2 177 1938 3 '95-3*% —107-9 9 <51  —46
16 <41 +0-2 4 422 44l. 4 659* —769 10 206  —20-3
6 421 4322 10,00 294 4272 5 385 —377 11 <52  —01
300 181  +11.0 8 <63  +1. 2 75 —38 6 <35  +49 12 63 —28
2 276 —316 10 146 —166 4 97 —132 7 <39  +06 13 62  +69
75:9% —764 12 17 —12:0 6 169 —149 8 239 4242 14 154 4158
6 498  +528 14 68 467 8 148 +117 9 147 4120 15 <30 406
8 425  +408 3 60  +29 10 156 +1638 10 182 +13-8
10 192 4162 1 468 4529 3 177 4144 11 256 +252 051 170 —11.7
12 290 —284 8§ 138  +04 i 158 —119 12 261 —21-6 2 220 +22.6
14 <56  —41 § 257 —288 8 234 —242 13 131 —146 3 63 —25
16 69  +86 10 323 —376 8§ <60 +31 14 94  —59 4 321 4278
2 101-1* 41030 12 <62 —36 10 235 249 15 6-0 —66 5 285 4259
I 214 4234 1 176 +220 12 48 450 16 40 471 6 424 4445
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TaBLE 2. (Continued.)

Plane Fo Fo Plane Fo Fo Plane Fo F¢ Plane Fo Fo Plane Fo Fe¢
7 <49 —54 10 257 —268 4 575 4631 1 489  +480 2 <72 —2.8
8 397 —41.2 11 <42  —12 5 496 —56.2 2 <62 419 3 70 —3-2
9 194 —22.3 6 310 —264 3 339 4318 4 272 —288
10 104  ~117 500 g4 430 7 103 —72 4 313 —291 5 <66 +24
11 86 —89 1 168 T59 8 151 —11.7 5 384 —386 6 99 4106
12 16-9 +18:7 2 250 —.24.9 9 17:3 +19-3 6 13-0 +11-9 7 <49 —0-9
13 <42 406 3 33.0 L399 10 93 +59 7 11.0 —148 8 143 4185
14 53 +81 1 218 Ligs 11 <28 —2.7 8 84 480
15 54  +67 5 552 —63.7 9 202 4196 11,00 362 —367
6 88  +07 500 160 4164 10 35  —29 1 <70 +32
060 43 —56 7 178  —1s1 1 488 —43-8 2 104 493
1 189 4177 8 93 476 2 70 —07 800 271 209 3 168 —17'5
2 9.2 —67 9 158 1163 3 84 —84 1 508 —44:9 4 296 +283
3 372 +391 10 <60 —03 4 399 —415 2 231 —176 5 145 +116
4 384 375 11 66 —71 5 66 —79 3 190 —129 6 61 —4.0
2 i;.g +%(6)~§ 6 287 4325 4 <70  +07 7 <32  —1.0
7 371 —37.3 300 183 4120 g }é-g i %g-g (5; gg; tgg-g 12,0,0 167  +17-4
1 416 —446 ,0,
8 114 —11.1 y ae s 9 63 —33 7 <66 14 1 114 4103
9 156 —14-0 7 58 _*;6.3 10 135 —121 8 <56 406 2 114 —9.3
1(1) 105 +100 88 e 9 201 —224 3 112 +7-3
11 96  +96 5 B5ae Leog 600 290 —287 4 135 —110
<42 +1-5 o 87 959 1 124  —154 900 429 —42.2 5 133 —135
13 106 -++11.9 g us +12 Z 2 203 176 1 184 4152 6 <35 ~11
14 34 —43 & 1 s 3 232 192 2 344 4283
T ¥ +13-s 4 415 4401 3 231 4212 1300 <52 —0-7
102 97 —84 N 13E -1 5 3006 +335 4 <71 +38 1 161 —159
3 <39  +38 R - 4 6 159 —9.8 5 140 —129 2 <49  +1:3
4 244 4241 < - 7 98 —0.7 6 86  +42 3 143 —141
5 56 49 8 147 —151 7 89 45 4 <35 0.2
6 11.9 —14-5 400 52:8*% —59.1 9 121 —9:0 8 132 —106
7 119 +87 1 412 4415 10 112 +10-3 14,00 135 —13-0
8 325  —357 2 227 —156 10,00 347 4341 140 +145
9 1.2 —I11.1 3 368 +342 700 2144 +19:8 1 <72 40
1 Denotes not observable through masking by the beam stop.
TABLE 3.
Intermolecular approaches (A) less than 3-6 A. The indices refer to molecules
as follows: 1 =ux,9,2;, 2= %9, 3 =434+ 53— 2
Cul-C(9)? 338  CI1)-0O(1)%.....ooce..... . O(2)1-C(L)3 ..oevvnnnn.. 3-46
Cul-C(10)® 338 C(7)-C(12)2.. CHC(L® vrorrenens 3-50

O(2)1-N(2)* 340  Cul-C(12)® .ceooverrrenn.

Co-ordinates for the [100] projection were taken from the other two. With 11 of 153
observed reflections corrected for extinction, the reliability factor was 0-121.

The atom co-ordinates are listed in Table 1 and the observed amplitudes and calculated
structure factors in Table 2. The numbering system for the atoms, and the calculated bond
lengths and angles, are shown in Figs. 3 and 5, respectively. The closer intermolecular
approaches are listed in Table 3. The standard deviations in atomic co-ordinates for resolved
atoms are 0-003 A for the copper atom and 0-02 A for the light atoms.® A number of the
co-ordinates were, however, obtained from unresolved maxima, and the standard deviation in
individual bond lengths and angles may be higher than the above would imply.

Discussion

Figs. 3 and 4 show the two molecules related through the centre at (3,0,0), projected
normal and parallel, respectively, to a plane through the ring Cu, N(2), C(10), C(9), C(7),
O(2). Mean planes through various groups of atoms were calculated by the least-squares
procedure of Schomaker et al.,? and the displacements of various atoms from these planes
are displayed in Table 4. It may be seen that the copper atom is essentially coplanar with
the four atoms co-ordinated to it, that each of the co-ordinated rings is planar, but that the
molecule as a whole is distinctly bent. The two mean planes of the conjugated rings make
an angle of 15-5°, the bend in the molecule occurring mainly at atoms N(1) and O(1).
The methyl groups are displaced from the plares of their attached ring, presumably
owing to strain introduced at the nitrogen atom by the ethylene bridge. The bridge is in

8 Cruickshank, Acta Cryst., 1949, 2, 65.
? Schomaker, Waser, Marsh, and Bergman, Acta Cryst., 1959, 12, 600.
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TABLE 4.
Max. displacement
(A) from
Atoms defining plane mean plane Displacement (A) of other atoms from plane
N(1), O(1), N(2), O2) ......... 0-036 Cu = —0-022, C(1) = +40-437, C(12) = —0-115
N(1), C(2), C(4), C(5), O(1) ... 0-040 Cu = —0:300, C(3) = +0-184, C(6) = +0-194
N(2). C(10), C(9), C(7), O(2)... 0-009 Cu = —0:064, C(8) = +40-333, C(11) = —0-222

Displacement away from the centre at (4,0,0) is taken as positive.

the gauche conformation, and is unsymmetrical in that C(1) is displaced considerably further
from the plane of the co-ordinated atoms thanis C(12). This asymmetry appears related to
the bent shape of the molecule, but it is not obvious which is cause and which effect. A
similarly asymmetric bridge has been reported for an unsubstituted copper—ethylenediamine
complex.10

The closest approaches to the copper atom, normal to the co-ordination square, are
atoms C(9) in the centrically related molecule at 3-38 A, and at 349 A in the other octa-
hedral location, C(12) in the molecule with the equivalent position #, 4 + », § — 2. The
absence of any close approach is in accord with the prediction made above.

Figs. 3 and 4 show that the molecules are stacked in pairs such that two rings Cu, N(2),
C(10), C(9), C(7), O(2) overlay one another with a normal separation of 3-36 A. This is
comparable with that observed in aromatic compounds in which polarisation bonding is
thought to occur,!! and with the conjugated bond system and the copper atom available
as donor and acceptor, respectively, it is likely that such bonding stabilises the crystal
structure, and possible that it may be the cause of the concave bending of the molecule.
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