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pected for a riding motion. Similarly, the largest
mean-square displacement for OA42 makes an angle
of 97° to the C42-042 bond. In the phenyl ring,
as expected, the smallest displacement is usually
normal to the ring. Consequently, many of the mean-
square displacements can be interpreted in the usual
way, suggesting that no serious systematic errors are
present in the data.

In conclusion we see that the diketoamide grouping
is capable of functioning as a strong bidentate chelate
toward transition elements. The coordination occurs
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through two oxygen atoms rather than through an
oxygen and a nitrogen atom. The tetracycline anti-
biotics are therefore capable of forming metal com-
plexes involving this grouping although other coordina-
tion sites cannot be eliminated.
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The crystal structure of bis(N-benzoylhydrazine)copper(Il) pentachlorotricuprate(I) has been determined by three-dimen-
sional X-ray analysis. The crystals are orthorhombic, space group Pbce, with unit cell dimensions ¢ = 9.299 (2), b = 16.165
(3), c = 28.656 (6) A. The intensities of 1754 observed reflections were measured by an automatic four-circle diffractometer.
The structure was refined to a conventional R factor of 0.051. The two N-benzoylhydrazine bidentate chelates are arranged
in an equatorial cis configuration around the Cu(II) ion, with chloride ions in the axial positions of a distorted octahedron.
All five Cl— per molecule are involved in bonding to the three Cu(I) ions in an infinite cylinder of distorted tetrahedra.
These cylinders run in the x direction and are cross-linked in the y direction by Cl-Cu(11)-Cl bonds and by an extensive
network of N-H- - - Cl hydrogen bonds. The - -N-N-C—~0O- - parts of the chelate rings are each planar, though they are not
mutually coplanar, and the Cu(I1) ion is substantially displaced from both these planes in the direction of the nearer Cl~ ion.

The bond lengths and angles around Cu(II) are normal.

In the cylinders containing Cu(l) ions the bond lengths range from

2.228 (4)t0 3.393 (4) A, and the C1-Cu(I)-Cl angles from 84.1 (1) to 140.0 (1)°.

Introduction
Until recently, no systematic investigation of the co-
ordinating properties of N-acylhydrazine compounds
(I) had been attempted. The isolation of cationic bis
complexes of copper(II) with N-benzoylhydrazine!
(R = C4H;) and with N-acetylhydrazine? (R = CHj)

R H
AN /s
C—N
7 AN
0 NH,
I

was reported many years ago. Both ligands may be
presumed to coordinate by the carbonyl oxygen and
terminal amino nitrogen atoms forming five-membered
chelate rings with a planar configuration about the
copper(II) ion.

Following the discovery that N-isonicotinoylhydra-
zine (R = C;H,N) has valuable tuberculostatic proper-
ties, a number of its transition metal complexes have

* To whom correspondence should be addressed.

(1) J. S. Aggarwal, N. L. Darbari, and J. N. Ray, J. Chem. Soc., 1941
(1929).

(2) K. A. Jensen and E. Rancke-Madsen, Z. Anorg, Allg. Chem., 237, 25
(1936).

been prepared, and spectroscopic and conductometric
measurements on these have been carried out. 3~
Chelation could be important in the mode of action of
this drug, and though the ligand is capable of bonding as
suggested above, the presence of a potentially chelating
pyridine nitrogen atom is a complicating factor, which
may lead to the formation of polymeric complexes.
The crystal structure of isonicotinoylhydrazine itself is
known,® but no crystal structure of any of its complexes
has been published.

As part of a detailed investigation into complex for-
mation by the simple N-acylhydrazine ligands,” at-
tempts to make bis(/V-benzoylhydrazine)copper(II)
dichloride produced unexpected results. While the
required complex can be obtained from ice-cold aqueous
solutions of the liquid and copper(I1) dichloride, reac-
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tion in hot solutions containing excess copper(II) re-
sulted in crystallization of the complex (BH).Cu,Cl;,
where BH is N-benzoylhydrazine. That this complex
should be formulated as [(BH).,Cu]2+2Cl—-3Cu(l is
indicated by the stoichiometry and magnetic properties.
Furthermore the solid spectrum shows additional ab-
sorption in the near-uv spectrum, not present in
(BH):CuCl;, indicative of charge transfer between the
two oxidation states of copper. The deep color of solu-
tions containing both Cu(I) and Cu(II) chlorides is
attributable to the same cause.?

Very few copper compounds of this type have been
reported although it is known that electron transfer
between two oxidation states is important in biologi-
cal systems involving copper—protein complexes,?—1t
Mori'? has prepared a series of hexaamminecobalt(I1I)
chlorocuprates(I,II) in which the mole fraction of cop-
per(I) may be varied from zero in Co(NHj)sCuCls to
unity in [Co(NH;)sliCusCli;. An X-ray structure
analysis of the analogous chromium complex!s:!4 Cr-
(NH;)sCuCl; has shown the copper(II) in CuCl#~ to
have a trigonal-bipyramidal configuration, while in
[Co(NH;)6]sCu;Cly;, CusClig!l~ and chloride ions are
present.’® A central Cu(I) ion is tetrahedrally sur-
rounded by chloride ions bridging to four other Cu(I)
ions which in turn are associated with three further chlo-
rine atoms giving a distorted tetrahedral environment.
Recently the conductivity and light absorption of this
system in the solid phase have been measured as a fune-
tion of the mole fraction of Cu(I); both show maxima
at about 0.5.2%'7 The crystal structure of the copper-
(I)-copper(II)-thiocyanate complex Cuy(SCN)3(NHs);
has recently been published.!?

The benzoylhydrazine complex reported here is a new
type of mixed oxidation state copper complex in that
chelated copper(II) is involved. The ligand bears some
structural resemblance to the amino acids and the
environment of the metal ion may well be similar to
that occurring naturally in protein complexes. The
X-ray structural analysis of (BH),Cu,Cl; was therefore
undertaken with two objectives in view: to ascertain
the mode of coordination of the ligand and to provide
structural data which might contribute to an under-
standing of the electron-transfer process in mixed oxida-
tion state crystals.

Experimental Section

Preparation.—N-Benzoylhydrazine (1.36 g) in hot water (30

(8) H. McConnell and N. Davidson, J. Amer. Chem. Soc., 72, 3168
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(1965).
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ml) was added to copper(II) chloride dihydrate (3.41 g) in hot
water (50 ml). A vigorous evolution of nitrogen ensued, and
long, green needles separated on cooling. These were collected,
washed with water and ethanol, and dried » vacuo.

Anal. Caled for CraHisN4O2CuiClss C,23.9; H,2.3; N, 8.0;
Cl, 25.21; Cu, 36.1. Found: C, 24.1; H, 2.4; N, 8.0; CJ,
25.0; Cu, 35.7.

Crystal Data.—The crystal system is orthorhombic with ¢ =
9.209 + 0.002, b = 16.165 == 0.003, and ¢ = 28.656 = 0.006 A
[obtained from a least-squares fit of the 26 values of 30 reflec-
tions, as determined using copper radiation (A(Kau) 1.54051,
AMKaz) 1.54433 A) at 20° on a diffractometer]; FW 703.7; cell
volume 4307.5 = 2.6 A%; d.. = 2.17 =+ 0.03 g cm ™ (by flotation
in CHCl-CBry mixture) and d, = 2.18 g cm™3, for Z = §;
linear absorption coefficient, u(Cu Ka) = 101.8 cm™3; systematic
absences: Okl k =2n + 1; h0l,l =2n 4+ 1; BkO, h = 2n + 1;
space group Pbea (determined unambiguously from systematic
absences).

Intensity Data Collection.—The first set of data was collected
on a Picker four-circle diffractometer using Zr-filtered Mo Ke
radiation in 626 scan mode. Severe decomposition of the crystal
was observed (particularly in the later stages of data collection),
as shown by the drop in intensity of standard reflections.

A new crystal, of dimensions 0.22 X 0.14 X 0.11 mm along
%, ¥, and z, respectively, and exhibiting the forms {010}, {001 } ,
and {102}, was chosen. A second set of diffractometer data
was collected using Ni-filtered Cu Ke radiation in 6-26 scan mode.
The range scanned was 2° at 26 = 0, increasing with 26.1* The
scan rate was 1°/min, with a total of 80 sec background counting.
The second crystal lasted much longer and was used to collect a
complete set of data out to 20 = 130°. The three standard
reflections each decreased by less than 109, during data collection,
and all the data were scaled to account for an average decrease
of intensity. Absorption corrections, using a Gaussian integra-
tion procedure over a grid of 1280 points, were applied using a
modified version of pATAP3.%® The transmission factors ranged
from 2.46 to 3.97.

A total of 3450 reflections were measured, and of these only 1754
had an observed intensity I, 3 2¢(l,). The remainder were
discarded and not used in the subsequent structure refinement.
Individual standard deviations were obtained for each reflec-
tion according to the method of Abrahams?' (using the value
0.01 for ¢), and these were used in deriving weights for the least-
squares refinement.

Structure Analysis.—The Patterson function of the first data
set contained many poorly resolved peaks and proved difficult to
interpret. Some initial atomic positions were obtained from the
Harker sections, and a series of heavy-atom-phased Fourier
syntheses revealed the positions of all nine heavy atoms. The
site-occupancy parameter was varied in a least-squares refine-
ment to distinguish between copper and chlorine atoms. The
final heavy-atom-phased Fourier synthesis revealed the whole
structure. Attempts to refine the model led to the realization
that the data contained serious errors due to crystal decomposi-
tion. The structure would not refine below R = 0.16 even using
only low-angle data.

The second set of data was then collected and, after the usual
data reduction, was used to refine the structure, Full-matrix
least-squares refinement was employed, using the program XrFLs.?*
The real and imaginary parts of the anomalous dispersion cor-
rection were included in the calculation of the contributions to
the structure factors for Cu*, Cu?t, and Cl—.23 Anisotropic
temperature factors were used in the final stages of refinement

(19) U. W. Arndt and B. T. M. Willis, “Single Crystal Diffractometry,”
Cambridge University Press, Cambridge, England, 1968, p 174.
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TABLE I
X/a Y/b Z/c

(a) Atomic Fractional Coordinates and Their Standard
Deviations (in Parentheses), X 10° for First Nine Atoms,
X10* for Remainder
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TaBLE II

ANISOTROPIC TEMPERATURE FACTORS AND THEIR STANDARD
DeviaTioNs (IN PARENTHESES), X 10 For THE FIRST NINE
Aroms, X 10¢ FOR THE REMAINDER®

B B2 Baa B12 B3 B2
Cull 865 (26) 420 (09) 76 (2) 138 (12) 23 (07) 7(4)
Cul(ly 2210 (44) 410 (10) 145(3) —176(17) —43 [10) 38 (5)

Cul 07017 (20) 22753 (11) 10651 (08)
Cul(1) 00533 (27) 44564 (12) 02748 (07)
Cul(2) 34861 (23) 46513 (12) 07749 (07)
Cul(3) 36550 (32) 04496 (16) 47708 (08)
Cl(1) —00858 (36) 06454 (17) 09301 (11)
Cl(2) 31411 (34) 44679 (17) 48390 (12)
Cl(3) 46974 (34) 36621 (18) 03030 (11)
Cl(4) 12567 (33) 16873 (18) 47704 (10)
Cl(5) 13904 (38) 41703 (19) 10376 (11)
o) 2184 (10) 1960 (5) 1511 (3)
0(2) —0676 (10) 2565 (5) 1542 (3)
N(1) 2291 (11) 2124 (6) 0598 (3)
N(©2) 3486 (11) 1795 (5) 0857 (3)
N(3) —0892 (10) 2647 (5) 0641 (3)
N(4) —2002 (11) 2068 (8) 0937 (3)
c) 3350 (13) 1738 (7) 1321 (4)
) 4523 (13) 1411 (7) 1607 (4)
C(3) 5650 (15) 09509 (8) 1409 (5)
C(4) 8763 (16) 0662 (9) 1710 (8)
C(3) 8602 (16) 0826 (8) 2199 (5)
c(6) 5548 (16) 1260 (9) 2373 (4)
(7 4462 (168) 1562 (8) 2098 (5)
C(8) —1791 (14) 2898 (7) 1389 (4)
C(9) —2815 (14) 3273 (7) 1732 (4)
C(10) —3972 (15) 3752 (9) 1578 (5)
c@n) —4857 (17) 4136 (9) 1925 (8)
C(12) —4592 (17) 4013 (9) 2394 (5)
Cc(13) —3458 (15) 3516 (9) 2598 (5)
C(14) —2562 (15) 3169 (8) 2211 (4)

(b) Calculated Fractional Coordinates

for Hydrogen Atoms, X103

H(C3) 570 084 104
H(C4) 763 032 156
H(C3) 750 062 244
H(C8) 553 136 275
H(CT) 361 190 226
H(C10) —416 383 121
H(C11) —574 452 184
H(C12) —525 430 265
H(C13) —327 338 289
H(Cl14) —163 283 233
H(N1)1 256 268 045
H(N1)2 198 172 034
H(N2) 440 161 072
H(N3)1 —053 310 042
H(N3)2 —128 215 045
H(N4) —290 324 083

which finally converged to R

0.053 (weighted R = 0.063).
The shifts in the parameters were all less than 0.02¢ in the final
cycle. The final value of [SwA?/(n — p)]'/* was 0.56.

396 (10)

Hydro-

gen atoms, all found in a difference synthesis, were then included
in the structure factor calculation, assuming each to have a
temperature factor identical with that of the ‘‘heavy’’ atom to
which it is attached. The inclusion of the hydrogen atoms
lowered the residual to 0.051, and no further refinement was car-
ried out.

The scattering factors used for Cu*, Cu?+, Cl-, O, N, and C
were evaluated from Hartree-Fock wave functions, using coef-
ficients given by Cromer and Mann.?* TFor calculating the
hydrogen contributions, the curve used was that given by Stew-
art, Davidson, and Simpson.?

(24) D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. A, 24, 321
(1968).

(25) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. Phys.,
42, 3175 (1965).

Cul(2) 1440 (37) 177 (4) =107 (15) ~—105(09) 34 (5)
Cul(3) 2865(56) 763 (15) 186 (4) —994 (24) 59 (12) —18(7)

CI(1) 1198 (50) 239 (12) 135 (5) 35 (20) 44 (13)  —4(8)
Cl(2) 945 (46) 212 (12) 174 (5) —4(10)  —35(13) —20(6)
CI(3) 864 (45) 341 (14) 145 (5) 10(20) —34(12) —39(7)
Cl(4) 860 (41) 279 (12) 94(4) —52(18) —30(11) 15 (6)
CI(5) 1323 (55) 433(168) 111(5) — 165 (23) 9(13) ~16(7)
o(1) 80 (13) 49 (5) 7(1) 16 (06) —4(3) 1 (2)
o) 94 (12) 40 (4) 9 (1) 22 (06) —6(3) 1(2)
N(1) 74 (14) 37 (5) 5 (1) 21 (07) 5(3) 4(2)
N(2) 114 (17) 29 (4) 5(1) 5 (07) 4 (4) 0 (2)
N(3) 70 (14) 30 (5) 7(1) 8 (06) 3 (4) —2(2)
N(4) 95 (15)  33(8) 4 (D 907 2 (3) -3 (2)
c(1) 65 (19) 25(5)  12(2) 0 (08) 8 (5) 2 (3)
c(2) 69 (18) 26 (5) 8(2) —10(08) 0 (4) 3(2)
) 85(20) 43(7) 20 (3) 12 (10) 24 (6) 6 (3)
C4) 77(23)  54(8) 27 (3) 14 (10) 2 (7) 25 (4)
Cs) 112 (24)  46(7)  15(2) —4(10) —1(6) 3(3)
C(6) 132 (25)  55(8)  11(2) 6(12) —14(6) ~5(3)
cm 135 (25) 42 (7)  13(2) —10 (10) —6 (6) 0(3)
C(8) 86 (19) 12 (4)  12(2) 6 (08) 4 (5) 3(2)
C(9) 79(19)  20(5) 12 (2) 13 (08) 4 (5) 2(2)
C(10)  106(23) 45(7) 19 (3) 28 (10) 5 (6) 4 (4)
C(11) 127 (26) 61(9)  20(3) 22 (12) 24 (D) 1(4)
C(12) 163 (28) 45(7)  11(2) —1(11) 10 (6) 0(3)
C(13) 127 (25) 54 (8) 12 (2) 11 (11) 15 (6) —1¢4)
C(4) 107 (20) 53 (7) 5(2) 0 (10) 9 (3) —2(3)

¢ Temperature factor: exp[— (2281 -+ k2822 -+ 12833 -+ 2hkB12
+ 2hIB:s + 2&1B2x)].

The final positional parameters, thermal parameters, and bond
lengths and angles are listed in Tables I-11I, respectively. The
calculated structure factors, as they appear in Table IV, are
listed as |Fc‘, since the inclusion of the anomalous dispersion
correction involves small contributions B(kkl) to F(hkl).

Description of Structure.—The structure can be considered
to consist of two parts, the organic bidentate ligands around the
Cu(Il) atom and the inorganic tetrahedral network of chlorine
atoms around the Cu(I) atoms.

The organic ligands are shown in Figure 1. Each organic

N c6 cs
c13 @C“ cv a7
o

cie e ' s A

T @‘ P c3 %L

A7 P 02 ! 01 @CQ )

R & ~ ! N ]
e @ e B D o BT
- €8 7 Al &

kNF) Thleyt

co P SAHE

B N1
N4 @ o
@cLs

Figure 1.——The environment of the Cu(Il) atom, showing the
two bidentate ligands with chlorine atoms in the axial positions
of a distorted octahedron. The thermal ellipsoids are scaled to
include 309, probability.

molecule acts as a bidentate chelate. The chelates themselves
are planar, but Cu(II) is significantly displaced from each plane
(see Table V), and the two planes intersect in a line close to the
line joining O(1) to N(3). The angle between the normals
to these planes is 7.8°. ‘The two ligands are thus, at best, re-
lated by a very approximate mirror plane of symmetry through
Cu(II) and normal to O(1)-0O(2). However, the phenyl groups
are twisted in the opposite sense through angles of 17.5 and 9.0°,
respectively, relative to their chelate rings and are hence not
even approximately related by this mirror plane.

The geometry of the complex is unusual in that the ligands have
a cis configuration around the central copper(II) ion. Most of
the known crystal structures of Cu(II) complexes chelated by
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TABLE III
Bonp LENGTHS (&) anp AxoLEs (DEG)
1. Environment of Cul Ions? ' 3. Organic Molecules
(a) Cul(1)-CL(2) (fe =%, 1 — 1y, —1/5 + 2) 2.300 (a) O(1)-C(1) 1.265(0.013)
Cul(1)-C12")  (=r+ x5, 2 — %) 2.635 C(1)-N(2) 1.339(0.014)
Cul(1)-Cl(4) (@ Yy =, =2+ 2) 2.364 N(1)-N(2) 1.438(0.012)
Cul(1)-CL(5) (%, 3, 2) 2.271 C(1)-C(2) 1.463 (0.016)
C1(2)-Cul(1)-C1(2") 106.9 cgzg-cgag 1,403 (0.016)
C1(2)-Cul(1)-Cl(4 92.8 C(3)-C(4 1424 (0.018
c1§2;—c31§1§~c1(5; 107.4 C(4)-C(5) 1.428 (0.019;
Cl(2")-Cul(1)-Cl(4) 102.5 C(5)-C(6) 1.369 (0.018)
C1(2")-Cul(1)-C1L(5) 127.7 C(6)-C(7) 1.370(0.017)
Cl(4)-Cul(1)-CL(5) 114.1 C(2)-C(7) 1.431(0.016)
(b) Cul(2)-CI(1) (e — %, Yy + 9, 2) 2.285 Cul-0(1)-C(1) 113.5(0.7)
Cil(2)-C1(2) (o — %1 =9, =13+ 2) 3.393 Cull-N(1)-N(2) 105.7 (0.8)
Cul(2)-C1(3) (x, ¥, 2) ' 2.378 OEI;—C(lg—N(Z) 119.2(1.2)
Cul(2)-Cl(5) (%, ¥, 2) 2,228 0(1)-C(1)-C(2) 120.1(1.1)
Cl(1)-Cul(2)-C1(2) 98.8 Nglg—g((z))—g((l) 117.7(1.0)
Cl(1)-Cul(2)-C1(3) 106.4 N(2)-C(1)-C(2) 120.7 (1.1)
Cl(1)-Cul(2)-Cl(5) 140.0 C(1)-C(2)-C(3) 121.6(1.1)
Cl(2)-Cul(2)-C1(3) 92.5 CEI;—CE2;~C(7 ) 117.4 (1.1)
CL(2)-Cul(2)-Cl(5) 91.3 ; C(3)-C(2)-C(7) 121.0(1.2)
C1(8)-Cul(2)-Cli(5) 111.8 C(2)-C(3)-C(4) 118.4(1.3)
(e) Cul(@)-CL(1) ~ (/a4 %, 3, Yo —2) 2.347 C(3)-C¢)-C(5) 119.8(1.4)
Cul(3)-C1(2) (fa—x, =+ 9,%) 2.312 C4)-C(5)-C(8) 119.4(1.8)
Cul(3)-C1(3) (%, Y2 — 39, Y2 + %) 2.308 CE5;-C26;—C(7) 123.0 21.3)
Cul(3)-Cl(4) (%, 9, 2) 2.996 C(8)-C(7)~-C(2) 118.5(1.3)
Cl(l)—CuI(S)-—Cl(Z)x ’ 121.7 (b) 0(2)-C(8) 1.248(0.013)
CI(1)-Cul(3)-C1(3) 105.8 C(8)-N(4) 1.314 (0.014)
Cl(1)-Cul(3)-Cl(4) 106.3 N(3)-N#4) 1.433 (0.012)
C1(2)-Cul(3)-CL(3) 132 .4 C(8)-C(9) 1.496 (0.015)
Cl(2)-Cul(3)-Cl(4) 85.5 C(9)-C(10) 1.402 (0.014)
C1(3)-Cul(3)-Cl(4) 84.1 C(10)-C(11) 1.355 (0.015)
Other Close Cu! Contacts ggégzgggg 1228 Eggig;
e oo Lao.an
- ) ¥ : 9)-C(14 1,398 (0.018
Ghoue Lo oatn
, =9 . Cull-N(3)- N(4) 106.3 (0.8)
Cul(3)-Cul(8) (1 —x, —y, 1 —2) 3.177 0(2)-C(8)-N(4) 120.5 (1.1)
Cul@)-Cl8) A ~w =2+ s —2) 8277 0(2)-C(8)-C(9) 118.2(1.1)
2, Environment of Cull Ion¢ NE3;—N(4))—-C(8) 116.4 (1 '0;
5 N(4)-C(8)-C(0) 121.2(1.1
e o
Cult0(1) 1 048 (0'008) C(8)-C(9)-C(14) 120.4 (1.1)
Cu-0(2) 1 oa1 (0'008) C(10)-C(9)-C(14) 120.8 (1.2)
Culi-N(1) 2. 000 (0'009) C(9)-C(10)-C(11) 120.3 (1.3)
CuTE-N(3) 2 009 (0: 009) C(10)-C(11)-C(12) 121.6(1.8)
ClL(1)-Calt-CI(5) "l6n 8(0.1) C(11)-C(12)-C(13) - 119.4(1.4)
CI(1)-Cul-0(1) 91.7 (0.3) Ca2)-C(8)y-C(le)  120.7(1.4)
CI(1)-Cul-0(2) 98.9 (0.3) C(18)-C(14)>-C(9) 17.5(1.3)
CU1)-Cull-N(1) 89.2(0.3)
C1(1)-Cull-N(3) 90.3(0.3)
C1(5)~-Cul-0(1) 97.3(0.3)
Cl(5)-Cul’-0(2) 85.2(0.3)
CL(5)~Cul~-N(1) 87.3(0.3)
C1(5)~Cull-N(3) 81.0(0.3)
0(1)-Cull-0(2) 94,0(0.3)
O(1)-Cull-N(1) 83.4(0.3)
0(1)-Cull-N(3) 176.0 (0.4)
0(2)~-Cull-N(1) 171.8(0.4)
0(2)-Cull-N(3) 82.3(0.3)
N(1)-Cul-N(3) 100.2 (0.4)

@ Unless otherwise indicated in parentheses, atoms are at coordinates referred to in part la. -? Standard deviation of copper—chlorine
bond lengths is 0.004 A and of angles quoted is 0.14°, ¢ Staridard deviations are given in parentheses.

oxygen and nitrogen from the same ligand, e.g., copper(II)- bis(glycinato)copper(I1) monohydrate®” which is cis and bis(L-a-
peptide complexes,® have a trans configuration. Exceptions are

_— ) (27) H. C. Freeman, M. R, Snow, 1. Nitta, and K. Tomits, Acla Crystal-
(26) H. C, Freeman, Advan, Projein Chem,, 33, 287 (1967). logr., 17, 1463 (1964).
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TABLE IV

OBSERVED AND CALCULATED STRUCTURE FACTORS®

Rkl FoFo Rkt P i |[Rkt fo R|BKkE P Rk [hal fo R |kkE fo & |kl fo | Rk B K| &ke B R | AkL f Fc
59 2 eevs kea) 1oL w12 Pasosowag s 2 5 & kus ums 3 08 wur w08 3117 838 70 W62t 5 41z 563 610 € 4 B so7 44y T s 1 232 3se
S0 e sy o636 Lo1b Lk Les 110 4 sun s2g 2 5 1 a1gs 1098 34 s 735 e 31112 a6l 80 4 s 28 S 413 eCi 4l & 4 9 450 aTs TR ¢ 5an e
G5 s25 ssy {0 6 2uac 2599 11310 w38 45) 205 B e As2 317 e31 e%0 33120 198 350 . ko2t 5 4 la 889 945 6 w1l 558 859 733 485 ase
o0 8 25 2571 O T Y1512 sy sar 05 9 4es ass 3L & 1ore 4076 332 3 962 w7 a2 5 449 a3 380 b 412 4ss 438 T8 e 474 423
0 © 19 1336 18s Lol ares et IR IN ITa Z 510 el ase 30 o isia 18s 312 4 552 36 « 70 5 a2z 387 873 s w13 a2 s) 7oA s 5H3 383
© a2 i s Lods werow 11906 Avo 372 2 o5 WS e 3110 use vn 312 0% eey et 72 5 5 L b1z 689 & <% ges 521 7 B & ey 323
0 2 1a 242y o425 [T AR 11015 026 aub 2 5 2aris 170 3L ass s4d 312 8 477 s [ 505 2 se1 els 6 AT 611 bed T8 8 60 852
90 16 4542 4yb7 1oz s s Vls ds 296 223 2513 Ay 1023 30113 nisc 1200 342 8 539 529 W1 e 55 s 135 12 6 w18 3712 a1t Tomlz a13 sk
U0 w1911 2333 1ol sar ek VL0 19 589 6o2 ERTRITENRD 3115 137 e 31230 330 392 “ 7 s 45 8 3312 08 6 i3 315 3ns T8 14 433 %08
3 0 2% 1852 114D 1S se en L1020 550 594 2 5 1s 48y sss 3 15 500 8 30238 a1e 308 PR s 5 9 as S17 & w22 w17 432 182 3z
2 022 2ia1 2i12 118 acey 1419 L1g 22 383 sar 2517 as) e 3115 e28 &35 312 15 629 44s s 78 5 510 ool 632 6 426 4sE 497 791 s osrr
2 9 2¢ 2025 2081 Lo1as ey ser 13023 136 713 2 3181091 103 3121 %87 v0s 30249 659 835 PR 55 10 345 362 6 427 312 358 T 9 2 h28 sl
0 025 3el 68 1oLy e2r ase 11025 533 545 : c 20 ase w22 312z s 3w 303 1 #8% 303 « 72 5 542 41 399 6 5 ¢ 396 98s 7 9 4 205 sb7
Vo2 v Lesl 1re) Vo120 sge @19 U1 13e2 1393 2 521 w5 ol 3128 ess o 303 7 382 34 PR Y 5 513 316 315 6 5z 789 T TS 5 see ves
92 23818 3nez VoL22 122s 1Ol o2 erl aTa 2522 8l sed 3127 sce 38 303 4 513 a1y . 7 5 515 a0z 489 6 5 4 439 <57 79 & 4ur s0s
92 3 sz 250 1123 2ee 018 DLl ow ses 35y 2 525 sliosed 32 12501 2878 303 5 se7 572 4 7 1e 5 517 3¢8 313 6 5 5 415 34a TS 5 ase 350
3 2 43915 3970 Volas s et L1l 5 130e 1275 2 827 w0 3w 32 3 2224 2233 313 6 28 9s0 « 77 5 520 35) 19 6.5 7 555 Sia To9 L 35l 38)
G2 % 1748 1729 1126 ewd 678 Yo7 o279 23 2 528 w14 970 32 4 74z 68l 303 7 529 303 o7l 5 521 37 33 5 5 9 319 323 7 918 289 382
o ¢ 6 78l 781 12 1 Law0 terl 14l 5 499 48 2 6 W lees T8y 2 2 54173 3182 313 @ 1317 1309 4 720 5 526 543 584 6 5 11 408 395 T10 L b4 493
a2 7 787 sz 2oz 505 4 111 9 see 923 2 5 1 530 esi 3oz 61715 1187 31315 914 908 4 72y 5 526 521 490 6 512 157 310 710 3 42z a7
oz 8 235 391 123 230 2 1AL ses 573 2 6 2 s ame 302 7 743 728 31311 alr 38t a7z 5 6 11787 17e0 5 51T 301 238 71012 413 39
0z 3 403 347 Loz oA s e Lt sis sis 2 6 31630 1e%s 3z 8 2420 2021 1130z 4n a1y 4 8 C 5 6 3 g2 397 5 519 333 291 71016 306 219
¢ 210 1198 1057 1oz s 51 w0 LAl s78 879 2 6 e« a722 1679 30z 5 2al zls 31314 338 376 4“8 2 5 6 5 623 o8 6 520 475 a2 10101 768 7a3
¢ 241 292 23 L2 71 245 308 Ll 1S Ses 574 2 6 5 625 bas 3216 53¢ 553 313 16 750 783 4 82 5 6 7 553 $65 b 522 820 sls 7112 50T 448
0 212 903 925 L2008 1319 1758 tlla? 300 e 2 6 b 1172 1l4e 32 1L w3 385 313 18 54l 505 4 8 & 5 & § 555 610 6 523 212 221 7L 3 esB 896
Q713 845 T3 Lo29 633 587 ALY 21 214 206 T 126 WL 3014z 1383 438 34 L BbY 825 4 B & 5 615 332 3 b & 3 592 i T4 308 287
o 215 571 5w L2 10 1853 154 Vl2s ser 337 2 s 9 12 3213 ach 08 334 3 337 280 “« 8 7 5 6 1a 349 338 6 & 4 £33 &D9 TIL s a00 365
C 2 ik 750 755 122 122 is3 L 12 5 507 4us 2 4 10 442 391 3 215 8ss B28 314 8 423 Als 4 8 8 5 & 21 453 381 & & 5 385 38D 1AL B Sa2 54l
o 218 2342 2048 L2013 ess w1 112 6 725 7a 2 51 1619 137a 3206 1176 1247 3445 297 307 “« 8 s 5 623 432 483 6 6 6 383 303 7110 a0 43
0 220 1853 1887 L2 28y a8l 112 9 49 285 2 612 blh 8Cs 3217 1021 1604 3 14 10 543 582 4 81 5 6 27 332 345 6 b 7 159 695 74113 338 301
D 221 326 290 12 1S acos 1022 11210 ecl set 2613 1313 1284 3 216 517 550 314 12 528 s0s « 812 5 7 2 598 562 6 & 9 835 879 71T 33 o
0 223 526 480 1 21s &1L s0p 112 11 440 397 2 515 als a08 3215 1175 1162 314 14 332 3e2 X 813 5 1 & 355 318 & & L0 448 647 7139 359 3ol
0 2 2¢ 4vs 483 1211 T 1 11212 318 465 2 616 3ss 273 3221 555 %08 31815 210 322 PR 507 7 429 354 6 615 308 292 T3 L ov2r sas
9 225 388 4y L2113 w20 945 V1215 369 sl 2 620 433 41 3723 a3 3es 31871 612 ey « B 1b 507 8 391 w29 6 621 432 a5z 8 0 2 397 45n
0 228 569 a1y 1220 11s 790 14217 364 316 2 822 323 292 32 24 asp 398 315 2 129 389 « 88 5 7 9 a55 44l & 7 L ell 31 8 0 & 5353 581
O 4 0 545 400 b2zt e 700 11219 289 270 2 623 371 28w 3 22% ew3 60 315 5 354 354 4 820 5720 382 a4 57T 3 731 Tes B0 8 48 310
9 @ 11117 1084 1222 829 @3 112 22 398 sl4 27 0 2273 2348 33 12392 2485 315 & 617 s 4 822 5 722 sr15 557 & 1 4 heg 528 2 018 45 473
0 4 2 2986 2703 1223 s45 650 112 24 318 321 2 7 1 916 903 303 31372 3407 318 7 387 « 8 24 5 8 2 492 sc2 & 7 5 390 345 § 020 Al 4Ll
0 & 33373 325 13 Lo 913 113 2 704 689 21z 515 517 303 4 zs1 262 315 8 sare azé 4 827 5 8 3 422 4l 6 7 8 526 526 512l 374 38y
0 4 & 2353 230) 13 2 2120 1588 113 & 689 663 2 1 3 433 36k 303 5 se. 809 315 10 447 ako 4 9 1 5 8 5 638 654 & 710 321 303 B 11s ez 403
© & S 1719 1667 L3 3 407 as7 113 5 515 495 27 41393133 3 3 b toie 985 315 11 440 450 “os 58 5 545 494 & 11l 518 523 8 1T s9T 624
0 4 & 1431 138D L3 & 1958 49ls L3 % 512 499 2 7 51505 146D 303 7 e 70 3215 17 354 07 “ 9 % 5 8 81053 1022 6 T 13 525 4al & 1 e 353 33l
0 4 7 4Ts 489 103 s 429 399 11310 465 437 27 61974 1925 303 8 1S75 2028 31513 281 226 4 9 5 5 & 3 785 173 & 714 38l 260 & 1 5 sar s1s
C 4 B 697 687 13 & 1120 118l 1312 s T3 27 71136 1185 303 9 417 42 31516 285 213 “« 9 b 5 3 10 417 436 6 719 338 276 e 13 a2 zay
0 & 9 628 5B 103 7 10ss 1227 1E3 13 519 498 2 7 8 358 289 3310 2656 2780 315 17 381 380 4 9 3 5 8 1) 595 Bse 6 72l 565 399 8 1 2 526 457
G 4 10 1080 1007 13 e ga VU3 Lk A3l 583 2 1 9 2% ass 3312 21t zai7 218 18 3oa zee + 91 5 B 15 827 6k 5721 3k 3017 5 1 0 574 959
0 41l 1527 148y 1310 1340 1293 U345 43s 379 2710 1810 1482 3 316 508 Aee 316 3 a00 Azé PR 5 8 16 433 415 6 8 ¢ 13a2 1289 8 2 0 765 143
6 412 %02 63 13Ul ees s8y Vi3 le 472 492 27111288 119 3317 832 9 316 5 677 7le PRI 5 817 431 431 6 3 1 133 309 B 2 1 406 4Cs
2 4 13 1047 1650 1312 2659 2060 11319 212 233 2 712 876 92 3 318 327 316 & 4T1 49T 4 911 5 818 410 413 5 B 2 338 128 82 A l23e 1200
5 4 la %8Y 635 1313 1607 1839 11321 488 20 2 713 8ge sy 3319 1303 3404 316 8 ABY 488 315 5 319 827 B&3 6 8 4 713 T8 8 2 5 545 Aga
2 415 577 S84 L3 14 110C 1073 113 24 33E 319 2 714 403 435 3 320 e3e 593 318 10 331 37e « 918 5 B 21 426 4bb 6 & 5 eas 693 8 2 6 125 759
2 4 1 307 230 131% 855 855 1ie 6 325 315 2 715 a3l 482 3 321 521 89 A 00 2922 3115 4 92t 5 822 327 248 6 8 1 458 437 8 2 7 6B Adl
G 417 TIT 743 1 316 976 983 $ 14 B 495 527 2 1T 336 320 3 32z e2) sla A 02 2804 2956 . 9 2% 5 823 291 359 6 810 578 552 4 2 9 353 250
0 4 18 550 558 13T scr w2e 11a 9 322 290 2719 31 299 3324 A24 677 4 0 A 789 BlS 410 0 5 9 1 e23 8i3 b6 B 1L &6 64l 8 210 408 472
0 419 472 538 1319 643 439 1 da lc 543 512 27 21 85T se7 30328 ela 4 Q0 8 8BS} 880 410 2 5 9 2 663 7136 6 812 485 534 8 213 459 4zl
0 & 21 R2% 9% L 320 524 %42 Lla Ll 277 208 2 123 289 M 3 4 12350 2352 A 010 4T} w96 410 3 5 9 & 762 826 4 815 550 533 & 215 45) 440
0 & 22 388 396 10322 425 407 11e 12 479 &30 2 v 2% 317 321 3 4 2 524 60 4 014 517 453 10 4 5 9 5 5le 559 6 B 17 530 568 B 217 432 445
0 %23 443 47y Vo326 138 122 11616 343 334 2 8 o 2124 2038 3 4 3 11sm Jles 4 018 302 s01 v 10 6 5 9 8 326 230 s 821 35 3i0 8 210 207 286
o 4 24 558 573 b3 2T see 559 114 20 378 408 2 8 1 a2 3 4 4 321 299 4 018 88T B 410 7 5 9 9 422 at0 6 3 1 558 504 & 220 %22 512
0 4 25 1088 1064 L2128 330 308 11422 293 244 2 08 2 244 259 3 4 3 &0 585 4 0 20 1129 1090 4 10 10 5 ¢ 13 350 302 6 9 2 406 43l 6 320 475 4t
o 6 02187 2280 1414270 4357 115 6 535 639 2 2 21028 1014 3 4 61366 4319 40221323 1314 4 1011 5 912 383 330 5 % 3 536 510 § 318 567 356
0 6 L 25 198 L4 2 729 6% 115 8 845 633 2 8 4 500 4% 34 7 287 238 4 024 b21 & 41013 5 913 535 351 6 9 & 652 84T 8 318 352 349
o & 2 86k 812 L4 3 2036 1933 115 16 264 296 2 & % 399 46) 3 4 81430 1406 4 1 01078 11eS 410 15 5 9 L4 483 4T% 6 910 5TL 627 4 311 439 38
0 & 3 3’ 319 Los & 440 657 115 17 455 a94 2 8 6 1L1s 1096 3 4 9 1100 lo8L A L 1 104 8eB 41017 5 915 9Ty 9s52 6 912 251 211 8 3 8 456 374
o6 & 1Tl 1871 L& 3 1921 1883 18 T2 351 siy 2 8 7 €50 s83 3 410 583 540 A 1 2 8ss sae 410 18 5 917 817 569 610 0 3lo 256 8 3 7 335 4o
0 5 5 ul3 87l L4 6 535 147 116 3 301 287 2 8 8 451 493 3 411 581 63 4 1 3 853 b6a 410 19 510 3 549 473 615 1 B5T 780 8 1 & 475 skl
O & & 1080 1105 Loe 71389 1322 116 4 307 223 2 8 9 452 a0l 3 412 8ic 4L 4 1 4 1l1e 1092 410 20 510 5 1345 1328 613 2 &hé 383 8 3 3 A4k 4a5
o 6 T 511 &2 o4 8 807 809 116 B 215 3e1 2 B 10 65 sa7 3 413 853 a1z 4108 Bes 410 22 510 & 579 868 5190 3 934 993 8 3 2 838 86
0 b B 98 983 1410 725 748 L1 5 3a5 3g 2 811 1i25 1135 3 416 52 456 4 1 61341 1373 &1 2 510 7 486 453 610 & 400 320 8 3 1 393 357
0 6 O 740 TS L4l 205 10 116 to 335 306 2 813 s 637 3417 sls 517 4 1 7 813 963 41 4 510 8 682 610 7 392 46l 8 3 C 385 342
0 610 1485 1674 1oed2 o259 237 Lie 1T 318 331 2 815 349 403 3 621 313 3% 4 L 8 1886 1676 &1l e 5 10 10 1105 1075 810 5 358 200 8 4 ¢ 50 809
O & 11 1276 1286 L4113 526 502 20 01574 1594 2 811 628 634 3 422 454 #l0 41 9 248 1 b M 312 11 532 510 11 19 3as e 4 2 aze 338
o513 91z 882 L4 ls 969 972 20 2 237 343 2 819 526 487 3 423 59% S5 4 110 1855 1722 “1 e 510 12 943 938 810 12 404 327 B 4 4 823 437
0 6 14 1265 1323 LoeLr o eas 33 2 0w 269 331 2 822 540 480 35 1 95e 288 § 113 327 43112 510 13 4B 417 610 13 481 520 6 4 7T 365 355
Q8 15 1195 1136 14 de 266 139 2 0 5 &1 ssl 2 824 36l 308 308 2 529 %12 4 11e Sic 929 41115 510 14 387 403 61015 327 288 8 4 8 329 3ap
v o616 330 2w o421 290 190 2 0 8 691 65 2 825 128 268 305 8 756 Tes 4 115 1198 1253 anar 510 15 395 S| S XL 0 898 563 8«10 390 521
o 817 1301 1319 1 425 293 322 2 010 662 b87 2 827 304 3122 3 5 71009 95 4 117 615 58 A2 511 & 419 s42 6 1L 2z 508 574 8 411 380 338
0 & 1B iDS2 1026 1421 3se 21 2 012 7182 812 2 9 0 2100 2073 3 5 8 2274 2297 4 119 310 280 412z S 1L 6 3a1 329 811 & 305 323 § 414 51T a78
0 819 39l 388 oS oL 312 sl 2 014 2073 2140 2 9 1 939 9is 3510 2256 2287 4 124 565 Abé 4 Ll24 511 7 388 78 11 85 563 51 B & le 29T 29
0 6 20 1lsi 1201 1523983 3328 2 016 1084 tC94 2 5 2 165C 1099 3 511 %20 5% s 127 118 2%9 412 L 511 9 398 4e2 S 1L T 699 756 8 5 b 582 597
b 821 Bes sE2 15 3 sbe 615 2 020 557 2 9 31050 985 305 12 1507 1489 4 128 260 171 412 8 5 k130 317 28 611 9 928 978 8 5 2 401 359
0 623 3&i 31l L5 Lozses 2sTe 2 022 a8y 47 2 9 8 561 %01 3 518 157 4 2 0 LBST 1768 4121 S 1L UL 419 368 & 1111 852 890 B & 0 504 498
D 6 24 968 993 b5 s 1383 1338 2 0 24 344 308 2 % 7 a28 361 3 515 349 329 A 2 1 A3 4 12 1s 5 11 12 508 543 6 11 13 643 681 8 & 2 337 N0
0 621 379 276 15 6 1458 1428 2 ¢ 28 302 239 2 % 9 %21 éba 3 5 1s sps S5le 4 7 2 1328 1384 41215 511 16 385 4e2 61119 270 17% 8 6 4 ABE 403
0 6 28 67 18 8 2194 2199 2 028 295 2e8 2 912 19 1&9 3 518 823 833 4 2 31035 1053 412 20 S 1146 329 371 612 3 255 287 g & o 4b8 440
0 8 0 3610 3627 Vo5 9 aia e 2 1 0 1435 1380 2 911 986 932 3 520 590 592 4 2 & 51 B2 443 0 512 2 $26 530 612 1 303 325 86 1 3k 543
o 8 1 53 PS5 A 3321 desd 242 aos 302 Z 932 43 dEs 3 32z Ave e 42 5 55 58 »13 1 31z 3 487 A3 51212 249 705 2oe e am
o 8 22500 2473 1511 379 «ls 21 5 213 2c0 2913 340 ab 3 526 317 288 4 2 6 37 41y 2 s12 6 301 229 612 14 306 213 Boo Y w2
¢ 8 31398 1400 15 12 3328 3392 2 1 b 208 257 2 915 e 342 3 6 1 1628 1839 &2 7 1674 1781 613 3 su2 1 3L 238 61215 338 385 HEF IR A
0 B & 999 1083 10513 314 31s 2 1 7 271 e 2 918 w1l &0 308 2 35103 4 2 8 470 ael 413 4 512 8 425 688 613 0 373 381 s 1T 3ze ot
D 8 5 65 721 105 14 2448 2438 21 81191 lssl Z 917 593 sz8 3 6 31205 1247 a2 91281 i290 613 s 542 10 521 514 613 7 530 554 3113 s 2t
o 8 & 58) 529 1515 315 33e 2 1 92153 2208 2 919 483 ada 3 6 4 1332 1328 « 210 331 339 PREENY S 12 12 436 398 613 9 361 aos 8 712 362 251
o 8 7 B2 M 1517 553 625 2110 1023 1956 2 920 413 391 3 5 51593 1395 « 2111195 1178 41310 512 16 297 223 61315 349 332 & Tl 280 2al
9 8 8 &) a3l L 51z 7es 728 2111 2281 2375 2 922 524 435 3 6 & 302 259 « 218 3181 333 41313 51218 343 299 614 3 a2z 410 & 1 5 244 308
2 8 9 997 y0es 1 515 gas 853 2 112 501 5ss 2 924 2715 283 3 6 Y a0l 480 4 216 #19 412 616 0 512 19 305 400 6 16 11 328 283 87 3 ded 288
U B 10 1400 1382 1520 4og 290 2113 1ee1 1460 2 925 303 257 3.6 9 742 718 A 217 534 s2e 462 513 1 333 366 6 14 13 299 329 8 7 3 eas sl
0 811 856 833 1822 505 44 21 14 2249 2243 2 927 815 40 3 610 1553 Jes9 « 218 323 320 418 16 513 2 455 Ae? 615 5 429 415 8 1 0 T 735
0 B 1z A3k 4xs 10523 461 a40 2 115 398 339 210 0 918 908 3 & 12 2009 2108 4 213 518 as3 4 (818 513 3 38z 336 615 7 293 388 20 0 430 525
o 816 1133 1208 15 24 ars 478 2 116 412 489 210 4 803 Tis 3813 885 kel 4 220 (25 68% 415 0 513 6 348 372 10 6 335 238 8 8 3 506 46a
o 818 1220 1187 L5 25 23y 192 2 117 1 1es 210 5 388 3a7 3 614 434 503 & zzL 438 sel 415 1 513 B 433 508 T Q22 383 a6 28 4 sos 320
0 820 837 BCY 1 528 799 802 2 118 w23 815 210 & 218 318 3 s 17 811 B9 4 222 469 431 415 2 51310 374 413 7T 024 2313 287 B 8 b 43¢ 491
o 823 4le 323 1527 sol «ed 2 1% 453 505 210 7 812 478 3 819 7RE T8 4 228 250 214 s i3 3 514 L 837 480 T 14 893 a7 e 2 9 e 3
0 8 2e dve n2 1528 819 831 2 120 a2 37 210 8 297 280 3 520 377 34 4 3 0 850 815 Als & 514 2 542 607 T2 LS9 U 8 1L mel 933
o B 25 48 880 [ w55 2 121 341 31e 210 15 303 263 3 621 39% S38 4 3 1 @31 935 443 3 514 & 200 165 T oLy oscl sk 8 21y T0z 708
0 828 385 449 163 1343 128) 2 122 b2s 181 220 18 303 842 I 622 ek AT 4 3 21080 1076 418 6 514 9 403 423 714 Te) sou 8 70 292 30s
910 0 3028 3136 pob & o623 el2 Z o124 983 983 210 20 373 284 3 626 503 530 4 3 3 1653 1481 Als 7 51412 343 383 7 112 ata 413 36 oy 2u
Y10 2 2875 2182 Lot s 563 sas 2 121 357 s20 211 9 1% 12 36T w385 A4 3 & 307w 2090 sl o S 14 15 4be 450 TOA Y a2e ae? 8.5 43w
210 3 840 828 b6 7 seE 513 2 128 432 a1s 211 1 eys Tas 37 1 338 9 4 3 5 1458 1399 416 3 515 1 39 330 7 11T 481 470 303 219 3
010 4 1890 1935 Los o9 Tes 783 2 2 1 931 ser 211 2 987 88O 37 2 1290 1351 4 3 b is8) Lens 416 6 515 5 278 360 7 119 597 s19 810 & 296 289
210 5 86C 813 L6 10 824 768 22 2 ede gse 211 3T nne 37 31351 138 43 8 413 4q? 4181 518 1 296 273 T 120 356 320 slo1t 300 283
D10 & 969 1008 1611 391 3ss 2 2 ) 432 k09 210 6 320 2 37 41011 1081 4 3 9 288 5 9 6 516 3 28% 273 7 12z 308 338 81013 alg 452
510 7 v2e 894 b6 12 1593 1592 2 2 5 18 19t 2 11 7 1654 1887 307 51315 1280 « 310 159) 1589 5 08 518 6 267 120 7126 M2 2% 812 0 430 354
51010 360 225 Losus 258 1 22 7 214 2413 2 0L 9 1451 1ase 37 & 251 2% 4 3l 893 esy 5 01¢ ¢ o o 370 575 Tz e s19 s17 HE R B
510 11 968 974 Los 6 Bss am 2 2 8 525 53} 21110 ik a29 301 7 552 600 4312 471 78 s 012 6 0 2 %554 Sua 12 7 es2 s20 g 1o des wid
010 14 64 683 Losdr T1s 74 2 2 9715 i76e Z 1L 1L a3s 402 37 81385 1337 4 313 1188 1158 s 020 6 0 & 352 599 7 2 8 408 380 o012 s 3wz
010 15 140k tud7 1619 1118 11le 2 21c 830 7 21108 879 478 31 91182 160 43 14 1293 1308 s 026 6 013 ss7 see 7210 645 27 3003 s a2e
9 19 15 1022 I0e2 L& 20 ae3 20 2201 238 289 21115 458 aeg 3710 1Uss 1183 4 306 291 254 5 028 6 01z sl 895 7T 212 370 549 2 Lo ase 271
5 {2 17 16t 1102 1621 893 sse 2 213 433 abs 21 16 471 ae1 3T L o13S2 13es 4 317 404 a0l 5 028 6 0 14 a7l 465 7223 283 3 112 ate 548
010 18 1678 1029 1625 eer ws? 221k e 324 22118 537 575 3 113 a5y 319 4 312 1077 1108 503 6 015 1147 1183 703 11517 14k 321 s 951
01019 613 s34 Lo 2e b71 sb0 2 215 292 294 21120 433 ags 3715 486 a89 4 320 800 7e s 12 & 020 468 428 73 2 1asé L1ee2 12 2 39 282
013 20 1Lt Losy 1628 339 348 2 217 451 a7 21121 302 328 3719 151 a8 4 321 388 27me s 105 & 022 819 815 73 3 370 290 723 s01 55y
0 12 2L 1094 Liel L7 ese w2 Z 218 183 k9 21122 78l 208 3720 545 Sae 4 322 319 333 5 1 7 & 0 24 534 SB3 7 3 4 500 46l 9 2 8 225 300
919 22 103} 1003 17t 21037 1013 2 221 a5 353 20126 266 243 3721 ese 654 4 328 521 81D 5 1 8 & 025 201 258 T3 61137 138 P2l a2
019 23 559 311 [ I 2 2122 758 187 2,12 1 413 32 3722 483 30 4 4 01273 1258 s 112 6 028 339 380 T3 s T 138 3 212 400 uce
21025 336 3351 Vo oa 390 3 2 223 e16 S8 2712 3 328 320 3 T2 21 4 4 1108 1091 s 113 & 1 0 el sk Tl e52 334 3 215 38 9
012 210810 1046 17 51588 1528 2 25 415 63l 212 5 als 3 1127 258 202 4 4 2 B3s 306 5 0134 6 L 1 288 233 7 312 702 8m1 9 211 3it 289
012 1 685 595 116150l Lase 2 228 3rs 347 712 7 1056 10% 18 L oass y9zl 4 4 245% 2428 5 1% & L 2 783 W2 T3 1k AQ% 3%k 9 318 305 282
012 2 1385 1429 Lo7o7 919 @28 2 zza 394 87 212 3 562 e 308z 38 329 4 4 4 435 4 5 11s 6 3 3 518 509 T 31 és0 135 2115 01 zee
012 3 baw 512 1781958 1931 2 3 0 385 age Z21212 311 3e9 303173 1200 4 4 51053 1068 s 117 1 & 793 81s 7317 186 308 ? 313 358 wca
012 4 713 126 b7 91006 953 2 3 1 b8 654 & 12 13 386 407 3 8 %5 288 325 “ & 1 83, [l 6 1 6 T35 194 7 318 Tes T5s g3 5 383 363
3125 5% 536 o7 de 1112 189 2 3 2 2106 2690 2 12 14 655 645 308 6 b38 66T 4 A8 462 M9 5 124 6 1 7 ald 390 T o319 308 272 93 8 453 «cd
012 7 1715 1799 17 11 1079 Lo98 2 3 3 8¢ &s0 212 16 48 250 3 8 & a3 358 ¢ & 9 718 IN2 5 126 6 1 8 323 295 T 320 3e2 30 ?3 3 570 583
9 1z 9 1823 1A7) 1712 595 b6 203 & 485 a9s 21217 318 2e2 38 9 6e7 687 & 41l 878 871 5 2 1 & 1 9 11s7 1228 T 322 T4 792 9 3 2 839 08
0 1z 10 &8 521 LT le 5le 508 2 3 5 1197 1l8s 21220 d1a 298 3 o811 277 290 4 4 13 1363 1438 5 2 2 6 L1 1108 1148 7 4 2 324 316 : 410 3640 40D
012 LS 4ss 442 1717 432 480 21 6 285 223 212 2L 441 422 3 813 Tic 7ez 4 415 813 876 s 23 6 L1y 18T 7% T 4 3 794 79 411 340 304
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TaBLE V
PrLanEs oF BesT Fir (LEAST SQUARES)

(a) Coefficients®

Plane Description A B C D
1 Organic ligand 1 —0.3361 —0.9246 —0,1054 4,1322
2 Organic ligand 2 —0.4570 —0.8894 —0.0097 3.4438
3 Four donor atoms —0.3087 —0.9488 —0.0666 3.9777
4 Phenyl ring 1 10.5094 0.8505 —0.1311 ~3.4734
5 Phenyl ring 2 -~0.5904 —0.8071 —0.0074 2,7608
(b) Deviations from Planes®
Plane:
1 2 3 4 5
Cu(II) 0.171) (—0.155) (0.083)
o) 0.003 0,056
o(2) 0.000 —0.057
N(1) -0.003 —0.052
N(2) 0.005 (0.061)
N(3) 0.000 0.052
N 0.000 (—0.179)
C -0.005 (0.098) (0.007)
c@ 0.005
C(3) —-0.003
c@ —0.002
C(5) 0.006
C(6) 0.005
C(7) —~0.001
C(8) 0.000 (—0.218) (—0.066)
C( —0.001
C(10) 0.012
C(11) —0.010
C(12) —0.004
C(13) 0.017
C(14) -0.015

¢ Each plane is represented by 4X + BY + CZ = D, where
X, Y, and Z are the coordinates in dngstroms referred to the unit
cell axes. P Atoms in parentheses were not included in the
calculation of the plane.

alaninato)copper(I1) which is known in both cis?® and trans?®
configurations. A review of metal-peptide complexes? has
indicated that the bond length -NH,—~Cu(Il) is remarkably con-
stant at 2.008 (7) A, and the carbonyl O-Cu(II) bond varies
from 1.935 (3) A in bis(biuret)copper(I11) dichloride® to 1.987 (7) A
in glyeylglycylglycinatocopper(11) chloride sesquihydrate.?! The
NH:-Cu(II)-O angle in five-membered rings is always 82-85°,
whether the oxygen is part of a carbonyl or a carboxyl group.
The crystal structure of an unbound ligand, isonicotinic acid
hydrazide, related to the one in the present structure, is known?®
(see Figure 2). The geometry of the two ligands is very similar,
except that there is a marked decrease in the unbonded -NH;« - - O
distance across the chelate ring on bonding to copper, 2.61 vs.
2.84 A. The ~NH,~Cw(II) and O-Cu(II) mean bond lengths
(2.009 (9) and 1.939 (8) A) are in good agreement with those
found in copper(Il)-peptide complexes and so is the mean ob-
served NHy—-Cu-O angle (82.8°). It appears that the bidentate
ligand, when bound to the copper ion, distorts to conform with
the geometry usually observed around the cation. In metal-
peptide complexes, such distortions are unnecessary, as the mean
N .0 distance in free peptides is exactly the same as in metal-
peptide complexes (2.68 A). When an sp®-hybridized carbon
atom of a peptide chain is replaced by an sp*hybridized ~-NH-
group, the N...0O distance is increased in the unbonded ligand,
and the distortion observed in bonding is necessary to accommo-
date the requirements of the copper(ll) ion. A detailed com-
parison of individual bond lengths in the present structure and in
isonicotinic acid hydrazide cannot be justified, as the standard
deviations in the present structure are fairly large for the ‘‘light’’
atoms (¢ = 0.0183-0.019 A), and in the unbonded ligand the
standard deviations are unknown.

(28) A. Dijkstra, Acta Crystallogr., 20, 588 (1966).

(29) R. D. Gillard, R. Mason, N. C. Payne, and G. B. Robertson, Chem.
Commun., 155 (1966).

(30) H. C. Freeman and J. E. W. L. Smith, Acta Crysiallogr., 20, 153
(1966).

(31) H. C. Freeman, G. Robinson, and J. C. Schoone, ¢bid., 17, 719 {19684).
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@)

(b)

Figure 2.—(a) N-Benzoylhydrazine (present structiire). The
bond lengths and angles given here are the mean values from the
two crystallographically independent ligands. (b) Isonicotinic
acid hydrazide.®

The structure as a whole can be most easily understood from
the x projection, Figure 3. The Cu(I) and Cl ions are confined
to cylindrical regions about 7 A in diameter running through
the structure in the x direction. The organic moieties fill the
channels in between but in such a way that the Cu(Il) ions are
closely associated with chloride ions 1 and 5 (see Figures 4 and 5).
These ions are located 2.76 and 3.13 A from Cu(II) on a slightly
bent line of angle 170°. The copper atom is displaced from the
mean plane of the ligands in the direction of the nearer chlorine
atom. The mean Cu(II1)-Cl distance of 2.95 A is very close to
that found in, for example, bis(biuret)copper(II) dichloride
(where Cl-Cu(II1)~Cl is linear by symmetry). A network of
hydrogen bonds binds the organic ligands to the Cl ions (see
below).

The arrangement of cuprous and Cl ions is less easily described.
Figure 4 shows a view of the asymmetric part viewed at 20° to the
xy plane. Roughly speaking, each cuprous ion is associated
tetrahedrally with four Cl ions. The tetrahedron with Cul(1)
at its center and its counterpart generated by a center of sym-
metry at /5, 0, 0 share a common edge (that formed by centro-
symmetrically related CI(2) ions). These (identical) tetrahedra
are not very regular, the Cl-Cu-Cl angles ranging from 92.8 to
127.7° and the Cu~Cl distances from 2.27 to 2.63 A. However,
they are substantially more regular than the tetrahedra associated
with Cul(2) and with Cul(3). These tetrahedra are very dis-
torted with angles spanning from 91.3 to 140.0° and from 84.1 to
132.4°, respectively. They have, however, one feature in com-
mon. If we designate the tetrahedra CuABCD, then in both
cases Cu lies nearer to the plane of ABC than a regular tetra-
hedron would require (i.e., the angles D-Cu-A, -B, —C are all
smaller than 109° 28'), and the bond Cu-D is the longest of the
four. .

Thus, in the tetrahedron associated with Cu'(3), the central
atom lies only 0.04 A above the plane of the three chlorine atoms
Cl(1), Cl(2), and CI(3) with Cl(4) in the fourth position much
further away (see Figure 4). It is interesting to note that the
principal direction of vibration of the copper atom is nearly
normal to the plane of the three closest chlorine atoms. It is
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Figure 3,—Projection of structure down the x axis, showing the columns of Cu(l) and associated tetrahedra separated by the organic
residues.
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Figure 4—A view of the tetrahedral network of chlorine atoms around each Cu(l) atom.

also worth noting at this point that the vibration ellipsoids of
the three Cu(l) atoms are larger, and that of Cu(II) is slightly
smaller, than the ellipsoids of the attached chlorine atoms.

This environment of the cuprous ions is in general agreement
with that found in other cuprous chloride systems. Thus Baen-
ziger, et al.,%® in their discussion of certain Cu(I)-Cl olefin com-
plexes pointed out that the coordination of chloride ions to the
cuprous ion can range from perfectly tetrahedral CuCl, through??
the less perfectly tetrahedral KsCuCls, to the noticeably distorted
tetrahedral arrangement in 1,5-cyclooctadienecopper(I) chlo-
ride.** The structure discussed here appears to be of the latter
type.

The present complex has some structural features in common
with CulCul'(SCN);(NH;)3.28  In both, the Cu(I) and Cu(II)
ions are coordinated tetrahedrally and octahedrally, respectively,
the octahedra sharing two (trans) apices with adjacent tetra-
hedra. Moreover the ligands at these apical positions form the
weaker bonds to Cu(II) and subtend 170° with it. However the
tetrahedra in the thiocyanate complex are much more regular
than here,

Hydrogen Atom Positions and the Hydrogen Bond Network.—
The presumed positions of the 16 hydrogen atoms per asymmetric
unit were calculated as follows. For a C-H bond, sp? hybridiza-
tion of carbon and a C~H bond length of 1.075 A were assumed.
The case was similar for -NH-, except that 0.99 A was taken as
the N-H bond length, in view of the fact that ~-NH- is next to a
carbonyl group.® For the terminal -NH, groups, sp® hybridiza-
tion of nitrogen was assumed, and the hydrogen positions were
calculated from the positions of the adjacent ~-NH- and Cu(II)
atoms, assuming an N-H bond length of 1.03 A. A difference
synthesis, calculated at the end of the refinement, revealed peaks
in positions which were in good agreement with all the calculated

(32) N. B. Baenziger, H. L. Haight, and J. R. Doyle, Inorg. Chem., 8,
1529, 1535 (1964).

(33) C. Brink and C. H. MacGillavry, Acte Crystallogr., 9, 158 (1949).

(34) J. H. Van den Hende and W. C. Baird, Jr., J. Amer. Chem. Soc., 88,
1009 (1963).

(35) ‘‘International Tables for X-Ray Crystallography,’” Vol. 3, Kynoch
Press, Birmingham, England, 1962, p 270.

hydrogen positions. The peaks for hydrogens attached to
nitrogen were higher and much sharper than for hydrogens at-
tached to carbon. This could well be due to the (presumably)
higher thermal vibration of the hydrogen atoms no¢ involved in
hydrogen bonding. As no refinement of these positions was
intended, the calculated hydrogen positions were used in the
subsequent bond length and angle calculations of hydrogen
bonds.

TABLE VI

HYDROGEN-BOND NETWORK®
H:-«Cl ,~-—Coordinates of Cl atom——— N-H:- . Cl

dist, & X/a Y /b Z/c  angle, deg
N1-H(ND1---Cl(4) 2.51 0.1257 0.3313 —0.0230 124
NI-H(ND1--'Cl(3) 2.57 0.4697  0.3662 0.0303 143
NI-H(ND2---Cl{2) 2.63 0.3141 0.0532 —0.0161 140
N1-H(N1)2---Cl(3) 2.88 —0.0303 0.1338 —0.0303 143
N2-H(N2) - - - Cl(4) 2.22 0.6256 0.1687 0.0230 155
N3-H(N3)1---Cl(4) 2.51 0.1257 0.3313 —0.0230 141
N3-H(N3)1---Cl(2) 2.64 —0.1859 0.4468 0.0181 128
N3-H(N3)2++Cl(4) 2.50 —0.3743 0.1687 0.0230 133
N3-H(N3)2---CI(3) 2.60 —0.0303 0.1338 —0.0303 134
N4-H(N4) - - -Cl(3) 2,78 —0.5303 0.3662 0.0303 162

@ Bond lengths and angles, based on calculated hydrogen posi-
tions. Nitrogen and hydrogen atom coordinates as given in
Table I.

An extensive network of hydrogen bonds binds the organic
ligands to the external sheath of chlorine atoms in the Cu(I)-Cl
channels which run through the structure in the x direction.
Each hydrogen on the terminal amino group is associated with
two chlorine atoms in a bifurcated hydrogen bond. H(NI)I is
bonded to Cl(4) and CI(3) at 2.51 and 2.64 A, respectively.
The other hydrogen on N(1), H(N1)2, is bonded to ClI(2) at
2.53 A, and weakly bonded to another CI(3) at 2.88 A, For the
other terminal amino group, the distances are H(N3)1-Cl(4),
2.51 A; H(N3)I-CK2), 2.64 A; H(N3)2-Cl(4), 2.50 A; and
H(N3)2-CI(3), 2.69 A.

In the case of the two hydrogen atoms H(N1)2 and H(N3)2,
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cr/a/N

Figure 5 —Hydrogen-bond network in x projection.
hydrogen atoms, numbered large circles are chlorines,

Hydrogen bonds are shown in broken lines.
As the bonding shown involves three unit cells in the x direction, Tables I and
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2 3 4 5
! ! | J

0 |
[

Numbered small circles are

VI should be consulted for the x coordinates of the appropriate hydrogen and chlorine atoms, respectively.

the angles N-H-.-Cl and N~H:.-Cl’ (where Cl and Cl’ are the
two chlorine atoms of the bifurcated bond) are nearly equal.
In all cases, the sum of the angles around hydrogen is within 5° of
360°, indicating that the atoms involved in the bifurcated bond
N-H-..Cl,Cl" are nearly coplanar. Nitrogen atoms N(2) and
N(4) have only one hydrogen atom each, and this forms a single
hydrogen bond, H(N2)-Cl(4), 2.22 A, and H(N4)-CI(3), 2.78 A.
These hydrogen bonds are bent, the angles being 155 and 162°.

The network of hydrogen bonds spirals upward around the
2, axis (x, /4, 0) and bridges the columns of Cu(I)~Cl tetrahedra
centered around (¥, 0, 0) and (x, /5, 0). It seems that a possible
reason for the cis configuration of the ligands (rather than the
more usual trans) is the much more favorable location of the
amino groups for hydrogen-bond formation.

The hydrogen-bond network is illustrated in Figure 5, while
the relevant distances and angles are given in Table VI.
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