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Crystals of [Cu(trien)SCN]NCS (trien = triethylenetetramine, C¢NyH;s) are orthorhombic.
with four molecules in the unit cell of dimensions ¢ =
independent reflections was measured with a Picker automatic diffractometer using Mo K« radiation.

refined by full-matrix least squares to a conventional R factor of 0.0409 for the 1506 observed reflections.

The space group is P2,2,2;

10.803 (1), b = 9.381 (1), and ¢ = 13.815 (2) A. A total of 1836

The structure was
The coordination

around the central copper atom is square pyramidal with the copper atom about 0.4 A above the plane of the four nitrogen
atoms of the ligand molecule. The Cu~N basal plane bond length has a mean value of 2.016 (4) A. The fifth, apical, posi-
tion is occupied by the sulfur atom of a thiocyanate group; the Cu—~8 bond length ig 2.607 (2) A.

Introduction

In two recent papers,? the structures of the complexes
of copper(II) and zinc(II) with g,8',8''-triamino-
triethylamine (tren) have been reported. Both cop-
per(II) and zine(II) ions were found to be five-coordi-
nate with a trigonal-bipyramidal coordination poly-
hedron. With the aim of making a comparison of the
molecular parameters as the geometry of the ligand
changes, we have investigated the crystal structure of
Cu(trien) (NCS),, where trien = triethylenetetramine
is the linear isomer of tren.

Experimental Section

[Cu(trien)SCN]NNCS was prepared as described by Barbucci,
etal.’

The crystals are blue prisms elongated along ¢. A crystal of
dimensions 0.12 X 0.20 X 0.28 mm parallel to a, b, and ¢, re-
spectively, was selected and mounted along the ¢ axis. Oscilla-
tion and equiinclination Weissenberg photographs showed the
crystal to be orthorhombic; systematic absences observed for the
odd orders of %00, 0k0, and, 00/ are consistent with the space
group P2:212;. The cell constants and their estimated standard
deviations were obtained by a least-squares fit of 20 26 values
(31° < 26 < 45°) taken on an automatic Picker diffractometer
using Mo Ka radiation (A 0.71069 A at 24°). The final values,
with standard deviations in parentheses, are a = 10.803 (1),
5 = 9.381 (1), and ¢ = 13.815 (2) A.

The density, measured by the flotation method, was 1.53 g
cm~38 and that calculated on the basis of four molecules in the
cell is 1.545 g cm ™3,

The crystal was mounted with the ¢ axis parallel to the ¢ axis
of an automatic Picker diffractometer, equipped with a pulse
height analyzer. The data were collected with Nb-filtered Mo
Ko radiation using the w-28 scan (20 scan rate 2°/min); the scan
rate was calculated using the formula of Alexander and Smith,*
A + B tan 9, with 4 set equal to 0.90 and B equal to 1.00. A
background count was taken at each end of the scan range for 22
sec. Four standard reflections were measured every 5 hr to
check the alignment of the crystal as well as the long-range
stability of the apparatus. All reflections in one octant of the
reciprocal lattice out to 26 = 55° were measured. The intensity
of each reflection was calculated as

I = k(Cs — t/Cs — 0.45)

(1) (a) Work done at University of Washington. (b) University of
Washington. (¢) Universitd di Cagliari.
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and the standard devigtion of this intensity was calculated as

or = k{(1/10)(Cs + t2Cs) + 0.25 +
klz(cs + thB)2}1/2

where £ is the scaling factor with respect to the standard reflec-
tions, Cs is the total recorded dekacounts in a scan of ¢ seconds
duration, Cg is the total recorded dekacounts per x seconds at
background, #’ = #/x, and &’ is the estimated stability constant of
the instrument.

The factor 1/19 in the expression for oy arises from the fact that
the measurements were recorded in dekacounts (and the variance
in counts is equal to counts) and the terms 0.45 in [ and 0.25 in
a1 arise from the fact that the recorded dekacounts are obtained
by truncation.

In order to estimate the value of 2’ a set of eight reflections,
covering the intensity range, was selected and the intensity of
each was measured 25 times. A value of &2’ was calculated for
each reflection so that the calculated o7 was equal to the empirical
value evaluated from the 25 measurements. The mean value of
the eight determinations (B’ = 0.07) was used in the general
formula to calculate the standard deviations of the intensities for
all of the reflections.

Of the total of 1847 reflections measured, 340 were coded un-
observed, as their respective intensities were less than twice their
estimated standard deviations, and assigned effective intensities
of 20’1.

Lorentz and polarization factors were applied to all intensities
and the structure factor and its standard deviation were calcu-
lated for each reflection. The linear absorption ceefficient for
Mo K« radiation is 18.9 ecm™! which gives transmission factors
ranging from 0.72 to 0.85; no correction was applied for absorp-
tion effects. .

Structure Determination and‘ Refinement

The co'pper position was readily found from an
unsharpened three-dimensional Patterson function.
All of the remaining nonhydrogen atoms were located
by a series of three-dimensional Fourier syntheses. All
calculations were done on an IBM 7094, using the
programs written or adapted by Stewart.® The atomic
scattering factors used were those of Cromer and
Waber® for Cu?*, S, N, and C and those of Stewart,
Davidson, and Simpson’ for hydroger.

(5) J. M. Stewart, “Crystal Structure Calculations System for the IBM
709, 7090, 7094,” Technical Report TR-64-8, Computer Science Center,
University of Maryland, and Research Computer Laboratory, University of
Washington, 1964,

(8) D.T.Cromerand J. T. Waber, Acta Cryst., 18, 104 (1965).

(7) R. F, Stewart, E. R. Davidson, and W. T, Simpson, J. Chem. Phys..
43, 3175 (1965). :



2764 G. Maronciu, E. C. LINGAFELTER, AND P. PAOLETTI

Inorganic Chemistry

TABLE I
Positional Parameters (X 10%) and Thermal Parameters (X 102)

Bae Bas Bia B Basy
314 (3) 271 (2) 11 (4) 1(8) 9 (4)
739 (13) 332 (R) 94 (12) —131(7) —61 (10)
578 (10) 604 (11) 688 (9) —15(11) 76 (10)
776 (51) 443 (30) —89 (44) 254 (31) —113 (33)
488 (31) 656 (41) —87 (32) —199 (38) —132(33)
431 (29) 367 (32) 2(23) 7 (24) 1(23)
429 (27) 480 (32) —9(20) 32 (25) 4(27)
352 (24) 453 (33) —0(21) 9 (22) 56 (24)
428 (30) 375 (31) 922 (25) 16 (27) 2 (23)
395(39) 211(23) 23 (33) 17 (30) —-9(27)
685 (43) 342 (35) —91 (28) —64(27) —153 (33)
396 (36) 416 (40) —31 (30) —16(34) —28(32)
367 (32) 641 (50) 106 (39) 77 (45) 80 (33)
659 (47) 747 (54) 32 (33) —68(31) 175 (41)
608 (47) 834 (56) —43 (28) 1(34) 77 (39)
539 (48) 497 (47) —154 (39) —29 (36) 66 (38)
341(31) 635(51) 46 (46) 157 (50) 24 (33)

Positional Parameters (X 10%) and Thermal Parameters (X 10)

Atom x/a ¥/b z/¢ Bu
Cu 2101 (1) —48 (1) 1071 (1) 237(2)
8(1) 1111 (2) —202 (3) —646 (1) 552 (8)
S(2) 2013 (2) 3892 (2) 4033 (2) 378 (8)
N(1) 3492 (7) —341(9)  —1438(4) 971 (44)
N(2) 1432 (6) 6783 (7) 4085 (6) 750 (41)
N(8) 1019 (6) —1511 (7) 1721 (5) 280 (28)
N(4) 3395 (5) —1617 (6) 1070 (5) 294 (22)
N(5) 3548 (3) 1240 (8) 789 (5) 346 (24)
N(8) 1295 (7) 1722 (7) 1589 (6) 370 (32)
) 2497 (7) —283(8)  —1137(4) 877 (43)
C(2) 1664 (6) 5589 (8) 4079 (8) 310 (29)
C(3) 1602 (8) —2035 (9) 1578 (7) 489 (41)
C4) 2947 (10) —2745 (8) 1721 (8) 467 (38)
C(5) 4550 (7) —892(9) 1405 (8) 279 (29)
c6) 4731 (6) 427 (9) 813 (7) 300 (30)
C(7) 3413 (9) 2458 (9) 1467 (7) 524 (47)
C(8) 2081 (13) 2961 (9) 1398 (8) 705 (51)
H(331) 100 (6) —133 (6) 259 (5) 54 (17)
H(332) 35 (6) —149 (8) 153 (6) 81 (25)
H(31) 116 (8) —375(9) 102 (7) 98 (31)
H(32) 149 (5) —326 (6) 93 (4) 32 (14)
H(41) 319 (6) —245 (8) 252 (4) 80 (17)
H(42) 340 (5) —372 (6) 150 (4) 50 (15)
H(441) 340 (8) —180(7) 23 (6) 80 (26)
H(51) 442 (6) —59 (6) 219 (4) 70 (19)
H(52) 518 (6) —175(7) 149 (5) 52 (18)
H(61) 540 (5) 113 (5) 118 (4) 41 (13)
H(62) 491 (7) —14 (10) 14(3)  119(26)
H(351)  351(9) 178 (9) 30 (6) 84 (33)
H(71) 365 (5) 211 (5) 211 (4) 24 (12)
H(72) 391 (5) 333 (7) 112 (5) 81 (17)
H(81) 185 (7) 378 (7) 198 (5) 66 (18)
H(82) 194 (10) 340 (9) 70(7)  112(33)
H(661) 57 (6) 182 (8) 145 (8) 39 (23)
H(662) 113 (5) 154 (5) 220 (4) 10 (12)

Refinement was carried out by full-matrix least-
squares, -assigning unit weight to all the reflections
(unobserved reflections with F, < F, were given zero
weight). The function m1n1m1zed in the least-squares
* and the discrepancy
factors quoted are R ‘F \” /E[Fof and Ry, =
(Ew([Foi Two cycles of least-
squares reﬁnement with 1nd1v1dua1 isotropic tempera-
ture factors reduced R, to 0.083 and one cycle aniso-
tropic to 0.054.

A three-dimensional Fourier synthesis calculated at
this stage revealed the positions of the hydrogen atoms,
whose peak heights ranged between 0.63 and 0.39 e—/A3.
When the hydrogen atoms were included in the F,
calculation, assigning to each hydrogen atom an iso-
tropic temperature factor equal to that of the atom to
which it is bonded, R; dropped from 0.054 to 0.046.

A total of 226 parameters, including anisotropic
temperature factors of nonhydrogen atoms, isotropic
temperature factors of hydrogen atoms, and the scale
factor, were finally to be adjusted. Because of the
limitations of core size on the computer, all of these
variables could not be refined simultaneously. Re-
finement was completed by four successive cycles of
least squares, where the weights were assigned values

equal to 1/¢% In the first cycle all parameters of all
nonhydrogen atoms were varied while the parameters of
the hydrogen atoms were held constant and in the final
three cycles all of the parameters of the atoms (both
hydrogen and nonhydrogen) of the organic ligand were
allowed to vary while the parameters of the copper and
thiocyanate ions were held constant. The final values
of Ry and Ry are 0.040 and 0.032, with the average shift-
to-error ratio of 0.2¢ and the maximum ratio of 0.60¢.

The final atomic parameters and their standard
deviations are given in Table I. The final values of
observed and calculated structure factors are given in
Table IT.

Discussion

The crystal structure consists of five-coordinate
Cu(trien)SCN* cations, with a distorted square-
pyramidal configuration, and SCN— anions, connected
by a network of N-H---N and N-H:- .S hydrogen
bonds.

A perspective drawing of the Cu(trien)SCN* group is
shown in Figure 1. The square-pyramidal coordina-
tion polyhedron of the Cu?* ion consists of the nitrogen
atoms of trien below the Cu?* ion in the basal positions
and the sulfur atom of a thiocyanate group on the
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TABLE 11

OBSERVED AND CALCULATED STRUCTURE FACTORS (COLUMNS ARE I, 10F,, AND 10 | Fy|)
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Figure 1.—Perspective drawing of cation showing labeling of
atoms.

apical position. The conformation adopted by the
trien is quite different from that adopted in the two
cobalt(III)  compounds  B-[Co(trien)(glyglyOEt)]-
(ClOy);-H:0 and  B-[Co(trien)CI(H;0) [(ClOy)s, re-
cently reported,® in which the four nitrogen atoms
occupy one apical position and three equatorial posi-
tions of an octahedron. The geometry of the four
nitrogen atoms is close to a trapezoid whose sides are:
2722 A [N(3)-N(4)], 2713 A [N@4)-N(5)], 2.711 A
[N(5)-N(6)], 3.053 A [N(6)-N(3)]. The Cu-S vector
is nearly perpendicular to the basal plane; the angle of
2° with the normal to the plane is hardly significant.

The equation of the basal plane, calculated with
reference to the direct cell, is: 4.071x + 0.552y +
12.770z = 2.5390. The copper atom is 0.37 A above the
plane, while the four nitrogen atoms are alternately
above and below the plane: N(3), 4+0.06 A; N(4),
—0.07 A;N(5), +0.07 A; N(6), —0.06 A. Such slight
distortion from planar toward tetrahedral has been
reported for a number of Cu compounds.

The bond lengths and angles and their standard
deviations are given in Table III. The four Cu-N
bonds are not significantly different and their mean
value of 2.016 (4) A compares well with the values
found in the analogous structures Cu(en)(SCN),? and
Cu(en)qo(NO;),. 10

The apical Cu-S bond is a long bond, as normally
found in five-coordinate copper compounds with
square-pyramidal configuration.’! Its length of 2.607
(2) A, 0.3-0.6 A longer than the value reported in
copper(II) diethyldithiocarbamate,!? is definitely in the
range of copper—sulfur interaction.

There is no weak coordination of the copper atom
below the basal plane; the nearest atom in this direction
(N(1) of the symmetry related thiocyanate) is 3.491 A
away.

The intrachelate N-Cu-N bond angles, which are

(8) D. A. Buckingham, P. A, Marzilli, 1. E. Maxwell, A. M. Sargeson, M.,
Fehlman, and H. C. Freeman, Chewm, Cominun., 488 (1968).

(9) B. W, Brown and E. C. Lingafelter, Acta Cryst., 17, 254 (1964).

(10) Y. Komiyama and E. C, Lingafelter, bid., 17, 1145 (1964).

(11) E. L. Muetterties and R. A. Schunn, Quart Rev. (London), 20, 245
(1966).

(12) B. H. O’Connor and E. N. Maslen, Acte Crysi., 21, 828 (1966), and
refercnces reported for Cu-8 bonds,
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TaBLE 111
BonD DIsTances (A) AND ANGLES (DEG)

Coordination Polyhedron around Copper Atowm

Bonds
Cu-S(1) 2.607 (2) Cu-N(5) 2.015 (6)
Cu-N(3) 2.013(7)
Cu-N(4) 2,030 (5) Cu-N(6) 2,008 (7)
Angles
Cu-S(1)-N(1) 89.5 (1) N(5)-Cu-S(1) 100.1 (2)
N(3)-Cu-5(1) 97.5(2) N(6)-Cu-8(1) 101.1 (2)
N4)-Cu-8(1) 104.0 (2) N(4)-Cu- \(5) 84.3(2)
N(S)—Cu—N(G) 98.9 (3) N(5)-Cu-N(6) 84,7 (3)
N(3)-Cu-N(4) 84.6 (3)
Thiocyanate Groups
Bonds
S(1)-C(1) 1.646 (8) S(2)-C(2) 1.637 (8)
N(1)-C(1) 1.164 (10) N(2)—C(2) 1.147 (10)
Angles
S(1)-C(1)-N(1) 178.0 (6)  S(2)-C(2)-N(2) 178.1(7)

Organic Ligand

Bonds
N(3)-C(3) 1.490 (11) (5)-C(6) 1,489 (9)
N(4)-C(4) 1.470 (10) N(5)-C(7) 1.484 (11)
N(4)-C(5) 1.495(9) v (6)-C(8) 1.463 (12)
C(3)~-C(4) 1.478 (14) C(7)-C(8®) 1.518(16)
C(5)-C(6) 1.497 (12)

Angles
N(3)-C(3)-C(4) 106.8(7) C(5)~-C(6)-N(5) 108.9 (6)
C(3)-C(4)-N(4) 109.2(7) C(6)-X(5)~-C(7) 117.8(6)
C(4)-N(4)-C(5) 114.4(7) N(5)-C(7)-C(8) 107.0(7)
N(4)-C(5)-C(6) 108.4(6) C(7)-C(8)-N(6) 107.0(7)

Bonds
N(3)~-H(331) 1.21(6) N(6)-H(661) 0.82(7)
N(3)-H(332) 0.80(7) N(6)-H(662) 0.89 (5)
N(4)-H(441) 1.17 (9) N(5)-H(551) 0.85(8)
C(3)-H(31) 1.03(9) C(6)-H(61) 1.10(3)
C(3)-H(32) 0.96 (6) C(8)-H(62) 1.09 (8)
C(4)-H(41) 1.17 (6) C(7)-H(71) 0.98 (6)
C(4)-H({42) 1.06(6) C(7)-H(72) 1.09 (6)
C(5)-H(51) 1.13 (6) C(8)-H(81) 1.14 (7)
C(8)-H(52) 1.07(7) C(8)~-H(82) 1.06(9)

equal to the mean value 84.5° within one standard
deviation, agree well with those reported in related
structures [84.1° in [Cu(tren)NCSISCN,! 85° in
Cu(en):(SCN),,? 86° in Culen)y(NO;),0].

The bonded thiocyanate group is oriented parallel to
the equatorial plane and extends in the direction away
from the “open’’ side; the angle Cu-S(1)-N(1) is 89.5°,
which compares with the value of 90° reported in
Cu(NH;)s(SCN),. 18

All three ethylenediamine rings have the gauche
configuration; the N(3)-C(3)-C(4)-N(4) ring has a k
conformation!* and an almost symmetrical gouche
form: C(3) is 0.38 A above the N-Cu-N plane and
C(4) is at —0.32 A. The other two rings have a k’
conformation and an unsyminetrical form, as observed
in other copper compounds; C(5), C(6), C(7), and C(8)

(13) M, A. Porai-Koshits, Acte Cryst. Suppl., 16, A42, (1963),
(14) E, J. Corey and J. C. Bailar, Jr., J. Am. Chem. Soc., 81, 2620 (1959).
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Figure 2.—Projection of structure on (100). Only one of the
noncoordinated thiocyanate ions is shown.

are, respectively, at —0.72, —0.11, —0.57, and 0.14 A
from their corresponding N-Cu~N planes. The ethyl-
enediamine conformations may also be described by the
dihedral angle made by the two N-C-C planes. These
angles are 55° in the terminal ethylenediamine groups
and 49° in the central group.

Within the ethylenediamine groups there are no
significant differences in bond lengths and angles.
The average value for the C-C bond lengths is 1.498
(10) A and that for C-N bond lengths is 1.482 (5) A.

No significant differences occur within the two
thiocyanate ions, whose average values of S-C bonds
(1.641 (8) A) and N-C bonds (1.156 (10) A) are within
the range reported for other thiocyanates.

In Figures 2 and 3 the projections of the structure
along the b and ¢ axes are shown. The nitrogen atom of
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Figure 3.—Projection of structure on (010).

the coordinated thiocyanate, N(1), and both the
nitrogen and the sulfur atoms of the uncoordinated
thiocyanate, N(2) and S(2), accept two hydrogen
bonds; they are diagrammatically shown in Figure 2 and
listed in Table IV.

TABLE IV
HyYpROGEN BoNnDs®
Distance, A Angle, deg
N(31)~-H(331) -+ - N(1) 3.103 134.9
N(6i)-H(662i)- - - N(1) 3.000 149.9
N(5i)-H(551i). . . N(2) 2.997 174.5
N(6iii)-H(661i1). . - N(2) 3.091 171.5
N(3ii)-H (332441). . . §(2) 3.458 171.9
N@4iv)-H(441v) . - - 8(2) 3.558 138.1

e The superscripts have the following significance: (i) !/ —
x, =¥, 2 — Yo (i)Y —x,1 — 9y Yo + z; (i) —x, V2 + v,
Ye— g (V)Y — & 5, s+ 2
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