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Crystal Structure and Electronic Properties of Ammine[tris(2-amino- 
ethyl)amine]copper(i~) Diperchlorate and Potassium Penta-ammine- 
copper( 11)  Tris( hexaf luorophosphate) 

By Mary  Duggan, Noel Ray, Brian Hathaway,' and (in part) Gustav Tomlinson, Paul Brint, and Kevin 
Pelin, The Chemistry Department, University College, Cork, Ireland 

The crystal structure of the title compounds [Cu(tren)(NH,)][CIO,], (1) and K[Cu(NH,),] [PF,], (2) have been 
determined by X-ray diffraction methods using three-dimensional diffractometer data ; the structures were solved 
by heavy-atom techniques and successive Fourier synthesis. Compound (1) crystallises in a cubic unit cell, 
space group P213, with dimensions a = 11.626(3) A and Z = 4, and (2) crystallises in the orthorhombic unit 
cell, space group lmma with dimensions, a = 14.90(1), b = 11.79(1), c = 10.57(1) A, and Z = 4. The cation 
in (1) has a trigonal-bipyramidal molecular structure with strict C, symmetry while that in (2) has a square- 
based pyramidal molecular structure with strict C,, symmetry. The polycrystalline and single-crystal electronic 
properties for these two a-bonding CuN5 chromophores are reported and related to the one-electron energy 
levels foi the two stereochemistries, using extended- Huckel molecular-orbital calculations, and correlated with 
earlier data on high-symmetry five-co-ordinate CuN, chromophores. 

A WEALTH of X-ray crystallographic data 1-6 has estab- 
lished the existence of the five-co-ordinate square-based 
pyramidal and trigonal-bipyramidal stereochemistries 
for the copper(r1) ion in its complexes, but in general 
these involve mixed-ligand donors,6 i .e .  non-equivalent 
ligands and chelate ligands, which introduce the pos- 
sibility of both bond-length and -angle distortions. In 
addition, many of the ligands, such as the halides and 
oxygen, introduce the complication of a possible x- 
bonding function for the donor atom.6 All three effects 
combine in many cases to remove all elements of sym- 
metry from the regular stereochemistries, D3h for trigonal 
bipyramidal and C4v for square pyramidal and lead to 
difficulties in correlating the stereochemistry and elec- 
tronic properties of these five-co-ordinate stereo- 
chemistries for the copper(r1) ion. The crystal structures 
of ammine[tris(2-aminoethyl)amine]copper(11) diper- 
chlorate and potassium penta-amminecopper(r1) tris- 
(hexafluorophosphate), [Cu(tren) (NH3)][C10,],, (l), and 
K[Cu(NH3),] PF,],, (2), respectively, have been deter- 
mined as representing the most regular trigonal- 
bipyramidal and square-pyramidal stereochemistries for 
a CUN, chromophore and involving only 0-bonding 
nitrogen ligands. 

EXPERIMENTAL 

Preparations.-Complex ( 1) was prepared by dissolving 
1.7 g [Cu(NH,),][ClO,], lo in [NH,][OH] (s.g. 0.88, 40 om3) 
plus tris(2-aminoethy1)amine (1 g) ; the resulting solution 
was heated, filtered, and allowed to  cool in a stoppered 
flask (Found: C, 16.85; H, 4.85;  C1, 16.75; N, 16.3. 
C,H,,Cl,CuN,O, requires C, 16.9; H, 4.95; C1, 16.7; N, 
16.45%). The copper-doped salt [Zn(tren) (NH,)] [ClO,], 
was prepared by an analogous method, using [Zn(NH,),]- 
[ClO,], as starting material, plus an appropriate amount 
of [Cu(NH,),][ClO,], (Found: C, 17.3; H, 5.15; C1, 16.9; 
N, 16.4; Zn, 14.95. C,H2,C1,N50,Zn requires C, 16.8; 
H, 4.9; C1, 16.6; N, 16.4; Zn, 15.3%). Compound (2) 
was prepared as previously reported lo*ll for [NH,] [Cu- 
(NH,),][PF,], (Found: H,  2.45; Cu, 10.55; N, 10.95. 
H1,CuF18K,N,P, requires H ,  2.40; Cu, 10.2; N, 11.25; 
H,,CuF,,N6P, requires H, 3.15; Cu, 10.55; N, 13.95%). A 

repeat microanalysis on the original sample also confirmed 
that this should be formulated as the potassium salt (Found : 
H, 2.45; Cu, 11.0; N, 11.3%). 

Crystal Data.-The crystal and refinement data for (1) 
and (2) are summarised in Table 1. The preliminary unit- 

TABLE I 
Crystal and refinement data 

(1) (2) 
Compound [Cu(tren) (NH,)l[C10*1, w"H,),ICPF,I, 

Stoicheiometry C6H,,C1,CuN,0, H 1 &uFl8KN,P* 
M 425.54 622.74 

group P2,3 (cubic) Imiiza (orthorhorn bic) 
11.626(3) 14.90( 1) 

11.79( 1) 
10.57( 1) 

4 4 
uiA3 1571.41 1857.9 
D ,  (flotation)/ 1.79(5) 2.23 (5) 

D C k .  1.798 , 2.230 

F (000) 868.0 1 263.98 
plcrn-' 17.02 17.26 
No. of unique 

reflections 649 619 
No. of 

parameters 67 81 

IFol) 0.0401 0.0888 

F o p )  0.0383 0.0943 
k 1.00 2.5532 
104 g 1.67 8.81 
Max. final 

Residual 

g cm-, 

Radiation Mo-Ka (0.7107) Mo-Ka (0.7107) 

R = (CAI% 

R' = (CAW'IZ~- 

shift/e.s.d. 0.01 0.005 

electron 
density (e A-3) 0.35 0.85 

No. of atoms 

cell and space-group data for both crystals were determined 
from precession photographs and refined on a Philips 
PW 1100 four-circle diffractometer. The intensity data 
were collected on the diffractometer using graphite-mono- 
chromatised Mo-K, radiation; a 8-28 scan mode was 
used and reflections with 3.0 < 8 < 32" in one quadrant 
were examined. A constant scan speed of 0.05' SP and a 
variable scan width of (0.7 + 0.1 tan 8 ) O  was used. With 
an acceptance criteria of I > 2.50a(I), 649 reflections were 

anisotropic 11 9 
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retained for (1) and 619 reflections for (2). Lorentz and 
polarisation corrections were applied, but no correction was 
made for absorption. Routine checks revealed no crystal 
deterioration even for (2). The structures were solved using 
three-dimensional Patterson and Fourier techniques ; 
an initial solution of (2) in the space group I2ma proved 
unsatisfactory, but the alternative space group Imma was 
satisfactory. The refinement of both structures was by 
full-matrix least-squares analysis, initially with isotropic 
temperature factors, ultimately with anisotropic temper- 
ature factors for all the non-hydrogen atoms in (2) but for 
only a restricted number in (1). The positions of the 
hydrogen atoms were calculated geometrically for (1) and 

TABLE 2 
Atomic co-ordinates (fractional x lo4) for (1) and (2) 

(1) 
h r * 

X l a  Y lb Z l C  
CU 1 955(1) 1 955(1) 1 955(l) 

951(5) 951(5) 951(1) 
2 969(3) 2 969(3) 2 969(3) 
3 012(4) G21(3) 2 IilO(4) 
3 678(5) 2 184(5) 3 689(5) 
3 997(5) 1 127(5) 3 064( 7) 
5 435(1) 5 435(1) 5 435( 1) 
4 729(5) 4 729(5) 4 729(5) 
5 151(6) 5 257(5) 6 588(5) 

c1p 7 605( 1) 7 605(1) 7 605( 1) 
8 310(4) 8 310(4) 8 310(4) 
6 768(3) 8 310(4) 7 023(4) 

NO) 
N(2) 

C(1) ?( 2) 
W1) 
O(1) 

O ( 4  
0(Q) 

N(3) 

(2) 
h c -3 

xla Y lb Z l C  
K 2 500 2 500 7 500 
C U  5 000 2 500 2 6G3(3) 

5 000 4 188(13) 2 927(19) 
3 637(12) 2 500 2 907( 17) 
5 000 2 500 589(19) 
5 000 2 500 6 583(6) 
4 308( 12) 1 750(16) 7 340(22) 
5 000 1 557(25) 5 618(27) 
4 290(16) 1 824(19) 5 862(25) 
5 000 3 329(37) 7 750(43) 

2 144( 11) 1297(10) 5 000 
2 949(19) -97(21) 5 879(24) 
1497(25) - 150(28) G 080(26) 
2 058(3G) 0 6 408(49) 

N(1) 
“ 
N(3) 
P(1) 
I;( 1’) 

w 4  ) 
P(2) 
F(5) 
F(6) 
F(7) 
F(5‘) 
F(6’) 1 lOl(21) 0 5 000 
F( 7’) 3 177(24) 0 5 000 

F(2;) 
F(3’) 

2 136(3) 0 5 000 

floated on the associated atom, assuming C-H and N-H 
distances of 1.08 A and a fixed temperature factor of 0.07 Az. 
Attempts to calculate the position of the hydrogen atoms 
in structure (2) using the SHELX-76 facility proved 
unsuccessful due to the special positions occupied by the 
nitrogen atoms ; consequently hydrogen atoms were not 
included in this structure. The data converged when the 
ratio of the maximum shift to estimated standard deviation 
(e.s.d.) was (0.01; with a refined weighting scheme w = 
k/[a2(F,)  + g(F , ) z ] ;  Table 1 lists the final I z  and g values 
for structures (1) and (2). 

Complex atomic scattering factors la were employed and 
the copper atom was corrected for anomalous dispersion. 
All calculations were carried out using the programs 
SHELX-76 by G. M. Sheldrick, PLUTO by S. Motherwell, 
and XPUB by R. Taylor on an IBM 370/138 computer. 
Table 2 lists the final non-hydrogen atomic co-ordinates 
and estimated standard deviations, Table 3 the bond 
lengths, Table 4 the bond angles, and Table 5 some relevant 
mean planes. The final observed and calculated structure 

factors, temperature factors, calculated hydrogen-atom 
positions, and selected non-bonded contacts for (1)  are in 
Supplementary Publication No. S U P  22778 (13 pp.).* 
Figure 1 shows the molecular structures of (1) and (2) and 
the atom-numbering scheme used. 

TABLE 3 
Bond lengths (A) with estimated standard deviations in 

parentheses 

Cu-N( 1) 2.023( 11) N( 1)-Cu A 2.010( 1? 
Cu-N(2) 2.041(8) N(2)-Cu 2.048( 19) 
Cu-N(3) 2.082(6) N(3)-Cu 2.193(22) 
N(2)-C(1) 1.488(7) F(l’)-P(l) 1.577(19) 
N (3)-C( 2) 1.435( 8) F(2’)-P(1) 1.508(31) 

1.481 (9) F(3’)-P( 1) 1.528( 21) ~ ~ ~ & ! % ~ / )  1.422(12) F(4’)-P( 1) 1.575(47) 
Cl(l)-0(2)  1.396(6) F(5)-P(2) 1.529( 13) 
Cl(2)-0(3) 1.420(10) F(6)-P(2) 1.533(29) 
Cl(2)-0(4) 1.435(5) F( 7)-P( 4) 1.497( 21) 

F(S’)-P(L’) 1.493(53) 
F(61)-P( 2) 1.541 (33) 
F(7 )-P(2) 1.553(39) 

(2) 
&----7 r 

(1) 
r 

Physical Pvoperties.-The polycrystalline and single- 
crystal electronic and e.s.r. spectra were determined as 
previously reported.2. 11 The extended-Huckel calculations 
were carried out using the program IKON 8,13 involving 
selvconsistent charge iteration, starting with a formal 
charge on the copper atom of + 1 as suggested earlier. 

Figure 2 reports the electronic re’ftectance spectra of (1) 
and (2); (1) has a maximum at 11 400 cn1-I and a high- 
energy shoulder a t  15 200 cm-l, while (2) has a maximum a t  
15 300 cn1-l and a low-energy shoulder at 11 000 cm-1. 
No attempt was made to record the polarised single-crystal 
spectrum of (1) as the crystals are cubic; that  for (2) has 
previously been reported B-10 and involves a single peak at  

TABLE 4 

Bond angles (”) with estimated standard deviations 
in parentheses 

N(3)-Cu-N(2) 84.9(2) G(2)-Cu-N(1) 89.0(27 
N(  3)-Cu-N ( 1) 95.1 (2) N(3)-Cu-N( 1) 98.0( 7) 
N( 3)-Cu-N (3’) 1 1 9.2 1 (3) N (3)-Cu-N (2) 97.2 (6) 
Cu-N(2)-C( 1) 106.9(4) F (  l:)-P( 1)-F( 1;) 81.7( 16) 
C ( 1 )-N ( 2)<( 1 ’) F( ll)-P( 1)-F(2/) 86.0( 13) 
C( 2)-C( 1 )-N (2) 1 1 1.5( 5) F(l )-P(l)-F(3 ) 95.3(16) 
C( 1)-C(2)-N(3) 11 1.1(6) F( l?-P( l)-F(4;) 87.2( 14) 
C( 2)-N( 3)-Cu 107.6( 4) F(2,)-P(l)-F(3/) 92.7(11) 
O(l)-Cl(1)-0(2] 109.4(4) F(3 )-P(l)-F(3 ) 87.6(20) 
0(2)-Cl(l)-0(2 ) 109.5(4) F(Y)-P(l)-F(4’) 93.9( 11) 
0 (3)-C1( 2)-O( 4) 109.8( 3) F(6)-P(2)-F(5) 93.9( 12) 
0 ( ~)-CO(  2)-0( 4’) 109.2 (3) F(7)-P(2)-F(5) 97.1( 15) 

F( 6)-P( 2)-F( 6) 75.3 (2 1) 
F( 7)-P(2)-F( 6) 91.8(20) 
F( 7!-P( 2)-F( 7) 101.1 (33) 
F(5 )-P(2)-F(5) 90.0(2) 
F(6’)-P(2)-F(5’) 85.6(21) 
F(7’)-P(2)-F(5’) 94.4(21) 

15 000 cm-1 in xy polarisation and two less intense peaks in 
z polarisation a t  14 800 and 11 400 cm-l, with the latter 
the slightly more intense. The polycrystalline e.s.r. 
spectrum of (1) yields an isotropic g value of 2.132 and is 
temperature invariant. The polycrystalline e.s.r. spectrum 
of a 2% copper-doped [Zn(tren) (NH,)] [ClO,],, recorded 
a t  the temperature of 1;quid nitrogen (77 K),  is shown in 

* For details see Notices to Authors No. 7, J.C.S. Dalton, 1979, 
Index issue. 

(1) (y 
I A -3 

1 1 1.9 (4) 
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Figure 3 and is also temperature invariant. The spectrum 
involves a very intense gl signal with clear resolution of 
the four copper hyperfine lines, gl = 2.'176, A 1  = 
110.0 x lo-* cm-l. The gll spectrum is much less intense 

TABLE 5 

Equations of planes in the form ZX' + my'  + nZ' - p = 
0 where X', Y', and 2' are a set of orthogonal axes. 
The deviations (A) of the most relevant atoms from the 
planes are given in square brackets 

(a) Complex (1) 
1 m n P 

Plane (1) :  N(3), N(3'). N(3") 
0.5779 0.6784 0.5785 -4.1213 

[CU -0.1840, N ( l )  -2.2067, N(2) 1.85671 
Plane (2): Cu, N(2), N(3) 

0.6117 0.1626 -0.7742 0.0000 
[C(l) -0.2923, C(2) 0.30633 

Plane (3): Cu, N(2'). N(3') 
-0.1626 0.7742 -0.6117 0.0000 

[C(l') 0.2923, C(2') -0.30631 

(b) Complex (2) 
Plane (1 ) :  N( l ) ,  N(l') ,  N(2), N(2') 

0.0000 0.0000 1.0000 3.0841 
"(1) 0.0106, N(1') -0.0106, N(2) 0.0106, N(2') -0.0106, CU 
- 0.2686] 

Root mean square deviation = 0.0106 A. 
but still displays copper hyperfine lines with gll = 2.029 
and All = 84 x lo-* cm-l; as this was difficult to resolve 
in the polycrystalline spectra the single-crystal rotation 
spectrum was recorded in which improved resolution of the 
weak gll signal confirmed the above data. The poly- 
crystalline e.s.r. spectrum of (2) has been previously 
reported lo as gll = 2.240 and gl = 2.053; due to the poor 
morphology of the crystals of (2), attempts to record the 

p = 0.27 

(1) (2) 

FIGURE 1 Molecular structures of (1) and (2) and the 
atomic numbering schemes used 

single-crystal g factors were unsatisfactory. Extended- 
Hiickel calculations using IKON 8 have been carried out 
using the molecular geometries of the C U N ~  chromophore 
of ( l ) ,  (2), and [Cu(NH,),][Ag(NCS),] and on the Cu(NH,), 
equivalents of these complexes; the results are summarised 
in Figure 4. 

RESULTS AND DISCUSSION 

Description of Str.uctures.-The structure of (1) con- 
sists of [Cu(tren) (NH3)I2+ cations and C10,- anions. 
The chlorine atoms Cl(1) and Cl(2) and one of the oxygen 

1 
20 18 16 14 12 10 8 

I ~ ~ E ~ ~ ~ ~ ~  l e d  
FIGURE 2 Electronic spectra of (1) and (2) 

special positions along the three-fold axis, while the 
remaining oxygen atoms O(2) and O(4) occupy general 
positions. The Cl-0 bond lengths range from 1.396 

gA= 2.1 7 6 
g,, = 2.029 

-9 
FIGURE 3 Polycrystalline e.s.r. spectrum of 2% copper-doped 

dpph = Diphenyl- [Zn(tren)(NH,)][ClO,], recorded at 77 K. 
picrylhydraz yl 

to 1.435 (Table 3) 
4) range from 109.2 
hedral bond angle 

and the 0-Cl-0 bond angles (Table 
to 109.8' consistent with the tetra- 
of the perchlorate ani0n.m The 

d,2 - - - 

atoms 0(1) and O(3) of each perchlorate group occupy FIGURE 4 Summary of extended-Huckel calculations 
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relatively short Cl(1)-0(2) bond length of 1.396 4 ficant bgnd-length and -angle distortion of the CuN, 
(compared with the mean of the remaining Cl-0 bond, chromophore of the latter (Figure 5) ,  and may justify 
lengths of 1.422 A) may be associated with some rela- the suggestion that the Cu-NCS bond of 1.959 A in this 
tively short hydrogen-bond contacts to O(2) of 2.21- complex is significantly shortened [relative to the cor- 

TABLE 6 

E.s.r. and electronic spectral data (in solution) for some trigonal-bipyramidal Cu(R,tren)X, complexes 

Complex 
Cu (tren) Br, 
Cu (tren) I, 
Cu(Me,tren)Br, a 

Cu(Me,tren)I, a 

Cu(Et,tren) (C10JB 
[Cu(tren)(OH)]+ 
[Cu(tren)(NH,) J2+  

r- 
gi,. 

(solid) 
2.110 
2.108 
2.109 
2.110 

2.133 
2.137 
2.132 

E.s.r. spectra 
A- 

g l  gll 
2.210 2.00 
2.204 1.930 
2.182 1.956 

Site 12.226 1.895 
Site 2 2.189 1.922 

2.218 1.977 
2.210 2.006 
2.176 2.209 

\ Electronic spectra 
(10% crn-l) 

104A I/cm-l I04All/cm-1 r-*-, 

111 67 11.2, 13.8 (sh) 
102 93 11.1, 14.5 (sh) 
100 80 10.4, 13.4 (sh) 
103 97 9.8, 13.0 (sh) 
107 99 

78 104 
111 68 
110 84 114, 16.2 (sh) 

Doped in the isomorphous zinc(n) complex. b As reflectance spectra. 

2.34 A to HN(11), HN(31), and HN(32) (see SUP 
22778). In the [Cu(tren)(NH,)]2+ cation the copper(r1) 
ion is co-ordinated by five nitrogens with a trigonal- 
bipyramidal rather than a square-pyramidal stereo- 
chemistry [Figure l(a)]. The Cu, N(1), and N(2) atoms 
all lie in special three-fold positions and the N(3), C(l), 

responding Cu-NH, bond length of 2.023 in (l)]  
possibly due to the presence of x bonding in this bond in 
[Cu(tren)(NCS)][Nw, even with a Cu-N-C bond angle 
of 163.3". If so the linear Cu-NCS bond in [Cu(NH,),]- 
[Ag(SCN),] 2o of 1.92 A [Figure 5'(d)] is exceptionally 
short, suggesting that the copper(I1) ion has a prolate 

C(2), and-the hydrogen atoms all lie in general posi- 
tions ; consequently the CuN,C,H, chromophore has 
strict C, molecular symmetry, rather than that of D3h of a 
regular trigonal-bipyramidal stereochemistry, while the 
symmetry of the Cu"N"N, chromophore is CsV. 
Consequently the N( 1)-Cu-N(2) direction is perpendi- 
cular to  the N(3),N(3'),N(3") plane and the N(3)-Cu- 
N(3') type angles are all equal at 119.2'. The inter- 
chelate bond angle, N(2)-Cu-N(3) of 84.9', agrees l4 

with that of 84.1" in [Cu(tren)(NCS)][NCS],14 84.2" in 
[Cu(Me,tren)Br]Br,15 and 85 and 86" in [Cu(en),][SCN], l6 

and [Cu(en)J[N03], [Me,tren = tris(2-dimethylamino- 
ethyl)amine, en = ethylenediamine] ,17 respectively. 
The effect of the three out-of-the-plane chelate angles 
of 84.9" imposed by the tren ligand is that the copper(I1) 
ion lies 0.18 A below the N(3),N"'),N(3'') plane 
(Table 6) towards the NH, nitrogen atom (cf.l5 0.32 A 
in [Cu(Me,tren)Br]Br) and which is responsible for 
reducing the three N(3)-Cu-N(3') angles to slightly 
below (119.2') the regular trigonal angle of 120". The 
difference between the axial Cu-N bond lengths 
[2.023(11) and 2.041(8) A] is not considered significant 18 

as Ai/o(Ai) = 1.32, but that  between the in-plane and 
out-of-plane Cu-N(tren) bond length [2.082(6) and 
2.041(8) A, a difference of ~ 0 . 0 4  A] is significant as 
AZ/o(AZ) = 4.1. This difference also agrees in both 
magnitude (0.07 A) and sense of difference with that 
observed in [Cu(Me,tren)Br]Br l5 [Figure 5(c)]  and in 
other trigonal-bipyramidal copper( 11) complexes, such as 
[Co(NH,),] [CUC~,] ,~~ which is consistent with the obZ.ate 
spheroidal symmetry of the copper(I1) ion due to its d9 

configuration in this stereochemistry. The axial Cu- 
N(2) distance in (1) of 2.041 A is comparable to that 
(2.033 A) in [Cu(tren)(NCS)][NCS],14 despite the signi- 

N 

N 

rjr 

\ N 

11.959 

N CS 

(6) 

SCN 

FIGURE 5 Local molecular structures of [Cu(tren)(NH,)][ClO,], 
(a), [Cu (tren) (NCS)] [NCS] (b), [Cu(Me,tren)Br]Br (c), and 
[Cu(NH,),I[Ag(SCN),I (4 

spheroidal symmetry rather than the oblate symmetry 
normally associated with this stereochemistry, but may 
be consistent with significant x bonding in this Cu-NCS 
equatorial tpnd  and with the position l4 of the NCS 
ligand in the nephelauxetic series.21 

The Cu-NH, axial bond length of 2.023 A in (1) is 
only slightly longer than that of 2.00 A in [Cu(NH,),]- 
[Ag(SCN),] 2o and only slightly shorter than the ,pqu- 
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atorial bond length of 2.05 A in the slightly distorted 
trigonal-bipyramidal CuN, chromophore of [Cu(bipy),- 
(NH,)] [BF,], 22 (bipy = 2,2'-bipyridyl) which again 
emphasises the difference of x0.05 A between the axial 
and equatorial bond lengths in the trigonal-bipyramidal 
copper(I1) s te re~chemis t ry .~~ 

The C-N and C-C bond lengths and bond angles of the 
tren ligand are consistent with the previously reported 
values; all the chelate rings have the kk conform- 
ation (Table 5 )  as previously observed l4 in [Cu(tren) 
(NCS)][NCS] and [Cu(Me6tren)Br]Br.15 

The [Cu(tren) (NH3)I2+ cation may therefore be 
regarded as having an extremely regular trigonal- 
bipyramidal stereochemistry of C, symmetry and is the 
first complex isolated in this stereochemistry involving 
five purely a-bonding ligands. 

The crystal structure of (2) consists of K k  and [Cu- 
(NHJ5l2+ cations and (disordered) PF6- anions. The 
copper(I1) ion and one of the phosphorus atoms P(l) 
occupy a special position of mm2 (C2,) symmetry, the 
potassium ion occupies a special position of 2/m sym- 
metry (Cz),), while the remaining two phosphorus atoms 
P(2) occupy special positions of two-fold symmetry 
(C,). The [Cu(NH,),I2+ cation [Figure l(b)] involves a 
five-co-ordinate square-based pyramidal stereochemistry, 
with the sixth potentially bonding position occupied by 
a disordered fluorine atom a t  3.32 A from the copper(I1) 
ion, a distance that is considered too great for even weak 
semi-~o-ordination.~~ The two mirror planes of the 
special position associated with the copper(r1) ion lie 
along the copper-nitrogen bonding directions which 
results in two independent in-plane Cu-N bond lengths 
[2.010(17) A and 2.048(19) A] and a single apical bond 
length [2.193(22) A]. The two in-plane bond lengths 
are not considered significantly different l8 [AZ/u(AI ; 
1.491, but the out-of-plane bond length of 2.193 
considered significantly different from the in-plane bond 
lengths [AZ/o(AZ) = 5.021. The copper(r1) ion is lifted 
0.27 A above the mean plane fitted to the four in-plane 
nitrogen atoms (Table 6), in the direction towards the 
apical nitrogen atom N(3); this results in the out-of- 
plane angles N(l)-Cu-N(3) and N(2)-Cu-N(3) of 98.0 
and 97.2", and the corresponding basal angles N(1)- 
Cu-N(1') and N(2)-Cu-N(2') of 164 and 165.6', values 
which agree closely with the predicted value (extra- 
polated to the d9 configuration) of 160-164" for a purely 
0-bonding system. The tetragonality T5 (defined as 
mean in-plane Cu-N bond distance/out-of-plane bond 
distance) is 0.925. The high crystallographic symmetry 
of the [Cu(NH,),I2+ cation, CzV ( X C ~ ~ )  is the highest 
symmetry square-pyramidal complex of the copper( 11) 
ion involving five equivalent ligands, which are u bonding 
only, reported to date. The nearest comparable stereo- 
chemistries are found in [Cu(NH,),(OH,)] [SO,] ,, and 
[Cu(en),(NH,)] [BF4]2,26 neither of which involves equi- 
valent ligands, and although the latter involves purely 
o-bonding ligands the chelate ligands, en, introduce 
significant in-plane angular distortion of the in-plane 
N-Cu-N angles (84.6"). Nevertheless the three corn- 

plexes (Figure 6) yield comparable tetragonalities ( T5 
0.874.92)  and p values 0.19-4.27 A. 

All three hexafluorophosphate anions involve octa- 
hedral stereochemistries, but with appreciable disorder 
generated by the elements of symmetry of the two 
types of special positions of the P atoms, namely mm2 
for P(l) and 2 for P(2). Within both types of disorder 
tlie occupancy is 50% and the site occupancies of the 
fluorine atoms are weighted at half the value appro- 
priate to the relevant lattice positions. The bond 
lengths (Table 3), bond angles (Table 5 ) ,  and temperature 
factors are in reasonable agreement with those quoted 
for similarly disordered systems.27 As the three PF,- 
anions constitute a significant proportion of the electron 
density in the unit cell of (2), the presence of this disorder 

N 0 

2.193 N N 
\ A 0 4 8  N\ 22: 

/"k; 
N 

N 

P = 0.22, T5= 01868 

(4 
FIGURE 0 Local rnolccular structurcs of IC[CU(NH,)~J [PFs], 

( 4 1  [~u(NH,),(~H,)I[SO,I (4, and [Cu(en),(NH3)1[B1.,12 (4 

is considered primarily responsible for the relatively 
high final R value of 0.088 for this structure. 

E.S.R. Spectm-The isotropic e.s.r. of (1) is consistent 
with exchange coupling of the CuN, chromophores 
misaligned in the cubic space group P2,3, but yields no 
information on the electronic ground state. The e.s.r. 
of 2% copper-doped [Zn(tren)(NH,)] [ClO,],, Figure 3, 
is more informative and yields g and A factors compar- 
able with other tren-type complexes28 which are 
believed to involve a trigonal-bipyramidal stereo- 
chemistry (Table 6). This comparison involves the 
assumption that the copper(I1) ion environment is the 
same in (1) as in [Zn(tren)(NH,)][ClO,], as a host lattice. 
X-Ray powder photographs of (1) and [Zn(tren)(NH,)]- 
[ClO,], indicate that the two complexes are isomorphous. 
The electronic reflectance spectra of the pure copper 
complex (Figure 2) and the doped system show no 
serious changes in energy of the electronic spectra with 
varying concentration of the doped system (only the 
intensity varies) suggesting that the CuN, environment 
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is the same in the concentrated and doped system. In 
the latter, Table 6, theg factors involve gl 9 gll x 2.0 
consistent with the trigonal-bipyramidal stereochemistry 
of the CuN’N”N, chromoyhore established in the solid 
state for (1) and [Cu(Me,tren)Br]Br.15 In 2yo copper- 
doped [Zn(tren) (NH,)] [ClO,], the numerical value of 
gll lies significantly above 2.003 6, the free-electron 
value, suggesting that there may be mixing of the dry, 
d , a - y a  levels into the dza ground state, which cannot 
occur by symmetry in either Cst, or D3), but can occur 
by vibronic coupling.29 The occurrence of gll < 2.00 
in the halide complexes of Table 6 has been ascribed 
to the large effect of the spin-orbit coupling constant 
for the Br- and I-  ions involved in determining the 
electronic ground state. 

The polycrystalline e.s.r. of (2) (gl = 2.053 and gll = 
2.240 lo) suggests an elongated stereochemistry for the 
[Cu( N H,),] 2+ cations consis tent wit h the determined 
structure [Figure l(b)], having C4t, symmetry with a 
&+t ground state. If the differences in the in-plane 
Cu-N bond distances are real they are only small and 
would only add a small in-plane rhombic component to 
the e.s.r. spcctrurn which is unlikely to be resolved in 
the yolycrystalline e.s.r. spectrum. The inability to 
obtain good single-crystal e.s.r. data prevented the 
determination of any in-plane rhombic component, but 
if present it must be small. The rnm symmetry of the 
copper atom does not allow a distinction to be made 
between a dR.P-?,z and a d,r!l ground state, but the former 
is assumed. 

Electronic Spectva.-The crystals of (1)  and (2) are 
both bright blue and clearly absorb light in the same 
region of the visible spectrum; nevertheless their 
electronic reflectance spectra are quite different 
(Figure 2). While (1) has a band maximum at 11 400 
cm-l and a high-energy shoulder at 15 200 cm-l, (2) 
has a band maximum a t  15 300 cm-l and a low-energy 
shoulder a t  11 000 cm-l. Both spectra agree with those 
previously reported for the [Cu(tren)XI2+ * and [Cu- 
(NH3).J2+ lo cations respectively. The assignment of 
the electronic spectra of trigonal-bipyramidal copper(I1) 
complexes has been extensively discussed in the liter- 
ature , p 4 v 6  and in the absence of any polarised single- 
crystal electronic spectra for ( I )  i t  would seem reasonable 
to assign the intense band at 11 400 cm-1 as the d,,/, 
d.ca-y*-+d2i transition which is allowed in C, and DSh 
and the less intense shoulder at 15000 cm-1 as the 
d.,y,dyz+di* transition which although allowed in C, 
symmetry is forbidden in D3],, but can occur weakly 
by a vibronic mechanism. As the relative intensities 
of the two observed peaks are so different this suggests 
that the electronic spectrum of (1)  should be assigned 
in the higher symmetry Dai, rather than that of the 
crystallographic site symmetry of C,. This assignment 
is in agreement with that suggested for other trigonal- 
bipyramidal copper( 11) complexes ,q49 0+30.31 (excluding 
[Cu(NH,),][Ag(SCN),], see later). 

A tentative assignment of the polarised single-crystal 
electronic spectrum of K[Cu(NH,),][PF,], has previously 

been suggested before the precise stereochemistry 
of the [Cu(NH,),I2+ cation was known, namely the band 
maximum at 15300 cm-l as the d,z,dyz+dz*-y~ trans- 
ition and the shoulder at 11 O00 cm-l as the dza-+dp-ys 
transition with the dry+dLa-p transition unobserved in 
the polarised single-crystal spectrum, but tentatively 
assigned to a weak band at x14 OOO cm-l in the gaussian 
analysis4.l1 of the reflectance spectrum. In the light 
of the present structure, there is no reason for changing 
the tentative assignment. The electronic spectrum of 
Figure 2 is characteristic of the ‘ penta-ammine effect ’ 
type electronic spectrum 32 obtained when excess of 
ammonia is added to the copper(11) ion in aqueous 
solution, where five ammonia molecules are associated 
with each copper(11) ion but in addition an undetermined 
number of water molecules could also be involved. The 
present structure of (2) establishes beyond reasonable 
doubt that the [CU(NH,),(OH,),]~+ species in aqueous 
solution has a square-pyramidal, rather than a trigonal- 
pyramidal, CuN, stcreocliemistry, with possibly a single 
water molecule associated at  >3.0 A in the sixth co- 
ordination position. 

Extended-Hiickel Calculations.-The CuN, chromo- 
pliores of ( 1 )  and (2) represent the most regular five-co- 
ordinate a-bonding nitrogen-ligand complexes of the 
copper(rr) ion yet characterised and as such represent 
an ideal pair of complexes involving the two alternative 
five-co-ordinate stereochemistries for a CuN, chromo- 
phore, uncomplicated by the presence of significant 
x bonding. The clear differences in the electronic 
reflectance spectra of (1) and (2) suggests that  an 
electronic criterion of stereochemistry may exist for 
these two stereochemistries. The relative order of the 
one-electron energy levels of the copper(1r) ion in crystal 
fields of D311 and Cq, symmetry is well established (see 
ref. 4, Figure 4) but is less well known using a molecular- 
orbital treatment .a For this reason extended-Hiickel 
calculations l2 have been carried out using self-consistent 
charge iteration procedures, and the results for the d- 
orbital lcvels arc illustrated in Figure 4. The cal- 
culation was carried out for the [Cu(NH,),I2+ cation 
using the crystallographic bond-length and -angle data 
of the CuN, chromophores and calculated hydrogen 
positions in both stereochemistries, and then for the 
[Cu(tren)(NH,)I2+ cation using the crystallographic co- 
ordinates for all the atoms. The corresponding cal- 
culation for [Cu(NH,),] [Ag(SCN),] has also been carried 
out, first as the Cu(NH& equivalent using the Cu-N 
bond distances of the parent complex, but then as the 
Cu(NH,),(NCS), equivalent, as a nearer approach to the 
actual environment of the CuN, environment in the 
parent complex (Figure 4). 

Despite the known limitations o f  this type of cal- 
culation in failing to calculate the total energy and the 
absolute energies of the d levels with any accuracy, the 
relative one-electron d-orbital energy levels are approxi- 
mately correct and only x3 OOO cm-l low. The 
sequence of one-electron energy levels in these high- 
symmetry stereochemistries (which yield almost pure 
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d-orbital levels) are comparable (Figure 4) to those 76 X-ray crystallography programs (Dr. G.  M. Sheldrick, 
obtained in the equivalent crystal-field calculations,4 Cambridge University), computing facilities (Computer 
except that the dzy level in the square-pyramidal Bureau, U.C.C.)~ help in data collection on (1)  and (2) (Drs. 
stereochemistry is slightly destabilised relative to the '. G. owston and McPar t l inp  The Depart- 

ment, The Polytechnic of North London, Holloway), and 

the greater spread of the excited states of the square- 
degenerate ' zzJdYz pair (but see ref' 6, Figure 3)* Even the Rficroanal?,sis section ([J.C.C.) for analysis. 

pyramidal as opposed to the trigonal-bipyramidal stereo- 
chemistry is reproduced. In  the [Cu(tren)(NH,)I2+ 
system there is only a small difference (<300 cm-l) 
between the calculated energy levels using the crystal- 
lographic data and those using the simulated Cu(NH,), 
chromophore, which implies that  the simulated Cu(NH,), 
chromophore is a reasonable model to describe the 
environment of the copper(r1) ion in the [Cu(tren)- 
(NH,)][ClO,], complex. A greater effect on the energy 
levels is produced in the case of [Cu(NH,),] [Ag(SCN),], 
all the levels in the simulated Cu(NH,), data being shifted 
to higher energy due to the significant shortening of the 
three in-plane Cu-N distances from 2.082 to 1.92 A and 
the axial Cu-N distances from 2.041 to 2.00 A, and the 
spread of the excited-state levels is increased, 1400 to 
3 400 cm-l. In  the calculation using the Cu(NH,),- 
(NCS), simulated data the overall increase in the energy 
of the transitions is still present, 10 700 to 12 200 cm-l, 
but the spread of the doubly degenerate dTy,dzp-y2 and 
dl,,dyz levels is reduced to 200 cm-l with the later level 
still destabilised relative to the d&~-?,P level. This 
near equivalence of the eucited-state energy levels in 
Cu(NH,),(NCS), may be relevant to the assignment of 
the energy levels using polarised single-crystal spectra 33 
which yielded a sequence d,2 > d,,,dY, > d.r,,,,dl~-!,~, a 
sequence which actually reverses the order of the two 
degenerate levels relative to the crystal-field prediction, 
and is accounted for by the suggested presence of strong 
out-of-plane x bonding between the short-bonded (1.92 A) 
thiocyanate nitrogen ligands. Despite the marked 
difference in the energy levels (Figure 4) between NH, 
bonded at  1.92 A from the copper(I1) ion and the nitrogen 
of a tliiocyanate ion at this distance, there is no obvious 
evidence for x bonding between the thiocyanate and tlic 
copper(I1) ion to account for this effect in the calcul- 
ations. The largest contribution to x bonding between 
the copper atom and the nitrogen of the in-plane thio- 
cyanate was ~ 6 . 9 %  in a d,,-Py bond, consequently x 
bonding cannot be the origin of the novel ardering of the 
one-electron energy levels 33 in [Cu(NH,),] [Ag(SCN),] 
and the short Cu-N distance of 1.92 A must be associated 
with the bonding properties of the nitrogen-bonded 
thiocyanate ion and its position in the nephelauxetic 
series.21 
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