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The crystal structure of [C~(phen)~(O~CMe)]  [C1O4]*2H20 (1 ) , [C~(phen)~(O~CMe)]  [ N03]*2H20 (2), 
and [Zn(phen)2(0,(CMe)] [BF4]*2H20 (3) have been determined by X-ray analysis. Complex (1 ) 
crystallises in the monoclinic space group P2/c with a = 9.671 (3), b = 8.282(3), c = 17.595(4) A, 
p = 109.63(2)", and 2 = 2; (2) crystallises in the triclinic space group P i  with a = 14.728(2), 
b = 10.499(2), c = 8.603(2) A, c1 = 104.19(5), B = 83.97(5), y = 96.81 (5)", and 2 = 2; (3) 
crystallises in the monoclinic space group P2/c with a = 9.659(2), b = 8.262(2), c = 17.651 (2) A, 
p = 109.06(5)", and 2 = 2. The MN402 chromophore in all three complexes has a cis-octahedral 
stereochemistry. In (1) and (3) the metal atoms have C2 symmetry and in (1) there is a marked cis 
distortion of the Cu-0 distances. In (2) a distortion of the CuN402 chromophore towards a square 
pyramidal (4 + 1 + 1 *) stereochemistry is present. The polycrystalline em.  spectra of (1 ) and (2) and 
of 10% copper(ii) -doped (3) are temperature variable, consistent with a fluxional CuN402 chromophore 
stereochemistry. The temperature variability of the single-crystal e.s.r. spectra of (1 ), (2), and 
copper(ii) -doped (3) is restricted to the CuNz02 plane, consistent with two-dimensional fluxional 
behaviour. The electronic reflectance spectra of (1) and (2) involve two peaks at ca. 10 000 and 
ca. 14 000 cm-' and relate to the underlying static CuN402 (4 + 1 + 1 *) chromophore 
stereochemistry. 

The recent determination,'*2 of the low-temperature crystal 
structures of [Cu(bipy),(ONO)][NO,] (4) (bipy = 2,2'-bipy- 
ridyl) at 298, 165, 100, and 20 K have established the fluxional 
behaviour of the CuN402 chromophore as predicted earlier 
from the limited temperature-variable e.s.r. spectra of (4), 
and particularly the copper(r1)-doped [Zn( bipy)2(ONO)][N03] 
system. As the e m .  spectra,' of a series of four cation dis- 
tortion isomers [C~(phen)~(0,CMe)]Y (Y = BF4'*2H20, 
C104-*2H20, BF4-, or clo4') have been reported to be 
temperature variable, the CuN402 chromophores of these 
isomers were predicted to be fluxional. This has been con- 
firmed,6 by the recent low-temperature (173 K) crystal 
structure of [C~(phen)~(o,CMe)][ClO~] (phen = 1,lO- 
phenanthroline). The present paper reports the crystal struc- 
tures of the complexes [C~(phen)~(O,CMe)][C10~]*2H~O (l), 
[C~(phen)~(O~CMe)][N0~1*2H~O (2), and [Zn(~hen)~(O,- 
CMe)][BF4]*2H20 (3), the e.s.r. spectra of (l), (2), and of 
copper(n)-doped (3). 

Experimental 
Pre~arations.-Complex (1) was prepared,' by adding 1 ,lo- 

phenanthroline monohydrate (0.5 g, 2.52 mmol) in water- 
acetone (1 : 1, 20 cm3) to [CU(OH~)~][C~O~]~ (0.47 g, 1.26 
mmol) in water-acetone (1 : 1, 20 cm3). The solution was 
then boiled and Na(02CMe)*3H,0 (0.686 g, 5.02 mmol) in 
water (10 cm3) was added. The light blue solution was diluted 
to 500 cm3 with water, boiled, filtered, and allowed to stand at 
room temperature; light blue crystals of (1) were deposited 
after several weeks (Found: C, 51.15; H, 3.45; C1, 6.10; Cu, 

t Supplementary data available (No. SUP 56054, 29 pp.): H-atom 
co-ordinates, thermal parameters, full bond lengths and angles. See 
Instructions for Authors, J. Chem. Suc., Dalton Trans., 1985, Issue 
1, pp. xvii-xix. Structure factors are available from the editorial 
office. 

10.75; N, 9.20. C26H23C1C~N408 requires C, 50.5; H, 3.70; 
C1, 5.75; Cu, 10.3; N, 9.05%). Complex (2) was prepared by a 
similar method using [CU(OH,),(NO~)~] (Found: C, 53.5; H, 
4.00; Cu, 11.1 ; N, 12.05. C ~ ~ H ~ ~ C U N S O ~  requires C, 53.75; H, 
4.00; Cu, 10.95; N, 12.05%). Complex (3) was prepared by a 
similar method using [Zn(OH,),][BF,], (Found: C, 51.5; H, 
3.35; N, 9.20. C26H23BF4N404Zn requires C ,  51.4; H, 3.80; 
N, 9.20%). 

Crysfullogruphy.-The crystallographic data for (l), (2), 
and (3) are summarised in Table 1. For all three complexes, 
the preliminary unit-cell data and space groups were deter- 
mined from precession photographs and refined on a Philips 
PW1100 four-circle diffractometer. The intensities were 
collected on the diffractometer with graphite-monochromat- 
ised Mo-K, radiation; an 6-28 scan mode was used and 
reflections with 3 < 6 < 25, 30, and 32", for (l), (2), and (3), 
respectively in one quadrant were examined. A constant scan 
speed of 0.05" s-' was used with a variable scan width of (0.7 + 
O.ltan6)"; the acceptance criterion I > 2.50(1) was used. 
Lorentz and polarisation corrections were applied, but no 
correction was made for absorption or extinction. 

The structures were solved by Patterson and Fourier tech- 
niques and refined by full-matrix least-squares analysis, with 
anisotropic thermal parameters for all the non-hydrogen 
atoms. The positions of the hydrogen atoms were calculated 
geometrically with C-H 1.08 %, and a fixed thermal parameter 
of 0.07 A' and floated on the associated C atom. A refined 
weighting scheme was used with w = k/[o2(F0) + g(Fo)2] (see 
Table 1 for the final values of k and g) and the refinements 
converged when the final shift to error ratio was <0.005 in all 
three complexes, see Table 1. Complex neutral scattering 
factors were used for the non-hydrogen atoms and those for 
the heavy atoms were corrected for anomalous dispersion. In 
both (1) and (3) the C104- and BF4- anions occupied special 
positions of two-fold symmetry; attempts to refine these 
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Table 1. Summary of crystal data * 
Complex 
Formula 
M 
Stoicheiometry 
Space group 
4 A  
blA 
CIA 
a/" 
81" 
rl" 
z 
VIA3 
D,/Mg m-j 
D,/Mg m-3 
F ( o w  
plrnrn-' 
No. of unique reflections 
No. of varied parameters 

R' = (XAw*/ZlF,lw)* 
k 
g 
Maximum final shift1e.s.d. 
Residual electron density 
No. of anisotropic atoms 

R = GA1qK-I) 

(1) 
[C~(phen)~(O~CMe)][C10~]*2H~O 

618.04 
C Z ~ H Z ~ C ~ C U N ~ O ~  

P2/c 
9.671 (3) 
8.282( 3) 

17.595(4) 
90 

90 
2 

1 327.37 
1.53(5) 
1.546 

0.933 

109.63(2) 

633.98 

2 921 
202 

0.053 1 
0.0605 
2.9370 
O.Oo0 273 
0.003 
0.76 

24 
* Mo-K, radiation (h = 0.710 69 A) used in each case. 

(2) 
[C~(phen)~(O~CMe)l[N0~]*2H~O 

58 1.024 
CzaH23CuNdh 

PT 
1 4.728( 2) 
10.499(2) 
8.603( 2) 

104.19( 5) 
83.97(5) 
96.8 l(5) 
2 

1276.59 
1.52(5) 
1.51 1 

0.868 
597.98 

4 322 
353 

0.0606 
0.0652 
2.8265 
0.003 147 
0.002 
0.896 

39 

(3) 
[Zn( phen)2(02CMe)l[BF4]*2H20 

607.68 
C26H23BF4N404Zn 

P2/c 
9.659(2) 
8.262(2) 

17.65 l(2) 
90 

90 
2 

1331.37 
1.53(5) 
1.516 

0.957 

1 O9.06( 5) 

616.00 

1819 
202 

0.0353 
0.0384 
1.0205 
O.OO0 293 
0.005 
0.25 

24 

C 

Figure 1. Molecular structure (excluding H atoms), atom numbering, 
and packing diagram for [M(phen)2(02CMe)l[X&].2H20 [M = Cu 
in (1) and Zn in (3); XZ4 = C104 in (1) and BF4 in (3)]; H20 mole- 
cules are shown by - 
anions as ordered groups produced unacceptably high residual 
peaks and thermal parameters. Both anions were refined as 
two interpenetrating anions (50% occupancy), which con- 

Figure 2. Molecular structure (excluding H atoms), atom numbering, 
and packing diagram for [Cu(phen)2(02CMe)l[N031*2H20 (2); Ha0 
molecules are shown by * 

siderably reduced the residual electron density in the region of 
these anions, but still retained some rather high thermal 
parameters and rather short Cl-0 and B-F bond distances. 

All calculations were carried out with the programs SHELX- 
76,8 XANADU (G. M. Sheldrick), ORTEP (C. K. Johnston), 
and PRETAB (K. Henrick) on IBM 4341 and VAX 11/780 
computers. The final atomic co-ordinates for (1)-(3) are 
given in Table 2, and selected bond lengths and angles in 
Table 3. Figure 1 shows the local molecular structure of (1) 
and (3), the atom-numbering scheme used, and the molecular 
packing. Figure 2 shows the corresponding data for (2). 

Electronic Properties.-These were recorded as described 
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Table 2. Fractional atomic co-ordinafes with estimated standard deviations in parentheses 

Atom X 

c u  o.Oo0 00 
NU) 0.127 5(2) 
C(1) 0.257 8(3) 
C(2) 0.337 O(3) 
C(3) 0.281 2(3) 
(34) 0.143 3(3) 
C(5) 0.071 9(4) 
C(6) -0.062 q4) 
C(7) -0.138 7(3) 
C(8) - 0.279 4(4) 
C(9) - 0.343 9(4) 
C(10) -0.269 6(3) 

[Cu(phen)2(02CMe)lN 
Y 

0.037 85(6) 
0.046 5(3) 

- 0.024 5(4) 
-0.010 4(4) 

0.078 l(4) 
0.152 9(3) 
0.242 7(3) 
0.307 2(3) 
0.290 l(3) 
0.352 O(4) 
0.327 3(4) 
0.239 6(3) 

Z104]*2H20 (1) 

[Cu(Phen)2(o2CMe)l"o~l*2Hz0 (2) 
c u  0.276 44(3) 0.197 25(4) 
N(1 1 0.200 4(2) 0.023 2(3) 
C(1) 0.216 5(3) -0.084 l(4) 
C(2) 0.157 8(4) -0.201 5(4) 
C(3) 0.082 6(3) -0.207 5(4) 
C(4) 0.063 7(3) - 0.098 O(4) 
C(5) - 0.01 5 O(3) - 0.092 4(5) 
C(6) -0.028 8(3) 0.017 4(6) 
C(7) 0.033 l(3) 0.134 2(5) 
c(8) 0.021 8(3) 0.254 O(6) 
C(9) 0.083 7(3) 0.362 3(5) 
C(10) 0.158 7(3) 0.351 l(4) 
C(11) 0.126 3(2) 0.016 6(4) 
C(12) 0.1 10 l(2) 0.133 3(4) 
N(2) 0.172 8(2) 0.241 l(3) 
N(3) 0.352 3(2) 0.371 9(3) 
C(13) 0.334 7(3) 0.487 6(4) 
CU4) 0.392 l(4) 0.603 9(4) 
W 5 )  0.468 7(3) 0.599 2(5) 
CW) 0.489 O(3) 0.479 l(4) 

[~~(P~~~)z(O~CM~)I~F~I~~H~O (3) 
Zn o.Oo0 00 0.040 40(7) 
N(1) 0.137 3(2) 0.056 l(3) 

0.267 4(3) - 0.012 O(4) 
0.341 6(4) 0.005 O(4) 

c(1) 
C(2) 
C(3) 0.278 6(4) 0.090 7(4) 
C(4) 0.141 4(3) 0.160 8(4) 
C(5) 0.064 3(4) 0.250 2(4) 
c(Q -0.069 5(4) 0.312 l(4) 
C(7) -0.140 7(4) 0.291 8(4) 
c(8) -0.281 O(4) 0.351 3(4) 
C(9) - 0.342 2(4) 0.326 O(4) 
C(10) - 0.264 2(3) 0.241 O(4) 

z 

0.250 00 
0.181 2(1) 
0.195 2(2) 
0.141 3(2) 
0.072 2(2) 
0.055 O(2) 

- 0.01 7 2(2) 
- 0.032 O(2) 

0.024 5(2) 
0.012 4(2) 
0.068 7(2) 
0.139 2(2) 

0.036 3q5) 
-0.007 O(4) 
-0.125 9(5) 
-0.143 l(6) 
- 0.036 9(6) 

0.086 l(5) 
0.201 8(6) 
0.316 4(6) 
0.330 4(5) 
0.446 8(6) 
0.445 9(5) 
0.330 7(5) 
0.096 7(4) 
0.219 9(4) 
0.219 8(4) 
0.104 l(4) 
0.082 7(5) 
0.134 3(6) 
0.209 4(6) 
0.233 5(5) 

0.250 00 
0.176 O(1) 
0.186 6(2) 
0.130 9(2) 
0.062 5(2) 
0.048 4(2) 

-0.023 O(2) 
- 0.034 4(2) 

0.023 9(2) 
0.014 l(2) 
0.072 7(2) 
0.141 7(2) 

* Two interpenetrating tetrahedra with site occupation factor of 0.5. 

Atom X 

- 0.070 8(3) 
0.070 l(3) 

- 0.136 7(2) 
-0.094 3(3) 

o.Oo0 00 
O.oo00 

-0.379 6(3) 
0.500 00 
0.341 3(5) 
0.518 l(5) 
0.541 9(5) 
0.517 4(6) 

0.568 4(3) 
0.584 8(3) 
0.522 9(3) 
0.534 O(3) 
0.470 5(4) 
0.395 3(3) 
0.428 l(3) 
0.445 3(2) 
0.383 4(2) 
0.340 l(3) 
0.221 4(3) 
0.285 7(3) 
0.292 8(5) 

-0.238 3(3) 
-0.216 5(4) 
-0.301 6(4) 
-0.201 7(4) 

0.111 3(3) 
0.074 6(3) 

0.073 7(3) 
-0.068 8(3) 
-0.131 O(3) 
-0.100 9(2) 

O.oo00 
O.oo00 

-0.384 5(3) 
0.5Oo0 
0.509 4(6) 
0.542 3(7) 
0.336 4(6) 
0.525 7(7) 

Y 

0.202 5(3) 
0.134 l(3) 
0.178 4(2) 

-0.202 9(3) 
-0.281 67(40) 
- 0.456 2(5) 
-0.214 7(4) 

0.504 2O(18) 
0.505 8(6) 
0.525 5(5) 
0.356 8(5) 
0.637 l(5) 

0.463 4(6) 
0.345 5(6) 
0.230 8(5) 
0.104 l(5) 
0.001 2(5) 
0.019 8(4) 
0.366 9(4) 
0.241 O(4) 
0.136 5(3) 
0.161 l(3) 
0.264 q4) 
0.204 4(4) 
0.186 9(7) 
0.228 7(5) 
0.330 l(5) 
0.155 O(6) 
0.209 5(7) 
0.465 9(4) 
0.551 3(4) 

0.140 70)  
0.206 7(3) 
0.181 8(3) 

- 0.189 2(3) 
- 0.266 5(5) 
-0.445 O(5) 
- 0.234 5(4) 

0.502 8(6) 
0.506 5(6) 
0.619 4(7) 
0.500 5(7) 
0.356 4(6) 

2 

0.096 2( 1) 
0.111 5(1) 
0.152 9(1) 
0.198 5(1) 
0.250 00 
0.2500 
0.100 l(2) 
0.250 00 
0.225 5(5) 
0.175 6(4) 
0.279 2(4) 
0.291 7(4) 

0.311 2(6) 
0.332 9(6) 
0.280 3(5) 
0.302 6(6) 
0.250 9(7) 
0.173 6(6) 
0.179 4(4) 
0.202 8(4) 
0.149 9(4) 

-0.201 5(5)  
-0.187 9(5) 
-0.269 l(4) 
-0.445 6(6) 
-0.402 5(5) 
- 0.448 3(7) 
- 0.457 6(7) 
-0.291 2(8) 

0.173 4(5) 
0.842 Q(5) 

0.107 4(2) 
0.094 9(2) 
0.153 l(1) 
0.199 9(1) 
0.2500 
0.2500 
0.105 3(2) 
0.2500 
0.180 O(4) 
0.294 5(5) 
0.230 3(5) 
0.269 4(6) 

previously;9 Figure 3 shows the effect of temperature on the 
polycrystalline e.s.r. spectra of (l), [C~(phen)~(O~CMe)]- 
[BF4J*2H20, (9, [Cu(phen),(O2CMe)][C1O4] (6), and [Cu- 
(phen)2(02CMe)][BF4] (7). Figure 4 shows the effect of tem- 
perature on the e m .  spectra of copper(I1)-doped (3) and 
[Zn(phen)2(02CMe)][C104]*2H20. Figure 5 shows the effect 
of temperature on the single-crystal e.s.r. spectra of (1) and of 
10% copper(r1)-doped (3). Figure 6 shows the effect of tem- 
perature on the single-crystal e.s.r. spectrum of (2) measured 
in the plane of g3 and g2. Table 4 summarises the e.s.r. data 
for the [Cu(phen),(OzCMe)]Y series. of complexes. Figure 7 
summarises the electronic reflectance spectra of the [Cu- 
(phen)2(02CMe)]Y series of complexes. 

Results and Discussion 
Crystul Structures.-The crystal structures of (1)-(3) 

consist of discrete [M(phen)2(02CMe)]+ cations, a C104-, 
NO3-, or BF,- anion, respectively, and two water molecules 
of crystallisation. None of the water molecules or the anions 
are close enough to the copper(I1) ion to be considered even 
weakly semi-co-ordinated.lO The c104- anion in (1) and the 
BF,' anion in (3) both occupy a special position of two-fold 
symmetry, and involve considerable disorder 1 1 9 1 2  with relat- 
ively high thermal parameters. Consequently, neither is well 
defined, as previously observed l3 in (5). The NO3' anion in 
(2) is well ordered and regular in stereochemistry, with N-O 
distances of 1.21 7 A and 0-N-0 angles of 1 19.8", as previously 
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Table 3. Molecular dimensions (bond lengths in A, angles in ") a of the complexes [M(phen)z(OzCMe)]Y 

(1) 
c u  

CIO, - '2H20 
P2/c 

1.999(2) 
2.122(2) 
1.999(2) 
2.122(2) 
2.25 2( 3) 
2.252( 3) 
1.234(3) 
1.234(3) 

150.2(2) 
95.9(2) 

1 13.4(2) 
0.0 
0.0 
0.0 
7 
7 

( 5 )  * 
c u  

BF4-.2HZO 
P2/c 

2.000(4) 
2.1 23 (4) 
2.000(4) 
2.123(4) 
2.261 ( 5 )  
2.261(5) 
1.233(6) 
1.233(6) 

1 49.5(2) 
95.4(2) 

114.7(2) 
0.0 
0.0 
0.0 

13 
13 

(2) 
c u  

NO3-.2Hz0 
PI 

2.000(3) 
2.083(3) 
2.019(3) 
2.170(3) 
2.123(5) 
2.448(5) 
1.225(5) 
1.250(5) 

157.7(2) 
97.6( 1 ) 

104.3( 1) 
0.087 
0.325 
0.429 

16 
11 

(6) 
c u  

CIO4 - 
P21Ic 

1.994(4) 
2.098(4) 
2.006(4) 
2.130(4) 
2.220(4) 
2.42 l(5) 
2.175(6) 
2.166(6) 

154.7(2) 
91.1(1) 

114.1(2) 
0.132 
0.201 
0.345 

18 
25 

(6) 
c u  

CIO, - 
P21k 

2.003(3) 
2.098(3) 
2.013(3) 
2.146(3) 
2.155(4) 
2.532( 5 )  
1.219(5) 
1.190(5) 

154.9( 1) 
91.5(1) 

113.4(1) 
0.148 
0.377 
0.535 

19 
31 

(7) 
cu 

BF4- 
P1 

2.01q2) 
2.062(2) 
2.025 (2) 
2.2 1 8(2) 
1.996(2) 
2.670(3) 
1.252(4) 
1.238(4) 

1 6 0 3  1) 
95.7(1) 

103.5( 1) 
0.156 
0.674 
0.845 

42 
54 

(3) 
Zn 

P2/c 
2.147(2) 
2.116(2) 
2.147(2) 2.1 16(2) 

2.184(2) 
2.184(2) 
1.256(3) 
1.256(3) 

B F, - -2H20 

15 1.2( 1) 
94.7(1) 

1 13.0(4) 
0.0 
0.0 
0.0 

At 298 K, unless stated otherwise. * From ref. 13. From ref. 6. At 173 K. From ref. 20. AN = Cu-N(4) - Cu-N(2). A 0  = Cu- 
O(2) - Cu-O(l). ' 6  = AN + A 0  + [Cu-N(3) - Cu-N(I)]. ' Angle O(1) [0(2)] = angle which the major axis of the thermal ellipsoid of 
0(1) [0(2)] makes to the Cu-O(1) [0(2)] direction. 

Table 4. E.s.r. spectra of [M(phe n)z(02CMe)]Y complexes 

Complex Type" %Cu Temp.' g1 gz g, c 104~~/cm-4 
(1) 
(1) 
(1 1 
(1) 

( 5 )  
(5) 

Cu-doped (3) 
Cu-doped (3) 
Cu-doped (3) 
Cu-doped (3) 

(6) 
(6) 
(6) 
(7) 
(7) 
(7) 

Cu-doped [Zn(phen)2(02CMe)] [CIO,] *2Hz0 
Cu-doped [Zn(phen)2(OzCMe)][C104].2Hz0 

p.c. 
p.c. 
S.C. 
S.C. 
p.c. 
p.c. 
p.c. 
p.c. 
p.c. 
p.c. 
S.C. 
S.C. 
p.c. 
p.c. 
S.C. 
p.c. 
p.c. 
S.C. 

100 
100 
100 
100 
10 
10 

100 

10 
10 
10 
10 

100 
100 
100 
100 
100 
100 

r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
1.t. 
r.t. 
r.t. 
1.t. 
r.t. 

2.028 
2.032 
2.026 

(2.03) 

- 
2.035 
2.050 
2.050 

2.022 
(2.02) 
2.040 

2.027 
2.060 
2.065 
2.054 

- 

2.083 
2.200 

(2.10) 

2.087 

2.083 

2.085 
2.210 

(2.15) 

2.082 
2.168 
2.105 
2.087 
2.106 

- 

- 

- 

2.223 

2.2 13 
(2.25) 
2.210 
2.275 
2.220 
2.260 
2.21 3 
2.260 
2.214 

(2.26) 
2.200 

2.212 
2.260 
2.280 
2.266 

- 

- 

- 
- 
- 
94 

166 
- 
- 
92 

1 66 
84 

165 

a p.c. = Polycrystalline; S.C. = single crystal. r.t. = Room temperature; 1.t. = low temperature (77 K). Values are fO.OO1; values in 
parentheses are fO.O1. 

0b~erved.l~ In (1) and (3) the [M(phen)2(02CMe)]+ cation is 
six-co-ordinate with a near regular cis-octahedral MN402 
chromophore, as the M atom occupies a crystallographic two- 
fold position, and the space groups are isomorphous, Table 1. 
As the zinc(r1) ion of (3) is spherically symmetrical (with a dl0 
configuration), while the copper(n) is non-spherically sym- 
metrical (d9 configuration 9) ,  there are significant differences 
in the local chromophore stereochemistry. The out-of-plane 
M-N(l) distances are 1.999(2) and 2.147(2) 8, in (1) and (3), 
respectively. The in-plane M-N(2) distances are just sig- 
nificantly different, 2.122(2) and 2.1 16(2) A, respectively, 
while the M-O(1) distances are very different, 2.252(3) and 
2.184(2) A, respectively. Thus, while the metal-ligand dis- 
tances in the ZnN402 chromophore involve a spread of only 
0.07 A, the spread in the CuN402 chromophore is considerably 
larger, 0.25 A. The difference in the in-plane M-0(1) and 
M-N(2) distance in the Cu chromophore, 0.13 A, is nearly 
twice that in the Zn chromophore (0.07 A). This difference 

justifies the cis-distorted-octahedral description for the 
CuN402 chromophore of (l), as introduced earlier for (4),15*16 
relative to the nearer regular cis-octahedral stereochemistry in 
(3). The lattice water molecules are within hydrogen-bonding 
distance of the 0(1)  atom, at 2.72 and 2.73 A, in (1) and (3) 
respectively . 

In (2) the stereochemistry of the CuN,02 chromophore is 
basically five-co-ordinate with a second oxygen of the acetate 
group occupying a sixth co-ordinating position at a distance 
>2.4 A to give a (4 + 1 + 1 *) type co-ordination." The 
CuN402 chromophore involves a distorted stereochemistry,' 
intermediate between trigonal bipyramidal and square 
pyramidal, with the distortion related to the regular cis- 
octahedral stereochemistry of (1) by the sense of the ' struc- 
tural pathway,' la for the [C~(bipy)~(OX0)]Y c o r n p I e ~ e s . ~ * ~ ~  
The detailed geometry of the CuN402 chromophore of (2) is 
then closely comparable6 to that in (6), and to the more 
asymmetric distortion 2o of (7), see Table 3. In (2) the O(4) 
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Figure 3. Polycrystalline e.s.r. spectra at room temperature (-) and at 77 K (- - - -) of (a) (1). (b) (7), (c) (9, and (6) (6) 

water is within hydrogen bonding distance of the O(2) atom. 
The series of complexes (l), (3, (2), (6) ,  and (7), Table 3, 

represents a sequence of cation distortion isomers 21 of 
increasing asymmetry; the structure of (6) has already been 
reported as temperature variable.6 The primary purpose of 
this paper is to examine the electronic properties of this series 
of cation distortion isomers in the context of this fluxional 
behavi~ur.~ 

E.S.R. Spectra.-The polycrystalline e.s.r. spectra of (l), 
(3, and (6) are anisotropic at room temperature, Figure 3, and 
show significant change with decreasing temperature. In (1) 
and ( 5 )  the room-temperature spectra are axial (gl > gll 
k: 2.0) consistent with the compressed CuN402 chromophore 
present, and change to an axially elongated form at low 
temperature (gs 9 811 > 2.0), but with gll not clearly de- 
fined. The same type of change occurs in (6), but as the 
CuN402 chromophores are misaligned the observed g 
values do not equate with the local molecular g values. The 
spectrum of (7), Figure 3, is clearly rhombic at room tem- 
perature (g3 9 g2 > g ,  > 2.0) consistent with the elongated 
(4 + 1 + 1 *) structure of the CuN402 chromophore and, 
predictably, shows little change with temperature. The e.s.r. 
spectra of the copper(I1)-doped [Zn(phen),(02CMe)]Y (Y = 
C104'.2H20 or BF4-*2Hz0), Figure 4, show clear copper 
hypefine structure and change even more significantly with 
decreasing temperature, with g values again changing in form 
from (gl > 811 > 2.0) to (gll > gl > 2.0). The similarity of the 
g values and their changes with decreasing temperature suggest 
that the stereochemistry of the CuN402 chromophore does 
not change significantly with dilution in the zinc host lattice.22 
This suggestion is supported by the lack of energy change of 
the electronic spectra " in these copper-doped systems (see 
later), and the similarity of this situation in the copper(r1)- 
doped [Zn(bipy)2(ONO)][N03] system.' Figure 5(b) shows the 

effect of temperature on the single-crystal e m .  spectrum of 
the 10% copper(r1)-doped (3) system measured in the Cu,N(2),- 
N(4),0(1),0(2) plane. At room temperature the spectrum is 
isotropic, showing four Cu hyperhe lines, and almost 
independent of the direction. At liquid-nitrogen temperature, 
up to eight lines are observed, consistent ' with the presence 
of two magnetic centres, whose maximum g values (Table 4) 
correspond to the directions of the Cu-O(l) and Cu-N(4) 
bonds in the measured plane. The single-crystal e.s.r. spec- 
trum of (1) measured in the same plane shows a single g value, 
which varies significantly with angle, and which splits into 
two magnetic centres at 77 K, Figure 5(4, g3 = 2.25 and g2 = 
2.10. This magnetic behaviour is consistent with the formation 
of two crystal domains at low temperature or a change in 
phase.23 The crystal structure of (2) was determined to avoid 
this problem, as it crystallises in the triclinic space group PI 
and the two CuN40z chromophores are aligned. Figure 6 
shows the single-crystal e.s.r. spectrum of (2) measured in the 
Cu,N(2),N(4),0( 1),0(2) plane. Only a single magnetic centre 
is observed at any temperature. There is a significant change in 
g value with temperature, Figure 6, and also a small change in 
direction with decreasing temperature. This behaviour in (2) 
suggests that the observation of two magnetic centres in 
copper-doped (3) and in (1) arises from a change of phase 
rather than the presence of two magnetic domains. Some 
evidence for the change of phase was observed in single 
crystals of (l), which turned opaque on cooling to liquid- 
nitrogen temperature and shattered on returning to room 
temperature. This prevented the low-temperature X-ray 
crystal structure determination of (l)." Differential thermal 
analysis of (1) down to 77 K showed a discontinuity at cu. 
223 K, consistent with a possible phase change at this 
temperature. The extrapolation of the single-crystal g factors, 
Figure 6, to 0 K yields approximate g values of 2.300, 2.078, 
and 2.057, i.e. nearly axial and consistent with the predicted 
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Figure 4. Polycrystalline e.s.r. spectra at room temperature (-) and 77 K (----) of 10% copper(I1)-doped complexes (a) 
[Zn(phen)z(OzCMe)][C104]*2Hz0 and (b) (3) 
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Figure 5. Single-crystal e.s.r. spectra at room temperature (-) and 77 K (- - - -) of (a) [C~(phen)~(O~CMe)][C10,].2H~O and (b) 10% 
copper(x1)-doped [Zn(phen)z(OzCMe)][BF4]*2H~O; both were measured in the Cu,N(2),N(4),0( 1),0(2) plane; values of A are in cm-l 

elongated square-pyramidal distorted (4 + 1 + 1 *) CuN402 
chromophore. The temperature variation of the g values, 
Figure 6, yields a AE value of 132 f 20 cm-', reasonably 
comparable to the value of 168 f 20 cm-' obtained from the 
structural data for (6) ,  Table 3. The non-variable-temperature 
e.s.r. spectrum of (7) is then consistent with the more extreme 
distorted (4 + 1 + 1 *) structure present which may only 
involve a small amount of residual fluxional behaviour, and 
represents the near-static distorted stereochemistry of the 
underlying CuN402 chromophore. 

Electronic Spectra.-The electronic spectra of all five 
[Cu(phen),(02CMe)]Y complexes, Figure 7, consist of two 
clearly resolved peaks at cu. loo00 and 14000 cm-l. The 

energies are the same for the isomorphous pair (1) and (5) 
(9 500 and 13 700 cm-l), but both bands show significant 
differences for (6),  (2), and (7) (10 300 and 13 500, 9 640 and 
14200, 10400 and 14500 cm-I respectively). The near 
comparability of the electronic spectra of this series of cation 
distortion isomers, despite the seemingly different CuN402 
chromophore structures present, Table 3, can be understood 
if the CuN402 chromophores are subject to fluxional be- 
h a ~ i o u r , ~  as has been suggested for the [Cu(bipy),(ONO)]Y 
series of complexes and confirmed in the low-temperature 
structure of (4). As the lifetimes 25 of the electronic spectra are 
short, s, the observed transitions relate to the extreme 
stereochemistry of the underlying static (4 + 1 + 1 *) CuN402 
chromophore geometry, as approximately observed in (7), 
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and not to the pseudo-geometry observed by X-ray crystallo- 
graphy which yields a time-averaged structure. The small 
differences that are observed in Figure 7 then relate to small 
differences in the structures of the underlying static geometries 
of the CuN402 chromophores, which arise due to the different 
lattice environments of the [C~(phen)~(O~CMe)]+ cations in 
these cation distortion isomers, as a consequence of the 
' plasticity effects.' 26 It has already been demonstrated 27 

that the effect of reducing the temperature on the fluxional 
CuN402 chromophore of (4) produces a linear correlation 
between the Cu-O(1) and Cu-0(2) distances. If the corres- 
ponding distances for the [C~(phen)~(O~CMe)lY complexes 
are similarly plotted, Figure 8, there is no simple correlation 
between the Cu-O(1) and Cu-0(2) distances for all the phen 
complexes. The best correlation is through the data for (l), 
(3, (2), and (7), with those for (6) significantly different, and 
suggest that the underlying static stereochemistry of (l), (9, 
(2), and (7) will not be significantly different. The best correl- 
ation is then approximately parallel to the line drawn between 
the 298 and 173 K data points6 for (6) ,  which is known to 
involve a fluxional stereochemistry, but with a significantly 
different underlying static stereochemistry to the complexes 
involved in the best correlation above. 

The electronic reflectance spectra of copper(@-doped (3) 
are independent of concentration of the copper(r1) ion, as 
previously established for the copper(r1)-doped [Zn(bi~y)~- 
(ONO)][NO,] system. Thus, despite the significant difference 
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Figure 8. Cu-O(2) uersus Cu-O(1) distances (298 K) for [Cu- 
(phen)z(OzCMe)]Y complexes 

between the local MN402 chromophores of (5) and (3), the 
geometry of the CuN402 chromophore in (3) is unaffected by 
the ZnN40L stereochemistry. This is a further example of the 
' non-co-operative Jahn-Teller effect ' 22 in this series of 
molecular-type lattices, and it justifies equating the e.s.r. 
spectra of the 10% copper(!!)-doped (3) systems with the 
structure of pure (3). 

Thermal Parameters.-The use of the thermal parameter 
data 28 of the oxygen ligands as evidence of fluxional behaviour 
in these cis-octahedral chromophores has previously been 
s~ggested.'~*'~ Figure 9 restricts the data to the Cu, N(2), 
N(4), acetate carbon and oxygen atoms in [M(~hen)~(O~- 
CMe)]+ cation complexes. The data for (3) clearly show that 
the thermal ellipsoids of 0(1) and O(1') are spherical and that 
there is no disorder or fluxional behaviour involved with the 
ZnN402 chromophore associated with the two-fold special 
position of the P2/c space group. In the corresponding copper- 
(11) complexes (1) and ( 5 )  l5 there is maximum eccentricity l3 

in the thermal ellipsoids of 0(1) and O(1') with the major axes 
lying close to the Cu-O(1) direction: 8 and 13" in (1) and (3, 
respectively. In contrast, the thermal ellipsoids for the oxygen 
atoms of (2) reflect an intermediate situation, Figure 9, with 
the ellipsoids for the short-bonded 0(1) atom essentially 
spherical, but those for the long-bonded O(2) atom are more 
elliptical with the major axis at a significant angle (16") to the 
Cu-0(2) direction. 

Fluxional Model.-The present paper completes the data on 
a series of [C~(bipy)~(ON0)]Y and [C~(phen)~(O~CMe)lY 
complexes characterised by the following features. ( i )  They 
form a series of structures varying from regular cis-distorted 
octahedral to distorted ( 4  + 1 + 1 *) structures, with 6 
varying from 0.0-4.845 A. (ii) The geometry of the CuNI02 
chroniophore is temperature dependent; 6 varies from 0.1 1 to 
0.61 A in (4) and from 0.345 to 0.535 A in (6), with 6 = 

N(3) - Cu-N(l)]. (iii) The e.s.r. spectra are temperature 
[CuQ(2) - Cu-O(l)] + [Cu-N(4) - Cu-N(2)] + [CU- 
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Figure 9. Thermal ellipsoid plots for the in-plane CuN40z chromo- 
phores of (a) [C~(phen)~(O~CMe)][C10~]*2H~O ; (b) [Cu(phen)z- 
(OzCMe)][N03]*2HzO; (c) [Zn(phen)~(OzCMe)][BF4]*2Hz0 

variable, changing from (gl b 811 M 2.0) at room temperature 
to gl b g2 e g3 > 2.0 at low temperature, with the main 
temperature variation restricted to the two-dimensional Cu,- 
N(2),N(4),0(1),0(2) plane. (iu) The electronic reflectance 
spectra are nearly structure invariant. (0) Isomorphous zinc(r1) 
and copper(I1) complexes exist in which the ZnN402 and 
CuN402 chromophores are not isostructural, and the former 
involve a near regular cis-octahedral structure. 

As there are non-equivalent ligands present a description 
of these effects in terms of a genuine Jahn-Teller effect 3*28*29 

is inappropriate, and it is necessary to use the energy diagram 
appropriate to the pseudo-Jahn-Teller effect 2*13*29 Figure 10. 

An important question with the pseudo-Jahn-Teller effect is 
whether or not it is large enough30 to produce the magnitudes 
of the bond-length distortions observed. If not, the CuN402 
chromophore must be considered to have a near degenerate 
non-rigid stereochemistry, which can be described [see 
Figure 4(6) of ref. 311 by an adiabatic potentialenergy surface 
identical in appearance to that of Figure lO(u) and (6). This 
diagram equally accounts for the properties described in this 
section and it is only the origin of the diagram that is in 
question. As the historical development of the stereochemistry 
of copper(n) has been associated, traditionally9 with the 
Jahn-Teller effect, we prefer the pseudo-Jahn-Teller origin of 
Figure 10. 

Owing to the non-equivalent ligands present, the two 
potentialenergy surfaces are separated at the origin by 2A1 
(see Figure 9 of ref. 29), and of necessity have different 
symmetry, 2A or 2B. In general a single degenerate mode is 
involved in the vibronic coupling29 which must have b 

10 

1 

' 000 cm-' 

N 
I 

N 

I I 1  

Figure 10. Pseudo-Jahn-Teller potential-energy surface CuN402 
chromophore: (a) (-) equivalent wells; (b) (- - - -) non-equiva- 
lent wells 

symmetry in order to produce a non-zero second-order Jahn- 
Teller coupling between the two potential-energy surfaces.f 
The form of the active mode then relates closely to the extreme 
sense of distortion of the (4 + 1 + 1 *) geometry,1° as in (7) 
(S2&' Figure 10, which relates to the regular cis-distorted 
octahedral CuN402 chromophore (C2 symmetry) to the square- 
pyramidal distorted(4 + 1 + 1 *) structure, via the ' structural 
pathway ' 4*18 (see Figure 8 of ref. 4). The diagram in Figure 
1qu) involves equal energies for wells I and 11, and hence 
equivalent thermal populations, corresponding to a CuN40t 
chromophore of Cz symmetry, as in (1) and (3, which can 
only occur in a high-symmetry lattice.23 In general, the 
energies of wells I and I1 are not equivalent and differ by 
AE, Figure lO(b), which if less than thermal energy results in a 
different thermal population (n) of wells I and 11, with nI > 
nlI. Consequently the observed CuN402 geometry will be a 
weighted average of the populations of wells I and 11, as in (2), 
and will be temperature variable as observed for (6). As the 
lifetime 2s for the measurement of the e.s.r. spectra is long 

s) 
the e.s.r. spectra will also be temperature variable as observed 
above, but the electronic spectra will be almost structure in- 
variant as they relate to the underlying static CuN402 chromo- 
phore stereochemistry. Figure 1 O(a) and (6) adequately 
accounts for the different stereochemistries and electronic 
properties of this series of [C~(phen)~(O~CMe)lY cation 
distortion isomers. 

s) compared with that of the electronic spectra 
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