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cuprates having other geometries and to see how well these 
may be rationalized for the series of complexes using simple 
bonding models. Several attempts have been made to apply 
crystal field theory to the chlorocuprates, but more sophis- 
ticated calculations suggest that  such a model is quite un- 
realistic.’ Perhaps the best simple bonding model currently 
available for metal complexes is the angular overlap model 
( A O M )  of Jorgensen and S ~ h a f f e r . ~  This has recently been 
successfully applied to the interpretation of the spectral 
properties of a variety of metal The  A O M  
suggests that the energy e by which a metal d orbital is raised 
upon interaction with a ligand orbital is given by e = S2K, 
where S is the diatomic overlap integral and K is a constant. 
T h e  total energy of each orbital is obtained by summing the 
effects of all the  ligand orbitals using the angular overlap 
matrix appropriate to the geometry of the complex. Both u 
and T effects a re  included, and as  the C u  (3d) and C1 (3p) 
overlap integrals have been reported as a function of Cu-C1 
bond lengthI2 the AOM allows the d-orbital energies of a whole 
series of complexes of different geometries to be expressed as 
a function of just two parameters, K ,  and K,. In its simplest 
form, the A O M  predicts that  for a spherical ligand such as 
C1- the condition K ,  = K,  should be satisfied. In practice, it 
has been proposed that the model may need to be extended 
in several ways, e.g., by the inclusion of electrostatic effects 
or ligand-ligand interactions,1° bonding with ligand s orbitals, 
or the admixture of metal s or p orbitals with the d f ~ n c t i o n s . ’ ~  
The equations relating the d-orbital energies to K, and K, have 
been given elsewhere for square-planar, tetragonal-octahedral, 
distorted tetrahedral, and trigonal-bipyramidal ligand coor- 
d i n a t i ~ n . ~ ~ , ’ ~  These were used to fit the electronic transition 
energies observed a t  low temperature for 7 copper(I1) com- 
plexes of accurately known molecular geometry including all 
these stereochemistries by a least-squares technique, and the 
results a re  shown in Table  I .  Except for the transition ’B,- 
(dX2~y2) - 2A1(d,2) in planar CuC14’- the calculated and 
observed energies agree quite well, the “best fit” ligand field 
parameters being K,  = 1.01 X lo6  and K, = 1.21 X lo6 cm-l. 
Removal of this transition from the calculations gave “best 
fit” parameters K ,  = 0.94 X l o6  and K,  = 0.93 X lo6 cm-l 
with the only discrepancies greater than 1000 cm-’ occurring 
for the zBlg(dx2Ly2) - 2Alg(d,2) transitions of the tetrago- 
nal-octahedral chromophores in (EtNH,),CuCI, and (n- 
PrNH,),CuCI4. Considering the wide range of stereo- 
chemistries covered, the agreement between the calculated and 
observed transition energies is remarkably good. Moreover, 
in agreement with the simple model K,  K,. Participation 
of ligand s orbitals in the bonding or the presence of lig- 
and-ligand interactions should cause K,  to differ from K,, as 
well as produce systematic discrepancies in the spectral fits 
of complexes with differing stereocherni~tries.~~~’~ However, 
the ZBlg(d+$) - 2A1,(d,2) transition energy in planar C U C ~ ~ ~ -  
is underestimated by -5000 cm-’. Smith has recently 
proposed13 that in this complex the alg(dr2) orbital is lowered 
in energy by configuration interaction with the a1,(4s) orbital. 
In  D4h symmetry these two orbitals a re  mixed by an  amount 
dependent on the difference in ligand interaction along the x 
and z axes. Because the 4s orbital is so diffuse, its interaction 
with the ligand orbitals is large even a t  the long axial bond 
lengths in the tetragonally distorted octahedral ~ o m p l e x e s , ’ ~  
and it is only in the rigorously planar C U C ~ ~ ~ -  ion that the 
alg(dz2) orbital is lowered drastically in energy. The  overall 
spectral fit (see Table I) suggests a depression of -5000 cm-’ 
in planar CuC142-, -1400 cm-’ in (EtNH&CuCI4 and (n-  
P r N H 3 ) 2  CuC14 (axial bond lengths -3 A), and -800 cm-’ 
in CsCuCI3 (axial bond lengths 2.78 A). Assuming an energy 
of - 150 000 cm-’ for the 4s orbital,I4 simple perturbation 
theory suggests a molecular orbital coefficient of -0.2 for this 
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orbital in the ground-state wave function of planar CuCld2-. 
While this has not been confirmed directly for the copper(I1) 
complex, EPR spectral measurements of the isotropic hyperfine 
constants of low-spin planar cobalt(I1) complexes with Alg(dzz) 
ground states suggest molecular orbital coefficients of 
0.15-0.25 for the 4s orbital in these complexes alsoI5 and that 
the participation of this orbital in the ground state decreases 
on axial ligation.15J6 It would, thus, seem that while the AOM 
is adequate to describe the bonding in metal complexes having 
significant ligand interactions along each of the Cartesian 
molecular axes, in the case of planar compounds it is necessary 
to include the metal 4s orbital in the bonding scheme. 

Acknowledgment. The  receipt of a grant from the Aus- 
tralian Research Grants  Commission is gratefully acknowl- 
edged. 

0020-1669/78/13 17-1684$01 .OO/O 

Registry No. [(EtNHJ2CuCI4], 55940-27-7; [(n-PrNH,)PCuC14], 
55940-28-8. 
References and Notes 

For a recent discussion of these calculations and other aspects of 
chlorocuprate chemistry see D. W. Smith, Coord. Chem. Reu., 21, 93 
( 1976). 
P. Cassidy and M. A. Hitchman, J .  Chem. Soc., Chem. Commun., 837 
(1975); Inorg. Chem., 16, 1568 (1977). 
J .  Ferguson, J .  Chem. Phys., 40, 3406 (1964). 
C. Furlani, E. Cervone, F. Calzona, and B. Baldanza. Theor. Chim. Acta, 
7, 375 (1967). 
J .  P. Steadman and R. D. Willett, Inorg. Chim. Acta, 4, 367 (1970). 
F. Barendregt and H.  Schenck, Physica (C’trecht), 49, 465 (1970). 
H. Remy and G. Laves, Ber Dtsch. Chem. Ges., 66, 401 (1933). 
B. J. Hathaway and D. E. Billing, Coord. Chem. Rea., 5, 143 (1970). 
C. Schaffer and C. K. Jgrgensen, Mol. Phys., 9,401 (1965); C. E. Schaffer, 
Struct. Bonding (Berlin), 5,85 (1968); C. K. Jgrgensen, “Modern Aspects 
of Ligand Field Theory”, North-Holland Publishing Co., Amsterdam, 
1970. 
D. W. Smith, Struct. Bonding (Berlin), 12, 49 (1972), and references 
therein. 
M. A. Hitchman, Inorg. Chem., 11, 2387 (1972); 13,2218 (1974); M. 
A. Hitchman and T. D. Waite, Inorg. Chem., 15, 2150 (1976). 
D. W. Smith, J .  Chem. Sot. A ,  1498 (1970). 
D. W.  Smith, Inorg. Chim. Acta, 22, 107 (1977). 
P. Ros and G. C. A. Schmit, Theor. Chim. Acta, 4, 1 (1966). 
A. Rochienbauer, E. Budb-Zikonyi, and L. J. Sinlndi, J .  Chem. Soc., 
Dalton Trans., 1729 (1975); P. Fantucci and V. Valenti, J .  A m .  Chem. 
Soc., 98, 3832 (1976). 
B. R.  McGarvey, Can. J .  Chem., 32, 2498 (1975). 
K. N .  Raymond, D. W.  Meek, and J. A.  Ibers, Inorg. Chem., 7, 1111 
(1968). 
J .  A. McGinnety, J .  Am. Chem. Soc., 94, 8406 (1972). 
N. Bonamies, G. Dessy, and A. Vaciago, Theor. Chim. Acta, 7,367 (1967). 
A. W. Schuetler, R. A. Jacobson, and R. E. Rundle, Inorg. Chem., 5, 
277 (1966). 
R. L. Harlow, W. J. Wells, G .  W. Watt, and S. H.  Simonsen, Inorg. 
Chem., 13, 2106 (1974). 
G .  C. Allen and N. S. Hush, Inorg. Chem., 6, 4 (1967). 
R .  Laiko, M .  Natarajan, and M. Kaira. Phys. Status Solidi A ,  15, 31 1 
(1973). 

Contribution from the Istituto di Chimica Generale, 
Universitg di Pisa, 56100 Pisa, Italy 

Synthesis, Properties, and X-Ray Structure of 
(Diethylenetriamine)copper( I )  Carbonyl: a Highly 
Thermally Stable Copper( I) Amine Carbonyl 

Marco Pasquali, Fabio Marchetti, and Carlo Floriani” 

Received August 3, 1977 

Notwithstanding that copper(1) amine carbonyl chemistry 
is one of the oldest areas of carbonyl chemistry,’,’ no thermally 
stable solution or  solid-state copper(1)-amine carbonyl 
complexes have been isolated until r e ~ e n t l y . ~  The stabilization 
of the Cu-CO bond was variously ascribed to the  electronic 
effect of the ancillary ligands around Cu(1) and/or  to the 
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charge of the meta1.4,5 Nevertheless, the isolation of very few 
stable Cu(1) carbonyl complexes6 makes any prevision on the 
Cu-CO bond stabilization effects rather unwarranted. Very 
little is known about the actual coordination sphere of cop- 
per(1) involved in the  activation of simple molecules, Le., CO 
and 02.7 

One of the purposes of this work is to explore the coordi- 
nation chemistry of simple ligands which (a) stabilize the + 1 
oxidation state of copper and (b) can impart unique chemical 
properties, such as the  reversible binding of CO and 02. Our 
results on the Cu-dien system gave us the possibility of 
isolating a very stable copper(1) carbonyl and of understanding 
the  factors affecting Cu-CO stability. 
Experimental Section 

Reactions were carried out under an atmosphere of purified ni- 
trogen. Methanol was dried as in the literature.* Infrared spectra 
were recorded with a Perkin-Elmer Model 282 spectrophotometer. 
The C O  evolution was measured using previously described equip- 
 men^^ 

Preparations of the Complexes. Preparation of (Diethylenetri- 
amine)copper(I) Carbonyl Tetraphenylborate, [Cu(dien)CO]BPh.+ A 
suspension of CUI (4.02 g, 21.0 mmol) in methanol (100 cm') was 
treated with diethylenetriamine (4 cm', 37.0 mmol), the CUI partially 
dissolving with the appearance of a slightly blue color. Carbon 
monoxide was then added and all of the CUI passed into the solution 
in 30 min, the initially slightly blue suspension becoming practically 
colorless. The resulting methanolic solution did not lose CO in vacuo. 
By addition of NaBPh4 (7.22 g, 21'1 mmol), dissolved in methanol 
(30 cm'), a white crystalline solid was obtained (9.37 g, 87% yield). 
Anal. Calcd for [Cu(dien)CO]BPh4: C, 67.77; H, 6.42; N, 8.18. 
Found: C, 67.65; H, 6.66; N, 8.22. vco(Nujol) 2080 cm-I; vco(THF 
solution) 2080 cm-I. 

The carbonyl is only slightly soluble in THF. It remains unchanged 
when heated at 100 'C in the solid state. [Cu(dien)CO]BPh4, reacted 
with a methanolic solution of P(OCzH5)' (excess), yielded CO ev- 
olution in a molar ratio C0:Cu of 0.95. 

Preparation of [C~(dien)P(0C~H~)~lBPh~, [Cu(dien)PPh3]BPh4, 
and [Cu(dien)(C6HI1NC)]BPh4. [Cu(dien)CO]BPh4 (1.3 g, 2.53 
mmol) was suspended in tetrahydrofuran (50 cm') and reacted with 
P(OC,H5)3 (0.6 cm3, 3.45 mmol). Fast evolution of carbon monoxide 
was observed and at the same time all of the solid dissolved. The 
volume of the solution was reduced in vacuo to 20 cm3 and, by addition 
of (C,H,),O, a white crystalline solid was obtained (1 g, 60.6% yield). 
Anal. Calcd for [C~(dien)P(0C,H~)~lBPh~:  C, 62.62; H, 7.37; N, 
6.45; P, 4.16. Found: C, 62.37; H, 7.46; N,  6.44; P, 4.50. The 
syntheses of [Cu(dien)(PPh3)]BPh4 and [Cu(dien)(C6HIINC)]BPh4, 
both of which are obtained as white crystalline solids stable in air, 
were carried out under similar conditions. Anal. Calcd for [Cu- 
(dien)PPh3]BPh4: C, 73.84; H, 6.42; N, 5.62; P, 4.15. Found: C, 
73.47; H, 6.53; N, 5.45; P, 3.95. Calcd for [Cu(dien)- 
(C6HIlNC)]BPh4: C, 70.64; H, 7.4; N, 9.42. Found: C, 69.90; H, 
7.84; N, 9.39. vcN(Nujol) 2150 cm-I. 

Collection and Reduction of Crystal Data. A crystal of nearly 
prismatic shape of [Cu(dien)CO]BPh4 (I) with edges of 0.20 X 0.16 
X 0.47 mm' was mounted, within a Lindemann capillary, under a 
nitrogen atmosphere. Weissenberg photographs showed 2/m dif- 
fraction symmetry and the systematic extinctions (h01 present only 
for h + 1 = 2n and OkO present only for k = 2n) led to the space group 
P2,/n. Approximate cell parameters were measured on photographs 
and exactly determined by least-squares refinement of the angular 
positions of 25 strong reflections (0 > 6') collected on a Philips PW 
1 100 single-crystal automatic diffractometer, with graphite-mono- 
chromated Mo K a  radiation. Integrated intensities of reflections were 
measured using an w-scan method for k ,  1 > 0 and -16 < h < +16, 
with 3' < 0 < 24' (scan speed 0.05' s-I, scan width l.Oo, background 
count 10 s a t  the start and finish of each scan). Three equivalent 
reflections (152, 152, 152) were remeasured every 3 h as a check on 
crystal and instrument stability. No significant change in the measured 
intensity of these reflections was observed during data collection. 

Crystal Data. C U C ~ ~ H ~ ~ B N ~ O ;  mol wt 514.5; monoclinic; space 
group P2,/n; a = 14.832 ( l ) ,  b = 18.737 (3), c = 9.599 (1) A; p = 
90.07 (2)'; V = 2667.7 (9) A3; 2 = 4; Dcalcd = 1.280 g/cm3; F(000) 
= 1080 electrons, Mo K a  radiation, h 0.710 69 A, ~ ( M o  Ka) = 8.8 
cm-'. 
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Structure Determination and Refmement. Intensities were corrected 
for Lorentz and polarization effects but not for absorption owing to 
the relatively small dimensions of the crystal and the low absorption 
factor.I0 The copper atom was located by the Patterson method, and 
two successive electron-density maps permitted us to locate all 35 
nonhydrogen atoms. After three cycles of block-diagonal-matrix and 
one of full-matrix least-squares refinement, with unit weight and 
isotropic thermal parameters, the R factor for the 2657 observed 
reflections converged to 0.10." A difference Fourier map revealed 
24 of the 35 hydrogen atoms expected. A subsequent cycle of 
block-diagonal-matrix least-squares refinement was performed in which 
a weighting scheme wl/z = l / (a  + IFo] + blFOl2), where a = 23.0 and 
b = 0.0005, was assumed.i2 Anisotropic thermal parameters were 
introduced for the nonhydrogen atoms and those directly bonded to 
hydrogen atoms not yet located were not allowed to move. The R 
factor was reduced to 0.077 and a subsequent difference Fourier map 
revealed the next nine hydrogen atoms. The largest residual peak 
was 0.4 e/Ao3. A correction for anomalous dispersion due to copper 
was introduced with Af' = 0.263 and Af" = 1.266,l' and after two 
other block-diagonal-matrix and one full-matrix least-squares cycles 
the according factor dropped to 0.043. 

At this time a full-matrix cycle of refinement was accomplished 
in which the isotropic thermal parameters of the hydrogen atoms were 
allowed to vary together with the thermal parameters of the heavy 
atoms, and in following cycle all of the positional parameters were 
refined.I4 

A final full-matrix cycle in which hydrogen parameters were not 
allowed to vary reduced the final R factor for the observed reflections 
to 0.03. In this last stage 316 parameters were refined by least-squares 
fitting of 2657 structure factors and the largest shift per error was 
0.5 averaging to 0.1. The final atomic coordinates and anisotropic 
thermal parameters with their standard deviations are given in Table 
I. A table of positional and thermal parameters for the hydrogen 
atoms is available (Table SI of supplementary material). A listing 
of observed and calculated structure amplitudes is a~ailab1e.I~ 
Results and Discussion 

A methanolic suspension of CUI in presence of a slight excess 
of diethylenetriamine, dien, absorbs carbon monoxide irre- 
versibly giving a colorless solution (vco 2075 cm-'). By 
addition of NaBPh4, [Cu(dien)CO]BPh4 was obtained as a 
white crystalline solid (I), vco(Nujol) 2080 cm-'. I, quite 

CUI + dien t CO - [Cu(dien)CO]BPh, (1) 

stable (even in air) and slightly soluble in tetrahydrofuran 
(THF)  or acetone without decomposition or loss of carbon 
monoxide, vco(THF) 2080 cm-', does not lose CO in vacuo 
or by heating to  100 O C  in the  solid state. I is highly hy- 
drolyzable when BPh; is replaced by C1-. I reacts with some 
T acids such as PPh3, P(OC2HS),, or C6H11NC with simul- 
taneous evolution of carbon monoxide to give I1 as a white 
crystalline solid stable in air. The significant reduction of 

[Cu(dien)CO]BPh, + L - [Cu(dien)L]BPh, + CO (2) 

CH,OH 

NaBPh, I 

THF 

I1 
L =  PPh,, P(OC,H,),, C,HiINC 

the  CO stretching frequency in I' suggests a remarkable 
back-donation to CO, which is probably responsible for t he  
increased thermal stability of I. 

I t  is very well-known tha t  Cu(1) under various conditions 
absorbs carbon monoxide, reversibly, although very few 
well-characterized species have been isolated. 1-3 The  only one 
for which complete, including structural, characterization is 
known is hydrotris( 1-pyrazolyl)boratocopper(I) carbonyl, 

Solutions of Cu(1) in ammonia or organic bases are used 
in gas analysis, but CO is only loosely bonded and  easily 

Using ethylenediamine, en, t he  isolation of t he  
less elusive, although thermally unstable and structurally not 
identified, carbonyls [Cu(en)CO]Cl and [ C ~ ~ ( e n ) ~ ( C 0 ) ~ j C l ~  
was realized.16 

[HB(C3N2H3)3] CUCO.~ 
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Table I. Final Atomic Positional and Anisotropic Thermal Parameters (X 104)"ib 

Notes 

~~ ~~ 

Atom X Y Z 4 1  P a 2  P 3 3  012 p13 023 

0.26763 (2) 0.39202 (2) 0.66820 (2) 39 (1) 32 (1) 126 (1) 1(1) 6 (1) -8 (1) 
0.4415 (2) 
0.2105 (2) 
0.1414 (2) 
0.2244 (2) 
0.3740 (3) 
0.1140 (3) 
0.0969 (3) 
0.0931 (2) 
0.1581 (3) 
0.2477 (2) 
0.1686 (2)  
0.1652 (2) 
0.2396 (3) 
0.3187 (3) 
0.3223 (2) 
0.1583 (2) 
0.1200 (2) 
0.0418 (2) 

-0.0010 (2) 
0.034s (2) 
0.1129 (2) 
0.3291 (2) 
0.3753 (2) 
0.4349 (2) 
0.4510 (2) 
0.4051 (2) 
0.3451 (2) 
0.2803 (2) 
0.3700 (2) 
0.3939 (2) 
0.3296 (3) 
0.2405 (3) 
0.2165 (2) 
0.2537 (2) 

0.4421 (2) '  
0.4413 (2) 
0.4131 (1) 
0.2869 (1) 
0.4214 (2) 
0.4476 (2) 
0.4654 (2) 
0.3444 (2) 
0.2840 (2) 
0.1228 (1) 
0.1057 (2) 
0.1040 (2) 
0.1198 (2) 
0.1370 (2) 
0.1385 (2) 
0.1402 (1) 
0.1056 (2) 
0.1298 (2) 
0.1913 (2) 
0.2269 (2) 
0.2015 (2) 
0.1710 (1) 
0.1555 (1) 
0.2030 (2) 
0.2687 (2) 
0.2873 (2) 
0.2388 (2) 
0.0322 (1) 
0.0093 (1) 

-0.0620 (2) 
-0.1145 (2) 
-0.0944 (2) 
-0.0226 (2) 

0.1171 (2) 

0.7656 (5) 
0.4946 (3) 
0.7637 (3) 
0.6761 (4) 
0.7313 (6) 
0.5199 (5) 
0.6722 (4) 
0.7749 (4) 
0.7906 (4) 
0.1768 (3) 
0.1059 (3) 

-0.0401 (4) 
-0.1183 (4) 
-0.0521 (4) 

0.0933 (3) 
0.4203 (3) 
0.5348 (3) 
0.5997 (4) 
0.5530 (4) 
0.4401 (4) 
0.3757 (3) 
0.4151 (3) 
0.5389 (3) 
0.6000 (3) 
0.5409 (4) 
0.4209 (4) 
0.3601 (3) 
0.3705 (3) 
0.3726 (3) 
0.3722 (4) 
0.3711 (4) 
0.3695 (4) 
0.3690 (4) 
0.3478 (3) 

54 (2) 62 (2) 
63 (2) 38 (1) 
51 (2) 23 (1) 
58 (2) 28 (1) 
49 (3) 43 (2) 
55 (3) 50 (2) 
53 (2) 38 (2) 
52 (2) 27 (1) 
64(3)  25 (1) 
36 (2) 18 (1) 
40 (2) 30 (1) 
53 (2) 37 (2) 
76 (3) 31 (2) 
62 (3) 33 (1) 
43 (2) 25 (1) 
29 (2) 22 (1) 
36 (2) 30 (1) 
49 (2) 41 (2) 
42 (2) 46 (2) 
45 (2) 37 (2) 
43 (2) 28 (1) 
29 (2) 20 (1) 
33 (2) 26 (1) 
40 (2) 37 (2) 
35 (2) 40 (2) 
57 (2) 24 (1) 
46 (2) 23 (1) 
37 (2) 19 (1) 
39 (2) 21 (1) 
54 (2) 30 (2) 
79 (3) 22(1) 
70 (3) 21 (1) 
45 (2) 24 (1) 
31 (2) 19(1)  

395 (11) 0 (2) 
97 (5) -2 (1) 

a Estimated standard deviations are in parentheses. The temperature factors are in the form exp[-(h2pll + k'p,, + 1 2 &  + 2hkPl, + 
X ~ P , ,  + 2k~P,,)l. 

Table 11. Bond Distances (A) and Angles (deg) with Their 
Estimated Standard Deviations 

Coordination Polyhedron 
Cu-N(l) 2.085 (4) N(l)-Cu-N(2) 84.53 (14) 
Cu-N(2) 2.123 (3) N(l)-Cu-N(3) 108.90 (15) 
Cu-N(3) 2.073 (4) N(l)-Cu-C(l) 119.73 (21) 
Cu-C(l) 1.776 (5) N(2)-Cu-N(3) 83.54 (14) 
C(1)-0 1.123 (6) N(2)-Cu-C(1) 125.38 (21) 

N(3)-Cu-C(1) 123.82 (21) 
cu-C( 1)-0 176.57 (54) 

dien Unit 
N(l)-C(2) 1.457 (6) Cu-N(1)-C(2) 107.51 (28) 
N(2)-C(3) 1.471 (6) Cu-N(2)-C(3) 105.14 (25) 
N(2)-C(4) 1.478 (5) Cu-N(2)-C(4) 107.25 (24) 
N(3)-C(S) 1.476 (6) C(3)-N(2)-C(4) 113.99 (33) 
C(2)-C(3) 1.521 (7) Cu-N(3)-C(S) 106.64 (26) 
C(4)-C(5) 1.494 (6) N(l)-C(2)-C(3) 110.10 (38) 

N(2)-C(3)-C(2) 110.67 (39) 
N(2)4(4)-C(S) 110.83 (35) 
N(3)-C(5)-C(4) 109.05 (36) 

This  is the first report describing the structure of highly 
thermally stable amine-copper(1) carbonyl complex. 

Structure of [Cu(dien)CO]BPh,. Interatomic distances and 
bond angles, with their estimated standard deviations for the 
coordination sphere of the metal and for the dien unit are given 
in Table  I I . l 7  The  numbering scheme together with the 
coordination geometry of the cation [Cu(dien)CO]+ are  
displayed in Figure 1. The  crystal consists of the discrete 
cation [Cu(dien)CO]+ and the anion BPh4-. The  crystal 
packing within the unit cell is shown in Figure 2.  Bond lengths 
and angles in the tetraphenylborate anion are  in the usual 
range, as well as the interplanar angles between each pair of 
phenyl  ring^.'*^'^ Bond distances and angles within the dien 
unit do  not differ significantly from values previously reported 

Figure 1. ORTEP view of the cation [Cu(dien)CO]+ showing 20% 
probability ellipsoids and the atomic numbering scheme. 

for Cu(II)-dien complexes.2b23 No comparison is possible with 
Cu(1)-dien complexes, since this is the first complex of 
Cu(1)-dien reported structurally. 

T h e  dien acts as a tridentate ligand, while C O  completes 
the (distorted) tetrahedral arrangement of the donor atoms 
around C u  (Figure 1). The  central secondary nitro en atom 

copper a tom than do  the terminal nitrogens [mean value of 
bonds a t  a significantly longer distance [2.123 (3) 1 3 to the 
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Table 111. Comparison of the Cu-N Distances (A) for Some Cu-dien Complexes 
Atoms Cu(dien), ’+ ‘O Cu(dien), ’+ ’I Cu(dien)’+ ’’ Cu(dien)’+ 23 Cu(dien)+ a 

CU-Ntermb 2.265 (23) 2.350 (28) 2.009 (8) 2.002 (3) 2.085 (4) 
2.203 (11) 2.459 (26) 1.996 (8) 2.040 (3) 2.073 (4) 
2.170 (12) 2.131 (24) 
2.236 (14) 2.066 (25) 

2.002 (10) 2.027 (26) 
Cu-Nmidb 2.018 (11) 2.040 (23) 2.021 (7) 2.009 (3) 2.123 (3) 

a This study. Nterm = terminal nitrogen atoms of the dien ligand; Nmid = middle nitrogen atom of the dien ligand. 

c 
Figure 2. Molecular packing diagram for [Cu(dien)CO]+BPh4-. 

2.079 (4) A],  whose distances from copper are practically 
equivalent. This is a reverse trend from that observed for all 
other Cu-dien complexes shown in Table 111. The methylene 
carbons at N(2) [C(3) and C(4)] and at  the terminal nitrogen 
atoms [C(2) and C(5)] show the following deviations from 
the N( l ) -N(2) -N(3)  plane: -0.62, -0.97, -1.10, -0.42 A, 
respectively. Two intramolecular N-Cu-N angles are sig- 
nificantly less than the ideal tetrahedral angle of 109.5’ 

(14)OI. This is due to a combination of the constraints within 
the dien ligand and the requirements for normal copper-ni- 
trogen bond distances. The N (  l)-Cu-N(3) angle, being N( 1) 
and N(3)  independent, assumes the normal value. This 
necessarily affects the N-Cu-C(l)  angles, all of which are  
considerably greater than the ideal tetrahedral angle and range 
from 119.7 (2) to 123.8 (2)’. The more significant values 
associated with the Cu-CO unit are the Cu-C( 1) and C(  1)-0 
bond lengths which are  respectively 1.776 (5) and 1.123 (6) 
A and which agree quite well with the values reported for 
hydrotris( 1 -pyrazolyl)boratocopper(I) carbonyl, [HB(C3- 
N2H3)3]Cu(CO), of 1.765 (14) and 1.260 (6) 8, for C u - C  and 
C - 0 ,  respectively. The Cu-C( 1 ) -0  system is practically 
linear, the angle being 176.57 (54)O. 

of 2080 cm-’ is unusually low for a copper carbonyl, 
and this comes from the presence of good symbiotic existence 
of dien and C O  around copper(I).’ The results reported 
together with those recently cited in the literature24 give the 
possibility of ascribing the high stability of the isolated 
carbonyl complex (a) to the highly basic nitrogen as donor 

[N(l)-Cu-N(2)  = 84.53 (14)’; N(2)-Cu-N(3) = 83.54 

The 

atoms, (b) to the polydentate nature of the ligand, or (c) to 
the nature of the counteranion, the highest stability being 
found for the BPh4-. 

The choice of dien was dictated by its stability to form the 
required copper(1) derivative without the necessity for other 
ligands. The  utilization of complexes like the diethylene- 
triaminecopper(1) cation, Cu(dien)+, as a source of d’O 16- 
electron species can be very useful in coordinative additions 
or, generally, in molecular activation processes.25 It  is very 
well-known that copper(1) activates carbon monoxide in many 
catalytic processes, such as insertion, oxidation, and generally 
nucleophilic attack.26 Ligands like dien may be, moreover, 
a facsimile of the copper chelation site in hemocyanins, one 
of their properties being carbon monoxide binding ability. 

Acknowledgment. We thank Drs. A. Colombo, A. Immirzi, 
and M. Porzio ( I C M  Institute, Milan) for help in collecting 
x-ray data and C N R  (Rome) for financial support. 

Registry No. [Cu(dien)CO]BPh4, 65832-81-7; [Cu(dien)P- 
(OCZH5)3]BPh4, 65832-79-3; [Cu(dien)PPh3]BPh4, 65832-77-1; 
[ C U ( ~ ~ ~ ~ ) ( C ~ H ~ ~ N C ) ] B P ~ ~ ,  65832-75-9. 

Supplementary Material Available: Tables listing positional and 
thermal parameters for hydrogen atoms, C-H and N-H bond distances 
within the dien unit, distances and angles in BPhc, dihedral angles 
between phenyl planes, and final structure factors (15 pages). Ordering 
information is given on any current masthead page. 

References and Notes 
(1) M. I. Bruce, J .  Organomet. Chem., 44, 209 (1972). 
(2) F. H. Jardine, Adu. Inorg. Chem. Radiochem., 17, 115 (1975). 
(3) M. R. Churchill, B. G. DeBoer, F. J. Rotella, 0. M. Abu Salah, and 

M. I .  Bruce, Inorg. Chem., 14, 2051 (1975), and references therein. 
(4) T.  Tsuda, H. Habu, S. Horiguchi, and T. Saegusa, J .  Am. Chem. Soc., 

96, 5930 (1974); F. A. Cotton and T. J. Marks, ibid., 92, 51 14 (1970). 
( 5 )  M. I. Bruce and A. P. P. Ostazewski, J .  Chem. SOC., Dalton Trans., 2433 

( 1973). 
(6) R. R. Gagn6, J.  Am. Chem. SOC., 98,6709 (1976), and references therein. 
(7) C. Mealli, C. S. Arcus, J. L. Wilkinson, T. J. Marks, and J. A. Ibers, 

J .  Am.  Chem. Soc., 98, 711 (1976). 
(8) A. I. Vogel, “A Textbook of Practical Organic Chemistry”, 3rd ed, 

Longmans, Green and Co., London, 1956, Chapter 2. 
(9) F. Calderazzo and F. A. Cotton, Inorg. Chem., 1, 30 (1962). 

(10) The integrated intensity of 12 pairs of equivalent reflections has been 
measured and the maximum difference between the intensity values of 
the two components of each pair was less than 6%. 

(1 1) Scattering factors for nonhydrogen atoms were taken from D. T. Cromer 
and J. B. Mann, Acta Crystallogr., Sect. A ,  24, 321 (1968). 

(12) Scattering factors for hydrogen were taken from “International Tables 
for X-Ray Crystallography”, Vol. 3, Kynoch Press, Birmingham, England, 
1962. 

(13) D. T. Cromer and D. Liberman, J .  Chem. Phys., 53, 1891 (1970). 
(14) In addition to various local programs, versions of the following programs 

were employed: J. M. Stewart, “X-Ray 70”, Technical Report, Computer 
Science Center, University of Maryland, 1970; Johnson’s ORTEP thermal 
ellipsoid plotting program. 

(15) Supplementary material. 
(16) G. Rucci, C. Zanzottera, M. P. Lachi, and M. Camia, Chem. Commun., 

652 (1971). 
(17) C-H and N-H bond distances within the dien unit are available as 

supplementary material, Table SI. 
(18) M. Di Vaira and A. Bianchi Orlandini, J .  Chem. SOC., Dalton Trans., 

1704 (1972). 
(19) Bond distances and angles in BPh4- together with the dihedral angles 

between the phenyl planes are available as supplementary material, Tables 
SI11 and SIV. 

(20) F. S. Stephens, J .  Chem. SOC. A ,  883 (1969). 
(21) F. S. Stephens, J .  Chem. SOC. A ,  2233 (1969). 
(22) F. S. Stephens, J .  Chem. SOC. A,  2493 (1969). 



1688 Inorganic Chemistry, Vol. 17, No. 6, 1978 

(23) T. J. Kistenmacher, T. Sorrell, and L. G. Marzilli, Inorg. Chem., 14, 
2419 (1975). 

(24) T. Ogura, Znorg. Chem., 15, 2301 (1976). 
(25) M. Pasquali and C. Floriani, unpublished results. 
(26) W. Brackman, Discuss. Faraday SOC., 46, 122 (1968). 

Notes 

Table I. Kinetic Data for Benzenediol Oxidation by Mo(CN), 3-  a 
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The  experimental rates of many outer-sphere electron- 
transfer reactions 

k l ,  Ox, + Red, -Ox, + Red, 

agree with the Marcus free-energy relationship 

(1) 

AChlz = wlZ + Alz(l  + Ac012'/A1z)2/4 (2) 

where 

k12 = Z exp(-AC*12lRT) (3) 
hi2 = 2(AC*11 - ~ 1 1  + AG*22 - ~ 2 2 )  

AGo1,'=AGo12 + ~ 2 1  -w12 

(4) 
(5  1 

Z is the collision number in solution, taken to be 10" M-' s-'; 
AG*ll and AG*22 are  the activation free energies for self- 
exchange reactions and wll and w22 are the related work terms; 
w12 and w2' are  the corresponding work terms involved in 
bringing reactants and products together, respective1y.I 

A knowledge of AG** (where AG** = AC* - w) for the 
self-exchange reactions is of obvious importance in tests of the 
Marcus theory; the work terms can be evaluated according 
to 

z1z2e2 

Dr * w=- exp(-Kr*) 

where z1 and z2 are  the formal charges of the reactants, D is 
the  static dielectric constant, and r* is the distance between 
the centers of reactants; the exponential coefficient is the 
Debye-Huckel term with K as the reciprocal Debye radiusS2 

It  is well-known that the exponential coefficient overcorrects 
for ionic strength outside of the Debye-Huckel region and, 
in turn, the zero ionic strength extrapolation under correct^.^ 
Recently, Ha im and Sutin proposed an "averaged" method 
for estimating the work terms and in this way obtained sat- 
isfactory agreement with experimental data.4 

In previous work we have investigated the kinetics of 
electron-transfer reactions between benzenediols (H2Q) and 
hexa~hloroiridate(IV),~ tris( 1,lO-phenanthroline)iron(III) and 
its derivatives (FeL33+),6 and aquopentachloro-, diaquo-, 
tetrachloro-, and h e ~ a b r o m o i r i d a t e ( I V ) . ~  The rate-deter- 
mining step of these reactions can be represented as in eq 7 ,  
Ox t H,Q --f Red + H,Q+. (7) 
and a model for calculating the free-energy changes involved 
was proposed.5a Different XI2's were found to hold for different 
oxidant c ~ m p l e x e s . ~ - ~  Since benzenediols a re  uncharged 
molecules, the term w12 can be set equal to zero, and wZ1 
(which involves an interaction of charged metal complexes with 

0020-1669/78/13 17-1688501 .OO/O 

Benzenediol 

A G O  

2-Methylbenzene-1,4-diol 7.6 X l o 4  6.1 3.0 X lo4 

2-Chlorobenzene-1,4-diol 3.7 X l o 3  8.2 2.7 X l o 3  
4-Methylbenzene-1,2-diol 4.7 X l o 3  8.7 1.5 X l o3  
4-tert-Butylbenzene-1,2-diol 5.2 X 10' 9.3 7.0 X 10, 
Benzene- 1,2-diol 9.5 X 10' 10.5 1.5 X 10, 

a At 20.0 "C, [HCLO,] = 1.00 M, p = 1.0 M;  [Mo(CN), '-1 = 5 x 
lom5 M;  the concentration range for benzenediols was (1-6) X 

M, except for 2-methylbenzene-1,4-diol((O.5-2) X M) 
and benzene-l,2-diol ((5-20) X M).  The standard devia- 
tions are 4-670. Referred to the rate-determining step; calcula- 
ted as described in ref 3;Eo(Mo(CN), '-/'-) = 0.80 V.9 Calcu- 
lated with eq 2; A,,  = 21 kcal mol-'. 

Benzene-1 &diol 1.1 x 104 7.8 4.3 x 103 

Table 11. Kinetic Data for Benzenediol Oxidation by Fe(CN),3- a 

G" 
k ,  ~ - 1  kcai kcalcd,d Benzenediol s-l b mol-~ c M-I s-l 

2-Methylbenzene-1,4-diol 7 2  8.2 84 
Benzene-l,4-diol 10 9.9 12 

a At 20.0 "C, [HClO,] = 1.00 M ,  I.L = 1.0 M;  [Fe(CN)63-] = 1 X 
M ;  the concentration range of 2-methylbenzene-1 ,4-diol was 

(1-5) X M and 0.10-0.20 M for benzene-1,4-diol. The rate 
constants were estimated preferably in the early part of reaction; 
the standard deviation is 5-7%. Referred to the rate-determining 
step; calculated as described in ref 3;E"(Fe(CN),3-/4-) = 0.71 V. 

Calculated with eq 2; A,, = 30 kcal mol-'. 

a monopositive cation radical at ionic strength 1 .O M) can also 
be tentatively neglected.8 Thus, to a good approximation, 
AGOl,/ = AGOl2 for all the  oxidants. Moreover, since h12 = 
2(AG**11 + AG**22), with AG**22 (referred to benzenediols) 
kept c ~ n s t a n t , ~  L ~ A G * * ~ ]  = '/24x12. Thus, a relative "scale" 
of AG**ll can be derived. A problem arises in the selection 
of a reference for AG**ll. In a previous paper,12 we have 
chosen the IrC162-/3- system, whose self-exchange rate was 
determined a t  p = 0.1 M13 (AG*ll  = 7.7 kcal mol-'; w l l  = 
1.2 ( r  = 4.3 A) and thus AG**ll = 6.5).14 Consequently, for 
FeL33+/2+ AG** should be 1.5 kcal mol-',6 for Ir(H20)ClS-12- 
and Ir(H20)2C1:/-, AG** = 6.5 kcal mol-',7 and for IrBr2-13-, 
AG** = 4.0 kcal m01-l.~ With these values a satisfactory 
agreement was found between calculated and experimental 
data.7J2 

In order to evaluate the importance of the correct estimation 
of AG** and of the work terms, we decided to investigate 
reaction 8 a t  p = 0.010 M and 25.0 OC. This reaction was 

Mo(CN),~- + Fe(CN)64- + Mo(CN),~- + Fe(CN)63- (8) 

previously investigated a t  0.50 M H2SO4,I5 whereas in the 
present study a lower ionic strength was chosen. Moreover, 
with w21 = w12, then AGOl2' = AGOl2. In order to estimate 
AG** for the two reactants, their reactions with benzenediols 
were also investigated. 
Experimental Section 

Reagents. Octacyanomolybdate(1V) was prepared according to 
the described procedureI6 and the corresponding Mo(V) derivative 
was obtained by electrooxidation. All the other chemicals were of 
high quality and were used without further purification. Doubly 
distilled water was used. 

Procedure. The oxidation of benzenediols was followed at  390 nm 
for M O ( C N ) ~ ~ -  ( E  1.3 X lo3 M-' cm-' ) and at 420 nm for Fe(CN):- 
( 6  1.0 X lo3 M-' cm-' ) with a Durrum-Gibson stopped-flow spec- 
trophotometer. The experimental conditions are given in Tables I 
and 11. The reaction rate of eq 8 was followed at 245 nm under 
second-order conditions. Plots of In ((bo - x) / (a ,  - x)] vs. time, where 
a. and bo are [Mo(CN),~-], and [Fe(CN),"],,, respectively, were linear 
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