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in the spectra obtained for this compound. Virtually all 
previous studies on coupled Cu(I1) systems have employed only 
X-band measurements. We have observed32 a similar di- 
minution in the intensity of the Am = 2 absorption on changing 
from X- to Q-band for the dimeric33 complex [Cu(ade- 
nine),(H20)] 2.6H20, though for that compound, in which the 
coupling is much ~tronger?~ the Am = 2 band can still be seen 
very weakly at Q-band with very high spectrometer gain 
settings. These observations emphasize the value of changing 

(32) Goodgame, D. M. L.; Rollins, R. W., unpublished observations. 
(33) Sletten, E. Acta Ctystallogr., Sect. B Stmct. Crystallogr. Crysr. Chem. 

1969, 25, 1480. 
(34) Goodgape, D. M. L.; Price, K. A. Nature (London) 1968, 220, 783. 

23, 28 13-28 19 2813 

the applied microwave frequency in studying coupled cop- 
per(I1) systems. 
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The syntheses, spectroscopy, and structures of Cu(I)-di-2-pyridylamine (NH(py),) complexes with ethylene, propylene, 
acetylene, and carbon monoxide ligands are presented. Complexes of the formulation [Cu(NH(py),)(X)]Y (X = C2H, 
and C3HQ Y = CIO,; X = C2H2, Y = BF4] and [ C U ( N H ( ~ ~ ) ~ ) ( C O ) C ~ O ~ ]  are characterized analytically and spectroscopically. 
The ethylene, acetylene, and carbonyl compounds are also characterized by X-ray diffraction techniques. The ethylene 
complex [ C U ( N H ( ~ ~ ) ~ ) ( C ~ H ~ ) ] C I O ~  crystallizes in the monoclinic space group C2/c with 4 molecules per unit cell of dimensions 
u = 9.829 (1) A, b = 17.105 (2) A, c = 8.672 ( 1 )  A, and j3 = 93.806 (1)O at  -100 'C. Least-squares refinement of 116 
variables led to a value of the conventional R index (on F) of 0.050 and of R,  of 0.049 for 1260 reflections having F,2 
> 2u(F:). The geometry about the Cu(1) ion, which is coordinated to two pyridyl nitrogen atoms and an ethylene molecule, 
is trigonal planar. The carbon-carbon bond distance of the coordinated ethylene molecule is 1.359 (7) A. The acetylene 
complex [CU(NH(PY)~) (C~H~) ]BF~  crystallizes in the monoclinic space group C2/c  with 4 molecules per unit cell of dimensions 
u = 10.140 (2) A, b = 17.782 (4) A, c = 7.852 (1) A, and j3 = 105.34 ( I ) '  at -100 'C. Least-squares refinement of 119 
variables led to a value of the conventional R index of 0.046 and of R ,  of 0.044 for 1259 independent reflections having 
F: > 247:). The coordination sphere about the Cu(1) ion is analogous to that found for the ethylene complex. The 
carbon-carbon bond distance of the coordinated acetylene molecule is 1.188 (1 1) A. The carbonyl complex [Cu(NH- 
(py)2)(CO)C104] crystallizes in the triclinic space group Pi with 2 molecules per unit cell of dimensions a = 8.922 (1) 
A, b = 10.755 (1) A, c = 7.379 (1) A, CY = 91.51 (1)O, j3 = 99.24 ( 1 ) O ,  and y = 81.25 (1)' a t  -100 OC. Least-squares 
refinement of 226 variables led to a value of the conventional R index of 0.028 and of R,  of 0.032 for 2774 independent 
reflections having F: > 2u(F:). The Cu(1) ion is coordinated to two pyridyl nitrogen atoms and a carbonyl group in a 
trigonal-planar geometry. There is also a perchlorate oxygen atom at a distance of 2.429 (1) A from the copper ion, which 
suggests a weak interaction between cation and anion. These complexes demonstrate that the copper coordination chemistry 
with ethylene, propylene, acetylene, and carbon monoxide is consistent with the proposed role of copper a t  the ethylene 
binding site of plants. 

Recently we reported the synthesis, properties, and first (propylene, acetylene, carbon monoxide) in an oxidation state 
structural characterization of two Cu(I)-ethylene complexes commonly found in biological systems. However, the majority 
that are stable to loss of olefin, unlike the majority of previously of Cu(I)-ethylene adducts are so unstable to loss of olefin that 
reported cuprous-ethylene adducts.' Our interest in this area they have been in general only poorly characteri~ed.~" In 
arises from the proposed role of copper in the binding of the contrast, the native systems show an apparent KD for ethylene 
plant hormone ethylene to its receptor ~ i t e . ~ ~ ~  Although the of - M.' It is thus impossible to determine whether or 
identity of the binding site remains unknown, the properties 
of the native systems suggest the involvement of a metal ion. 

(4) (a) Jardine, F. H. Adu. Inorg. Chem. Radiochem. 1975,17, 115-163. 
(b) Herberhold, M. "Metal T-Complexes"; Elsevier: New York, 1974; 
Vol. 11, Part 2, pp 173-193. (c) Quinn, H. W.; Tsai, J. H. Adu. Inorg. 
Chem. Radiochem. 1969, 12, 217-373. (d) Pasquali, M.; Floriani, C.; 
Gaetani-Manfredotti, A.; Chiesi-Villa, A. J .  Am. Chem. Soc. 1978, 100, 
4918-4919. (e) Salomon, R.  G.; Kochi, J .  K. Ibid. 1973, 95, 

(5)  Camus, A.; Marsich, N.;  Nardin, G.; Randaccio, L. Inorg. Chim. Acta 

Of all the biologically important transition metals, only copper 
ion shows reactivity with ethylene and the ethylene analogues 

T h o m p n ,  J. S.; Harlow, R. L.; Whitney, J. F. J. Am. Chem. Soc. 1983, 
105, 3522-3527. 1889-1897. 
(a) Beyer, E. M. Plant Physiol. 1976,58,268-271. (b) Beyer, E. M.; 
Blomstrom. D. C. In "Plant Growth Substances 1979"; Skooa, F., Ed.; 1977. 23, 131-144. - 
Springer-Verlag: New York, 1980; pp 208-218. (6) (a) Pasquali, M.; Floriani, C.; Gaetani-Manfredotti, A.; Chiesi-Villa, 
(a) Varner, J. E.; Ho, D. T.-H. In "Plant Biochemistry", 3rd ed.; Bonner, A. Inorg. Chem. 1979,18, 3535-3542. (b) Dines, M. B. Ibid. 1972,11, 
J., Varner, J. E., Eds.; Academic Press: New York, 1976; pp 713-770. 2949-2952. (c) Yanagihara, N.; Sampedro, J. A.; Casillas, V. R.; 
(b) Abeles, F. B. Annu. Rev. Plant Physiol. 1972, 23, 259-292. (c) Fernando, Q.; Ogura, T. Ibid. 1982, 21, 475-479. 
Abeles, F. B. "Ethylene in Plant Biology"; Academic Press: New York, (7) Bengochea, T.; Dcdds, J. H.; Evans, D. E.; Jerie, P. H.; Niepel, B.; 
1973. Shaari, A. R.; Hall, M. A. PIanta 1980, 148, 397-406. 
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not the observed properties of the receptor site, especially the 
trends in activity of ethylene and ethylene analogues, are 
consistent with a binding site containing a cuprous ion. The 
compounds reported by us with the ligands hydrotris( 3,5-di- 
methyl-1-pyrazolyl)borate, HB(3,5-Me2(pz))) (I), and hy- 
drotris( 1-pyrazolyl)borate, HB(pz), (11), are indefinitely stable 

Thompson and Whitney 

well-characterized, stable Cu(1) complexes with ethylene' and 
carbon monoxidei'a-b are those with I and 11; thus, the 
structural chemistry of copper with these two small molecules 
is well established. However, we are unaware of any other 
examples of ethylene and acetylene forming structurally 
analogous Cu( I) complexes. Copper-acetylene chemistry is 
dominated by the formation of Cu(1)-acetylide complexe~.~J~ 
The Cu(1) complexes reported herein support the conclusions 
of our earlier work and demonstrate for the first time that 
ethylene and acetylene form isostructural complexes. A 
communication of the initial results on this Cu(1)-acetylene 
chemistry has appeared.') 
Experimental Section 

General Methods. All chemicals were reagent grade and were used 
as received unless otherwise noted. Tetrakis(acetonitrile)copper(I) 
tetrafluoroborate, [CU(CH~CN)~]BF~, was prepared according to a 
literature pr~edure. '~  The solvents methanol and diethyl ether were 
deaerated with prepurified nitrogen and stored over molecular sieves 
(4A), which were activated prior to use by heating at approximately 
250 O C  under high vacuum for several days and then stored under 
nitrogen. Standard glovebox and Schlenkware techniques were used 
in the handling of air-sensitive compounds. Elemental analyses were 
performed by Galbraith Laboratories, Inc., Knoxville, TN. Infrared 
spectra were obtained as Nujol mulls with a Perkin-Elmer 283-B 
infrared spectrophotometer. NMR spectra were obtained in deu- 
terioacetone with a Perkin-Elmer EM-390 spectrometer; all reported 
peak positions are relative to tetramethylsilane. 

Preparations. (Etbylene)(di-2-pyridylamine)copper(I) Perchlorate, 
[ C U ( N H ( ~ ~ ) ~ ) ( C , H ~ ) ~ C I O ~  (111). Copper perchlorate hexahydrate 
(0.25 g, 0.67 mmol) and copper dust (0.20 g, 3.1 mmol) were stirred 
in 10 mL of methanol overnight in an ethylene atmosphere. Caution! 
The &(I)-ethylene adduct produced in this step is unstable and will 
explode iftaken to dryne~s . '~  The ligand di-2-pyridylamine, N H ( P ~ ) ~ ,  
(0.23 g, 1.3 mmol) was added slowly as a powder. After completion 
of this addition, the reaction mixture was stirred for approximately 
0.5 h and then filtered under nitrogen pressure. The volume of the 
filtrate was reduced with a stream of ethylene. A white, micro- 
crystalline product was obtained on addition of diethyl ether. Anal. 
Calcd for C1,Hl3C1CuN3O4: C, 39.79; H, 3.62; N, 11.60. Found: 
C, 39.74; H, 3.53; N, 11.44. IR (cm-I): 3330 m, 3255 w, 3220 m, 
3155 m, 3110 w, 3080 w, 3055 w, 1645 s, 1615 w, 1610 w, 1595 m, 
1585 s, 1530 s, 1505 w, 1438 m, 1425 m, 1380 s, 1335 w, 1275 w, 
1268 w, 1235 s, 1175 m, 1165 s, 1115 s, llOOs, 1070s, 1015 m, 955 
w, 930 w, 912 m, 865 w, 840 w, 830 w, 815 w, 765 s, 735 w, 720 w, 
650 w, 620 m. NMR (ppm): 9.90 (s, 1 H), 8.38 (d, 2 H), 8.03 (t, 
2 H), 7.26 (q, 4 H), 4.70 (s, 4 H). 

(Propylene)(di-2-pyridylamine)copper(I) Perchlorate, [Cu(NH- 
(py),)(C3H6)lCI04 (IV). The procedure described above for the 
preparation of the ethylene complex 111 was used to prepare the 
analogous propylene complex IV. Anal. Calcd for Cl3HI5CICuN304: 
C, 41.50; H, 4.02; N, 11.17. Found: C, 41.44; H, 4.04; N, 11.10. 
IR (cm-I): 3325 m, 3260 w, 3230 w, 3160 w, 31 10 w, 3095 w, 3050 
w, 1645 s, 1615 w, 1595 m, 1590 s, 1570 w, 1560 w, 1535 s, 1515 
w, 1435 m, 1422 m, 1400 w, 1275 m, 1255 w, 1235 s, 1200 w, 1172 
s, 1165 m, 1120 s, 1100 s, 1060 s, 1050 m, 1020 m, 1015 m, 955 w, 
920 w, 915 m, 892 w, 878 m, 830 w, 788 m, 770 s, 735 w, 720 w, 
705 w, 670 w, 655 w, 615 m. NMR (ppm): 9.86 (s, 1 H), 8.31 (d, 
2 H), 7.95 (t, 2 H), 7.21 (q, 4 H), 5.48 (m, 1 H), 4.50 (m, 2 H), 1.81 
(d, 3 H). 

(Acetylene) (di-2-pyridylamine)copper( I) Tetrafluoroborate, [Cu- 
(NH( p ~ ) ~ )  ( C2H2)]BF4 (V). Tetrakis(acetonitrile)copper( I) tetra- 
fluoroborate (0.40 g, 1.3 mmol) in approximately 10 mL of methanol 
was stirred under an acetylene atmosphere for approximately 1 h, 

H 
I 

H 
I 

I II 

in the solid state under nitrogen and can be dissolved in ole- 
fin-free solvents without decomposition; hence, these com- 
pounds show binding of ethylene that is characteristic of the 
native systems. The structural characterization of these 
complexes revealed a relatively unperturbed carbon-carbon 
bond distance of the coordinated olefin (1.329 (9) and 1.347 
(5) A) compared with the free olefin value (1.337 (2) A).839 

Although these relatively short bond lengths are not unique 
(values of 1.3 19-1.375 A have been reported for a variety of 
transition metalsi0), a significant lengthening of this bond 
(1.41-1.46 A) is usually observed on ethylene coordination 
to d'O metals such as those of the nickel triads9 These results 
suggest that u bonding is the dominant interaction between 
metal and olefin; T back-bonding from metal ion to olefin is 
not of great importance. This type of bonding interaction can 
account at  least in part for the observed trends in activity of 
ethylene analogues. Electron-withdrawing groups have been 
shown to decrease the activity of olefins in inducing the 
ethylene effect;) these groups enhance the a back-bonding from 
metal to olefin at  the expense of the u donation to the metal 
ion. 

In this paper, we present the syntheses, spectroscopy, and 
structures of Cu(I)-di-2-pyridylamine complexes with 
ethylene, propylene, acetylene, and carbon monoxide ligands. 
The objective of this work is to determine whether or not the 
properties of the olefin complexes with I and I1 are general 
characteristics of Cu(1)-ethylene complexes with nitrogen 
donor ligands. In addition, we wished to establish that Cu(1) 
complexes with monoolefins, acetylene, and carbon monoxide 
exhibit the same type of structural chemistry. Our earlier 
report on Cu(1)-monoolefin complexes with I and I1 estab- 
lished the properties and types of structures of Cu(I)-ethylene 
complexes with nitrogenous 1igands.l Cu(1)-carbonyl com- 
plexes have been extensively studied." Indeed, the first 

Bartell, L. S.; Roth, E. A.; Hollowell, C. D.; Kuchitsu, K.; Young, J. 
E. J .  Chem. Phys. 1965, 42, 2683-2686. 
(a) Ittel, S. D.; Ibers, J. A. Adu. Organomet. Chem. 1976, 14, 33-61. 
(b) Mingos, D. M. P. In "Comprehensive Organometallic Chemistry"; 
Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon Press: 
New York, 1982; Vol. 3, pp 1-88. (c) Jolly, P. W. Reference 9b, Vol. 
6, pp 101-143. (d) Hartley, F. R. Reference 9b, Vol. 6, pp 471-762. 
(a) Busetto, C.; DAlfonso, A.; Maspero, F.; Perego, G.; Zazzetta, A. 
J. Chem. Soc., Dalton Trans. 1977,94, 1828-1834. (b) Guggenberger, 
L. J.; Cramer, R. J. Am. Chem. Sac. 1972, 94, 3779-3786. (c) 
Maspero, F.; Perrotti, E.; Simonetti, F. J. Organomet. Chem. 1972, 38, 
c 4 3 c 4 5 .  
(a) Churchill, M. R.; DeBoer, B. G.; Rotella, F. J.; Abu Salah, 0. M.; 
Bruce, M. I. Inorg. Chem. 1975,14,2051-2056. (b) Mealli, C.; Arcus, 
C. S.; Wilkinson, J. L.; Marks, T. J.; Ibers, J. A. J. Am. Chem. SOC. 
1976,98,711-718. (c) Pasquali, M.; Marchetti, F.; Floriani, C. Inorg. 
Chem. 1978, f7, 1684-1688. (d) Pasquali, M.; Floriani, C.; Gaetani- 
Manfredotti, A. Ibid. 1980, 19, 1191-1197. (e) Pasquali, M.; Marini, 
G.; Floriani, C.; Gaetani-Manfredotti, A,; Guastini, C. Ibid. 1980, 19, 
2525-2531. (f) Pasquali, M.; Floriani, C.; Gaetani-Manfredotti, A. 
Ibid. 1981.20, 3382-3388. (8) Pasquali, M.; Floriani, C.; Venturi, G.; 
Gaetani-Manfredotti, A,; Chiesi-Villa, A. J. Am. Chem. SOC. 1982, 104, 
4092-4099. 

(12) (a) Gilliland, E. R.; Bliss, H. L.; Kip, C. E. J. Am. Chem. SOC. 1941, 
63, 2088-2090. (b) Abu Salah, 0. M.; Bruce, M. I. J .  Chem. SOC., 
Chem. Commun. 1972,858-859. (c)  Abu Salah, 0. M.; Bruce, M. I. 
J. Chem. Soc., Dalton Trans. 1974,2302-2304. (d) Abu Salah, 0. M.; 
Bruce, M. I. Ibid. 1975, 2311-2315. ( e )  Abu Salah, 0. M.; Bruce, M. 
I. Aust. J. Chem. 1976, 29, 531-541. 

(13) Thompson, J. S.; Whitney, J. F. J. Am. Chem. SOC. 1983, 105, 

(14) Hathaway, B. J.; Holah, D. G.; Postlethwaite, J. D. J. Chem. SOC. 1961, 

( 1 5 )  Ogura, T. Inorg. Chem. 1976, 15, 2301-2303. 

5488-5490. 

3215-3218. 



Copper( I)-Di-2-pyridylamine Complexes 

Table I. Crystal Data for [Cu(NH(py),)(C,H,)]ClO, (III), [CU(NH(PY)~)(C,H,)]BF, (V), and [Cu(NH(py),)(CO)ClO, ] (VI) 
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I11 V VI 

mol form 
mol wt 
a, A 
b, A 
c, '4 
a, deg 
0, deg 
7 ,  deg 
v, '4, 
Z 
space group 
radiation (A, A )  

20 limits, deg 
temp, "C 
abs coeff, cm-' 
transnissn factor 
no. of unique data 

no. of variables 
R 

used (Fo2 > 2 ~ ' ) )  

Rw 

C , lH,  ,ClCuN,O, 
364.26 
9.829 (1) 
17.105 ( 2 )  
8.672 (1) 
90.0 
93.806 (1) 
90.0 
1454.8 (6) 
4 
c2/c 
Mo KLY (0.71069) from 

4-55 
- 100 
17.61 
0.821-0.998 
1260 

graphite monochromator 

116 
0.050 
0.049 

a t  which point the solution was dark red-brown in color. Di-2- 
pyridylamine (0.23 g, 1.3 mmol) was added slowly as a powder. The 
preparation was completed in the manner described above for the 
ethylene complex. Anal. Calcd for CI2HllBCuF4N3: C, 41.47; H, 
3.19; N, 12.09; Cu, 18.28. Found: C, 41.76; H,  3.46; N,  12.31; Cu, 
18.62. IR (cm-I): 3340 m, 3265 w, 3215 m, 3130 m, 3100 w, 3055 
w, 1795 m, 1645 s, 1620 w, 1595 m, 1590 s, 1572 m, 1535 m, 1288 
w, 1278 w, 1235 m, 11 80 m, 1169 s, 11 10 w, 1070 s, 101 5 s, 91 2 m, 
872 w, 832 w, 770 s, 718 m. N M R  (ppm): 9.85 (s, 1 H), 8.48 (d, 
2 H), 7.98 (t, 2 H), 7.26 (q, 4 H), 5.59 (s, 2 H).  

(Perchlorato)carbonyl(di-2-pyridylamine)copper( I), [Cu( NH- 
(py),)(CO)CIO,] (VI). The procedure described above for the 
preparation of the ethylene complex 111 was used to prepare the 
analogous carbonyl complex VI. Anal. Calcd for C I  ,H9C1CuN3O5: 
C, 36.48; H, 2.50; N, 11.60. Found: C, 36.33; H, 2.55; N,  11.30. 
IR (cm-I): 3335 m, 3250 w, 3215 w, 3150 w, 3120 w, 21 10 s, 1642 
s, 1615 w, 1592 m, 1585 s, 1558 w, 1530 s, 1432 m, 1420 m, 1275 
w, 1235 m, 1170 m, 1165 m, 1115 s, 1100 s, 1070 s, 1040 s, 1015 
m, 918 w, 910 m, 875 w, 865 w, 835 w, 765 s, 730 w, 720 w, 650 w, 
620 m. N M R  (ppm): 9.65 (s, 1 H) ,  8.50 (d, 2 H), 7.98 (t, 2 H), 
7.23 (q, 4 H). 

X-ray Data Collection and Structure Solution and Refinement. 
[CII(NH(~~)~)(C,H,)JCIO~ (111). Crystals suitable for diffraction 
studies were obtained by vapor diffusion of diethyl ether into an 
ethylene-saturated methanol solution of 111 at  room temperature. The 
crystal was handled in the manner described elsewhere' and was shown 
to be suitable for diffraction on the basis of w scans, which showed 
the peak width a t  half-height to be ca. 0.25' a t  -100 OC. The cell 
parameters were then refined on the basis of 43 computer-centered 
reflections chosen from diverse regions of reciprocal space. These 
parameters and other crystallographic data are summarized in Table 
I. Intensity data collection by the w-scan technique, intensity 
measurement of standard reflections, empirical corrections for ab- 
sorption, and data processing were performed as described elsewhere.' 
The solution and refinement of the structure were carried out using 
local modifications of programs supplied by the Enraf-Nonius Corp.'J6 
The copper atom was located by the heavy-atom Patterson method. 
The positions of the remaining non-hydrogen atoms were obtained 
by the usual combination of structure factor and Fourier synthesis 
calculations and full-matrix least-squares refinement. The function 
minimized in these refinements is given elsewhere.' Atomic scattering 
factors and anomalous dispersion terms were taken from the usual 
 source^.'^ After convergence of the non-hydrogen portion of the 
molecule in which the a t o m  were refined anisotropically, the hydrogen 
atoms were located in a Fourier difference synthesis and refined 

(16) Frenz, B. A. In 'Computing in Crystallography"; Schenk, H., Olthof- 
Hazelhamp, R., van Kroningsveld, H., Bassi, G. C., Eds.; Delft Univ- 
ersity Press: Delft, Holland, 1978; pp 64-71. 

(17) "International Tables for X-ray Crystallography"; Kynoch Press: Bir- 
mingham, England; Vol. IV: (a) Table 2.2B; (b) Table 2.31. 

C, ,H I BCuF, N, 
347.59 
10.140 (2) 
17.782 (4) 
7.852 (1) 
90.0 
105.34 (1) 
90.0 
1365.3 (8) 
4 
c 2 / c  
Mo KLY (0.71069) from 

4-55 
-100 
17.07 
0.904-0.997 
1259 

graphite monochromator 

119 
0.046 
0.044 

C, ,H,ClCuN,O, 
362.20 
8.922 (1) 
10.755 (1) 
7.379 (1) 
91.51 (1) 
99.24 (1) 
81.25 (1) 
690.7 ( 2 )  

P1 
Mo Kcu (0.71069) from 

4-55 
- 100 
18.60 
0.923-0.994 
2774 

2- 

graphite monochromator 

226 
0.028 
0.032 

Table 11. Final Atomic Coordinates (with Estimated Standard 
Deviations) for [Cu(NH(py),)(C,H,)]ClO, (111) 

atom X Y z 

c u  
c1 
0 1  
02A 
0 2 B  
N1 
N2 
c 1 1  
c12 
C13 
C 14 
C15 
c1 
H1 
H2 
HN 
H12 
H13 
H 14 
H15 

0.000 
0.000 

0.1124 (6) 
0.0269 (8) 

0.000 

-0.0873 (3) 

-0.1262 (2) 

-0.1062 (3) 
-0.1922 (3) 
-0.2994 (3) 
-0.3220 (3) 
-0.2347 (3) 
-0.0634 ( 3 )  
-0.077 (2)  
-0.136 (2) 

-0.173 (2) 
-0.351 (3) 
-0.388 (3) 
-0.250 (3) 

0.000 

0.14531 (3) 
0.74004 (7) 
0.7871 (2) 
0.7175 (4) 
0.6756 (3) 
0.0695 (1) 

-0.0395 (2) 
-0.0082 (2)  
-0.0609 (2) 
-0.0330 (2) 

0.0471 (2) 
0.0957 (2) 
0.2564 (2) 
0.262 (1) 
0.259 (2) 

-0.085 (2) 
-0.114 (1) 
-0.067 (1) 

0.069 (1) 
0.155 (1) 

0.250 
0.250 
0.3305 (3) 
0.3961 (7) 
0.3074 (7) 
0.1477 (3) 
0.250 
0.1569 (3) 
0.0732 (4) 

-0.0183 (4) 
-0.0266 (4) 

0.0557 (4) 
0.2142 (4) 
0.100 (3) 
0.276 (3) 
0.250 
0.085 (3) 

-0.078 (3) 
-0.094 (3) 

0.053 (3) 

satisfactorily. Least-squares refinement converged to R = 0.050 and 
R, = 0.049 (R and R, are defined elsewhere'). The relatively large 
R value results a t  least in part from the apparent disorder of the 
perchlorate group. The final difference map shows electron density 
(four peaks, 0.29-0.41 e/A3) close to the chlorine atom. 

The final positional parameters appear in Table 11. General 
temperature factors appear in Table III.I8 Tables of the structure 
amplitudes (Table IV) and a complete listing of bond distances and 
angles (Table V) are available.I8 

[ C U ( N H ( ~ ~ ) ~ ) ( C ~ H ~ ) ] B F ~  (V). Crystals suitable for diffraction 
studies were obtained by vapor diffusion of diethyl ether into an 
acetylene-saturated methanol solution of IV at  room temperature. 
The crystal was handled in the manner described above. It was shown 
to be suitable for diffraction on the basis of w scans, which showed 
the peak width at  half-height to be 0.32' a t  -100 OC. The cell 
parameters were refined on the basis of 48 computer-centered re- 
flections chosen from diverse regions of reciprocal space. These 
parameters and other crystallographic data are summarized in Table 
I. Intensity data collection, intensity measurements of standard 
reflections, empirical corrections for absorption, and data processing 
were performed as described above. 

All crystallographic calculations were performed on a Digital 
Equipment Corp. VAX 11/780 computer using a system of programs 
developed by Dr. J. C. Calabrese, Central Research and Development 

(18) See paragraph at end of paper regarding supplementary material. 
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Table VI. Final Atomic Coordinates (with Estimated Standard 
Deviations) for [Cu(NH(py),)(C,H,)] BE‘, (V) 

atom X Y Z 

Cu 0.500 0.10218 (3) 0.250 
F1 0.0193 (5) 0.1640 (2) 0.1187 (5) 
F2 0.1056 (5) 0.2537 (3) 0.3191 (6) 
N 1  0.500 -0.0756 (3) 0.250 
N2 0.3748 (3) 0.0287 (2) 0.3114 (4) 
C1 0.4521 (6) 0.2079 (2) 0.2802 (7) 
C2 0.3900 (4) -0.0459 (2) 0.2998 (5) 
C3 0.2955 (5) -0.0972 (3) 0.3375 (5) 
C4 0.1825 (5) -0.0702 (3) 0.3856 (6) 
C5 0.1668 (5) 0.0071 (3) 0.3956 (5) 
C6 0.2620 (4) 0.0536 (3) 0.3597 (5) 
B 0.000 0.2085 (4) 0.250 
H 1  0.383 (5) 0.222 (3) 0.330 (6) 
H3 0.315 (5) -0.140 (3) 0.330 (6) 
H4 0.123 (5) -0.104 (2) 0.416 (6) 
H5 0.094 (5) 0.025 (3) 0.423 (6) 
H6 0.249 (5) 0.104 (3) 0.367 (6) 
H7 0.500 -0.114 (3) 0.250 

Thompson and Whitney 

Table X. Final Atomic Coordinates (with Estimated Standard 
Deviations) for [Cu(NH(py),)(CO)ClO,] (VI) 

atom X Y Z 

Department, E. I. du Pont de Nemours and Co., Wilmington, DE. 
The copper atom was located by direct methods. The structure solution 
and refinement were performed as described above. Least-squares 
refinement converged to values of R = 0.046 and R, = 0.044. All 
peaks in the final difference Fourier map are less than 0.55 e/A3, with 
the greatest density (0.2-0.55 e/.&’) near the NH and BF4 groups. 

The final positional parameters of the refined atoms appear in Table 
VI. General temperature factors appear in Table VII.I8 Tables of 
the structure amplitudes (Table VIII) and a complete listing of bond 
distances and angles (Table IX) are available.’* 

[CU(NH(~~)~)(CO)CIO~] (VI). Crystals suitable for diffraction 
studies were obtained by vapor diffusion of diethyl ether into a carbon 
monoxide saturated methanol solution of VI. The crystal chosen was 
handled in the manner described above. It was shown to be suitable 
for diffraction on the basis of w scans, which showed the peak width 
at half-height to be 0.24O at -100 OC. The cell parameters were then 
refined on the basis of 50 computer-centered reflections chosen from 
diverse regions of reciprocal space. These parameters and other 
crystallographic data are summarized in Table I. Intensity data 
collection by the w-scan technique, intensity measurement of standard 
reflections, empirical correction for absorption, and data processing 
were performed as described above. 

The copper atom was located by direct methods. The structure 
solution and refinement were performed as described above. 
Least-squares refinement converged to values of R = 0.028 and R, 
= 0.032. All peaks in the final difference Fourier map are less than 
0.30 e/A3. 

General 
temperature factors appear in Table X1.l8 Tables of the structure 
amplitudes (Table XII) and a complete listing of bond distances and 
angles (Table XIII) are available.Is 
Results 

Synthesis and Properties. The syntheses of the Cu(1)-di- 
2-pyridylamine complexes with ethylene, propylene, acetylene, 
and carbon monoxide are straightforward and are presented 
in eq 1-3. The preparations of 111, IV, and VI take advantage 

The final positional parameters appear in Table X. 

methanol NWPY), 
Cu(C104)2.6HzO + CU 7 - 

of the well-established reduction of Cu(I1) salts by copper 

c u  
c1 
01 
0 2  
0 3  
0 4  
0 5  
N 1  
N2 
N3 
c1 
c11 
c 1 2  
C13 
C14 
C 15 
c 2 1  
c 2 2  
C23 
C 24 
C25 
HN 
H12 
H13 
H14 
H15 
H22 
H23 
H24 
H25 

0.08300 (3) 
0.24379 (5) 
0.2244 (2) 
0.2788 (2) 
0.1037 (2) 
0.3650 (2) 
0.1961 (2) 

0.1493 (2) 

0.1526 (3) 

-0.1215 (2) 

-0.0795 (2) 

-0.1716 (2) 
-0.3181 (2) 
-0.4139 (2) 
-0.3636 (2) 
-0.2197 (2) 

0.0649 (2) 
0.1187 (2) 
0.2624 (2) 
0.3509 (2) 
0.2907 (2) 

-0.116 (2) 
-0.345 (2) 
-0.506 (2) 
-0.427 (3) 
-0.184 (3) 

0.062 (2) 
0.299 (3) 
0.453 (2) 
0.341 (2) 

0.24005 (2) 
0.30681 (4) 
0.2078 (1) 
0.2454 (2) 
0.3925 (1) 
0.3696 (2) 
0.4707 (2) 
0.2188 (1) 
0.0580 (1) 

0.3816 (2) 
0.1080 (2) 
0.0979 (2) 
0.2043 (2) 
0.3206 (2) 
0.3237 (2) 

-0.0031 (1) 

-0.0322 (2) 
-0.1606 (2) 
-0.1947 (2) 
-0.1022 (2) 

0.0203 (2) 
-0.056 (2) 

0.021 (2) 
0.199 (2) 
0.397 (2) 
0.403 (2) 

-0.214 (2) 
-0.277 (2) 
-0.122 (2) 

0.077 (2) 

0.25356 (3) 
-0.30022 (7) 
-0.4373 (2) 
-0.1258 (2) 
-0.3114 (3) 
-0.3329 (3) 

0.1706 (3) 
0.3111 (2) 
0.2062 (2) 
0.2769 (2) 
0.1987 (3) 
0.3135 (3) 
0.3525 (3) 
0.3881 (3) 
0.3844 (3) 
0.3463 (3) 
0.2278 (3) 
0.2012 (3) 
0.1555 (3) 
0.1333 (3) 
0.1588 (3) 
0.288 (3) 
0.360 (3) 
0.408 (3) 
0.401 (3) 
0.340 (3) 
0.213 (3) 
0.143 (3) 
0.102 (3) 
0.139 (3) 

metal in the presence of olefins and carbon m~noxide . ’~J~  The 
product of this first step is presumably a Cu(1) adduct of the 
small molecule, but these complexes were not isolated because 
of the tendency of these materials to explode when dry;15 
rather, the ligand NH(py), was added slowly as a powder. The 
compounds with the indicated stoichiometries were isolated 
upon addition of diethyl ether. The acetylene complex V was 
prepared by the procedure shown in eq 2 to minimize the 
explosion hazards of mixing acetylene with copper-containing 
 material^.^^ Addition of acetylene to a methanol solution of 
[CU(CH$N)~]BF~ produced a deep red solution, to which 
the ligand was added slowly as a powder. Filtration of the 
material yielded a light yellow filtrate. Concentration with 
acetylene and addition of diethyl ether yielded V. 

The procedures outlined in eq 1-3 allow the preparation of 
white, crystalline compounds whose analytical, physical, and 
spectroscopic properties are consistent with the indicated 
formulations. All of these complexes react in solution with 
the ambient atmosphere to produce Cu(1I) products that are 
currently being characterized. As with the other Cu(1)- 
monoolefin complexes recently reported by us,’ these com- 
pounds give excellent analytical results without storage of the 
compounds in the presence of olefin, acetylene, or carbon 
monoxide. Crystalline compounds appear to be indefinitely 
stable in a nitrogen atmosphere and can be dissolved in 
deaerated solvents without significant decomposition, as in- 
dicated by the lack of decomposition products in the NMR 
spectra. The proton resonances for the coordinated small 
molecules can be assigned easily, as the NMR spectra are 
rather simple, and fall in the range observed both for Cu(1) 
complexes and for the other dIo metal complexes. Infrared 
spectra of these compounds also support the indicated for- 
mulations for 111-VI. Although it is difficult to assign olefinic 
stretching frequencies unambiguously, there are bands at 1505 
and 1515 cm-l that we assign tentatively to the C=C 
stretching frequencies of the coordinated ethylene and pro- 
pylene molecules, respectively, on the basis of the absence of 
bands in this region for the analogous acetylene and carbonyl 
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H i  

Figure 1. View of the [ C U ( N H ( ~ ~ ) ~ ) ( C ~ H , ) ]  cation (111). The 
vibrational ellipsoids are drawn a t  the 50% level in this and subsequent 
figures. Atom labels are included. 

compounds V and VI.98 The infrared spectrum of the acet- 
ylene complex has a weak band at 1795 cm-' that can be 
assigned to the C s  stretching frequency of the coordinated 
acetylene molecule. This value is 179 cm-' lower than that 
observed for free acetylene (1974 cm-').19 Similarly, the CO 
complex VI has a strong band at 21 10 cm-' that can be as- 
signed to a carbonyl stretching frequency. This value is 
somewhat higher than that typically observed for Cu(1)-CO 
complexes (2005-2080 cm-'),' ' although it is not unique.'ld 
In addition, the perchlorate band is split, which suggests 
unidentate coordination of the C104- group (vide infra). 

Descriptions of the Structures. [c~(NH(py)~) (C2H4)]C104. 
The overall structure of I11 is apparent in the drawing of the 
molecule (Figure 1) and consists of a three-coordinate Cu(1) 
cation and a well-separated perchlorate anion; the shortest 
Cu-0 distance is 3.85 A. The complex has twofold symmetry 
in the crystal. The copper atom is coordinated to two pyridine 
nitrogen atoms and an ethylene molecule in a trigonal-planar 
arrangement. The atoms Cu, C1, Cl', N1, and N1' are es- 
sentially coplanar. The bond angles around the copper atom 
sum to 360O. The dihedral angle between the planes defined 
by Cu, C1, and C1' and Cu, N1, and N1' is 9.7'. 

Selected bond distances and angles are presented in Table 
XIV. There are no unusual features in the copper coordi- 
nation sphere. The observed Cu-N bond lengths are typical 
of three-coordinate Cu(1) complexes (1.93-2.16 
Similarly, the Cu-Cl bond distance falls in the range observed 
previously.' The carbon-carbon bond distance of the coor- 
dinated ethylene molecule (1.359 (7) A) is only slightly larger 
than or essentially unchanged from the value for the free 
molecule (1.337 (2) and the values for Cu(1)-C H4 
complexes previously reported (1.329 (9) and 1.347 ( 5 )  A).l 
This distance is considerably shorter than the values observed 
for other d'O metal-olefin complexes (1.41-1.46 A).9 
[Cu(NH(py),)(C2H2)]BF4. The overall structure of IV is 

apparent in the drawing of the molecule (Figure 2) and consists 
of a three-coordinate Cu(1) cation and a well-separated tet- 
rafluoroborate anion; the shortest CU-F distance is 4.839 (2) 
A. The complex has twofold symmetry in the crystal. The 
copper atom is coordinated to two pyridine nitrogen atoms and 
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Table XIV. Selected Bond Distances (A) and Angles (deg) 
for [Cu(NH(py),)(C,H,)]ClO,, [CU(NH(PY),)(C,H,)]BF,, 
and [C~(NH(PY),)(CO)C~O, 1 

[CU(NH(PY),)(C,H,)IC~O, 
CU-Cl,  2.019 (3) C12-Cl3 1.362 (5) 
Cu-N1 1.963 (2) C13-Cl4 1.388 (5) 
N1-C11 1.345 (3) C14-Cl5 1.368 (4) 
Cll-N2 1.388 (3) C15-N1 1.367 (3) 
C l l - C l 2  1.399 (4) C l - C l '  1.359 (7) 

Cl-cu-C1' 39.3 (2) C l l - C l 2 - C l 3  119.2 (3) 
Cl-Cu-N1 111.9 (1) C12-Cl3-Cl4 119.6 (3) 
N1-Cu-N1' 97.3 (1) C13-Cl4-Cl5 118.8 (3) 
N1411-N2 120.7 (3) C14415-Nl 122.8 (3) 
Nl-Cll-C12 122.0 (3) Cll-N2-C11' 134.8 (3) 

[C~(NH(PY),)(C,H,)IBI:, 
C U - N ~  1.968 (3) B-F1 1.354 (5) 
CU-Cl 1.971 (4) B-1'2 1.334 (4) 
c1-C1' 1.188 (11) 

N2-Cu-N2' 96.8 (2) F1-B-F1' 108.5 (5) 
N2-Cu-Cl 114.1 (2) Fl-B-F2 113.5 (3) 
C1-CU-Cl' 35.1 (3) Fl-B-P2' 107.7 (3) 
Cl 'C1-H1 164 (3) F2-B-F2' 105.9 (7) 
H l C l - C u  124 (3) 

[Cu(NH(py),)(CO)ClO, 1 
Cu-N1 1.985 (1) Cu-Cl 1.808 (2) 

2.429 (1) C U - N ~  1.996 (1) Cu-01 

N1-Cu-C1 129.4 (6) N2-Cu-Cl 132.8 (6) 
Nl-Cu-N2 95.52 (5) N2-CU-01 87.77 (4) 
Nl-Cu-01 97.18 (5) Ol-Cu-Cl 98.49 (7) 

Nakamoto, K. "Infrared and Raman Spectra of Inorganic and Coor- 
dination Compounds", 3rd ed.; Wiley: New York, 1978; p 387. 
(a) Eller, P. G.; Bradley, D. C.; Hursthouse, M. B.; Meek, D. W. Coord. 
Chem. Rev. 1977, 24, 1-95. (b) Sorrell, T. N.; Malachowski, M. R. 
Inorg. Chem. 1983, 22, 1883-1887. (c) Sorrell, T. N.; Malachowski, 
M. R.; Jameson, D. L. Ibid. 1982, 22, 3250-3252. (d) Karlin, K. D.; 
Gultneh, Y.; Hutchinson, J. P.; Zubieta, J. J .  Am. Chem. SOC. 1982, 
104, 5240-5242, 

Figure 2. View of [ C U ( N H ( ~ ~ ) ~ ) ( C , H ~ ) ] B F ,  (V). 

a side-bound acetylene molecule. The overall structure is 
essentially the same as that for the ethylene cation. The entire 
molecular complex is close to planar. The bond angles around 
the copper atom sum to 360'. The dihedral angle between 
the planes defined by Cu, C1, and C1' and Cu, N,, and N,' 
is 5.1O. 

Selected bond distances and angles are presented in Table 
XIV. The observed bond distances and angles for the ligand 
NH(py), are nearly identical with those determined in the 
structure of I11 and are, therefore, not tabulated here (Table 
IX). The Cu-N and Cu-C contacts are the same in both 
structures. The carbon-carbon length of the bound C2H2 
group (1.188 (1 1) A) is essentially the same as that for the 
free molecule (1.204 A).21 
[Cu(NH(py),)(CO)ClO,]. The overall structure of VI is 

apparent in the drawing of the molecule (Figure 3). The 
Cu(1) ion is coordinated to two pyridine nitrogen atoms from 
NH(py), and a carbonyl group in a trigonal-planar arrange- 
ment. In addition, an oxygen atom from the perchlorate anion 

(21) Pauling, L. "The Nature of the Chemical Bond", 3rd ed.; Cornel1 
University Press: Ithaca, New York, 1960; p 230. 
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Figure 3. Stereoview of [CU(NH(~~)~)(CO)CIO,]  (VI) .  

is found at a distance of 2.429 (1) A from the copper atom. 
This distance is significantly longer than typical Cu(I)-O bond 
lengths (1 34-2.23 A)20b,22 but too close to ignore in light of 
the effect of this interaction on the infrared properties of this 
complex. Hence, the molecule can be described as a trigo- 
nal-planar Cu(1) cation with a weakly coordinated C104 anion. 
The bond angles around the copper atom sum to nearly 360'. 
This weak association of an anion has been observed with other 
Cu(1) complexes having three other ligands at normal distances 
(vide infra) . I  1d923 

Selected bond distances and angles are presented in Table 
XIV. The observed bond distances and angles for the NH(py), 
ligand are nearly identical with those determined in the 
structure of I11 (Table XIV) and are therefore not tabulated 
here (Table XIII'*). The Cu-N contacts are somewhat longer 
than those observed in the C2H2 analogue but fall in the range 
observed for three-coordinate Cu(1) complexes. The N-Cu-N 
bond angle is essentially the same as those determined for I11 
and V. The Cu-C1 distance (1.808 (2) A) is somewhat longer 
than that typically observed in Cu( 1)-carbonyl complexes" 
but the same as that (1.806 ( 6 )  A) observed for [Cu(en)- 
(CO)BPh4] (en = ethylenediamine, BPh4 = tetraphenylborate) 
in which there is a close association between the trigonal-planar 
Cu(1) cation and a phenyl group of the BPh4 anion.'ld 
Discussion 

The objective of the present study was to determine whether 
or not the properties of the Cu(1)-ethylene complexes pre- 
viously reported by us are characteristic of Cu( 1)-monoolefin 
complexes in general.' Because this previous study with ligands 
I and I1 suggested that the trigonal-planar geometry was the 
preferred geometry for monoolefin complexes, the ligand di- 
2-pyridylamine, NH(py),, was used to generate three-coor- 
dinate Cu(1) complexes with monoolefins, acetylene, and 
carbon monoxide. A number of other bidentate nitrogen- 
donating ligands were tried unsuccessfully in the preparation 
shown in eq 1 : dihydrobis( 3,5-dimethyl- l-pyrazolyl)borate, 
dihydrobis( l-pyrazolyl)borate, and bi~(2-imidazolyl)methane.~~ 
The preparations with NH(py), yield complexes that are stable 
to loss of olefin, acetylene, or carbon monoxide in an inert 
atmosphere and that have been characterized analytically, 
spectroscopically, and structurally (for 111, V, and VI). The 

(22) (a) Olmstead, M. M.; Musker, W. K.; Kessler, R. M. Transition Met. 
Chem. (Weinheim, Ger.) 1982, 7, 140-146. (b) Gagne, R. R.; Kreh, 
R.  P.; Dodge, J .  J .  Am. Chem. SOC. 1979, 101, 6917-6927. (c) 
Messmer, G. G.; Palenik, G. J .  Inorg. Chem. 1969, 8, 2750-2754. 

(23) Gaughan, A. P.; Dori, 2.; Ibers, J .  A. Inorg. Chem. 1974, 13, 
1657-1667. 

(24) (a) Trofimenko, S. J .  Am. Chem. SOC. 1967, 89, 6288-6294. (b) 
Trofimenko, S. Inorg. Synth. 1970, 12,99-109. ( c )  Joseph, M.; Leigh, 
T.; Swain, M. L. Synthesis 1977, 459-461. 

infrared data were useful in formulating structures for these 
complexes and suggested that the olefin and acetylene com- 
plexes were somewhat different from the carbonyl complex, 
which appeared to have a coordinated perchlorate. This an- 
ion-cation interaction was confirmed in the structural study 
of VI (Figure 3). In addition, the relatively small shift (179 
cm-') of the carbon-carbon stretching frequency of the co- 
ordinated acetylene molecule of V from the free-molecule value 
suggested that the bonding interaction between the Cu(1) ion 
and acetylene might be different from that typically observed 
for d'O metal-acetylene complexes and in accord with the 
bonding scheme presented in our previous study.' Shifts of 
this stretching frequency of 500 cm-' or more are typical for 
complexes with other metal ions and are attributed to the a 
back-bonding interaction from metal ion to a~ety1ene.l~ 

The structural studies of I11 and V confirm and extend the 
conclusions from our earlier study of Cu( 1)-monoolefin com- 
plexes.' As shown in Figure 1, the ethylene complex forms 
a trigonal-planar complex, with the ethylene molecule in the 
plane defined by the copper atom and the pyridyl nitrogen 
atoms; the perchlorate anion is well separated from the cation. 
This result is consistent with the observation that the trigo- 
nal-planar geometry is the dominant structural type for Cu- 
(1)-monoolefin complexes, although tetrahedral complexes can 
be obtained with the proper choice of ligands. The acetylene 
complex V (Figure 2) has the same overall structure; indeed, 
the copper coordination spheres in the two compounds are 
nearly identical in terms of Cu-N and Cu-C bond distances 
and angles. This similarity of features between ethylene and 
acetylene complexes is typical of d'O transition  metal^,^ but 
this study represents the first demonstration of an analogous 
chemistry for Cu(1) complexes. Cu(1)-acetylene chemistry 
is dominated by the formation of Cu(1)-acetylide complex- 
e ~ . ~ ~ 9 ~ * ~ ~  These complexes have been extensively characterized 
and generally have an oligomeric structure with both cr bonding 
to a carbon atom and n bonding to the acetylenic bonds. 
Although the intense red color of the initial mixture of Cu(1) 
ion and acetylene (eq 2) suggests formation of at least some 
Cu(1)-acetylide complex, the only isolated product was V. 

A second feature of the ethylene and acetylene complexes 
reported here that is in accord with our previous work is the 
effect of coordination to cuprous ion on the carbon-carbon 
bond of the bound molecule. For the ethylene complex 11, the 
olefinic bond is only slightly longer than the value for free 
ethylene (1.337 (2) A)21 and close to the values determined 
for the coordinated ethylene molecule in the complexes with 
I and I1 (1.329 (9) and 1.347 (5) A, respectively).' Similarly, 
the carbon-carbon bond distance of the coordinated acetylene 
molecule (1.188 (1 1) A) is also essentially unchanged from 
that of the free molecule (1.204 A).21 Similar results have 
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been obtained with other noncyclic monoo1efins1*6a and di- 
substituted acet~lenes.2~ These results are in accord with the 
bonding scheme suggested above. 

The copper coordination sphere of the carbonyl complex VI 
(Figure 3) is different from that of the ethylene and acetylene 
complexes described above in that the perchlorate anion is 
clearly associated with the Cu(1) cation. The geometry about 
the copper atom can be described as trigonal planar with a 
weakly coordinated perchlorate group in the axial position. 
The Cu-0 distance is too great to be considered typical of 
copper(1) complexes, but also too close to ignore, especially 
in light of the splitting of the perchlorate band in the infrared 
spectrum. This type of interaction has been observed with 
other Cu(1) complexes and with a Cu(I)-carbonyl complex 
in particular, [Cu(en)(CO)BPh4] (VII), where en = ethyl- 
enediamine and BPh4 = tetraphenylborate.''d In the latter 
complex, one of the phenyl groups from the BPh4 moiety is 
found at a rather long distance (Cu-C distances of 2.71-2.92 
A) above the essentially trigonal-planar cuprous ion; thus, the 
geometry is essentially the same as that in VI. The carbonyl 
stretching frequencies for the two compounds are nearly 
identical (2110 cm-' for VI and 2117 cm-' for VII). The 
structural chemistry of Cu(1)-carbonyl complexes is similar 
to that for the isoelectronic Ni(0)-carbonyl compounds, in 
which the nickel atom is generally four-coordinate.26 There 
is a strong similarity in the structural chemistry of olefin 
complexes as well.' A significant difference, however, between 
the copper and nickel systems is the manner in which the metal 
attains the desired coordination number. Ni(0) complexes with 
two or more carbonyl groups are well-known. However, 
cuprous ion does not appear to coordinate more than one 
carbonyl. Crystals of VI were grown in the presence of a large 
excess of carbon monoxide; however, the fourth position is 
occupied by the perchlorate group rather than an additional 
carbonyl group. There is also a report in the literature of a 
two-coordinate Cu(1) complex that will react with carbon 
monoxide only in the presence of an additional ligand such 
as N-methylimidazole to generate a four-coordinate carbonyl 
~omplex.~' These results may be a manifestation of the poor 
back-bonding ability of the cuprous ion. 
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Conclusion 
This work demonstrates that the coordination chemistry of 

copper complexes with ethylene, propylene, acetylene, and 
carbon monoxide is consistent with the proposed role of copper 
in the ethylene effect of p lank2 With the proper choice of 
ligands, stable (to loss of small molecule) complexes can be 
prepared and fully characterized. The monoolefin compounds 
exhibit the same physical and spectroscopic properties and 
structures as the compounds previously reported by us.' The 
lack of a significant effect on the length of the coordinated 
olefinic bond appears to be a general property of Cu(1) com- 
plexes with noncyclic monoolefins and suggests that u bonding 
between cuprous ion and the coordinated olefin is the dominant 
bonding interaction. This type of bonding has important 
biological implications as it would account at least in part for 
the observed decrease in biological activity relative to ethylene 
for olefins with electron-withdrawing groups,'-3 which would 
enhance the back-bonding interaction from metal to olefin but 
weaken the u donation from olefin to the metal ion. This type 
of bonding interaction appears to be important in the bonding 
of acetylene as well, as coordination to cuprous ion has no 
effect upon the coordinated acetylenic bond. This study 
represents the first demonstration of ethylene and acetylene 
forming isostructural Cu(1) complexes. If copper is indeed 
at the ethylene binding site, then cuprous ion should form 
stable complexes with all of the biologically active olefins and 
acetylenes, as well as carbon monoxide. There are now 
well-characterized Cu(1) complexes with all three of these 
types of unsaturated small molecules. Although the identity 
of the ethylene receptor site remains unknown, the copper 
coordination chemistry with ethylene and ethylene analogues 
supports the suggestion of a copper ion as an ethylene binding 
site in plant tissue. 
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