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7. Anal. Caled for Cy4FjgHsNO,Pd: C, 54.1; H, 5.4; N, 1.7. Found:
C, 54.1; H, 5.7; N, 2.0.” Mp: 270 °C dec. Ay: 92 @' em? mol™. IR
(Nujol, em™): 795 s, 785 s (X-sensitive), 1590 vs (»(C-C) + »(C-0)),
1560 vs (»(C-O) + »(C—-C)), 1400 s (CH; def), 460 m (ring def)."’

8. Anal. Caled for CyyFjoH,zN,OPd: C, 53.0; H, 5.2; N, 3.4. Found:
C,528: H,5.1; N, 3.6. Mp: 262 °C dec. Ay: 92 Q7' em? mol™'. IR
(Nujol, ecm™1): 795 s, 780 s (X-sensitive), 1565 s, 820 s.

(NBu,)A(C¢Fs),Pd(u-OH) (p-dmpz) PA(C,Fs),] (9). A 20% aqueous
solution of (NBu,)OH (0.139 mmol) was added to a methanol (7 cm?)
solution of 3,5-dimethylpyrazole (0.0695 mmol). After 10 min with
constant stirring, (NBu,),[(CsFs),Pd(u-Cl1),Pd(C¢Fs),) (0.0695 mmol)
was added and the solution was stirred at room temperature for 1 h. The
solvent was then partially evaporated under vacuum, and water was
added until precipitation of a white solid, which was separated by fil-
tration and dried in air. Yield: 66%.

Anal. Caled for Cg FaoHg;NOPd,: C, 49.6; H, 5.5; N, 3.8. Found:
C,50.4; H, 58; N, 3.4. Mp: 216 °Cdec. Ay 179 @' cm? mol™!. IR

(Nujol, em™1): 785 sh, 780 s (X-sensitive), 3605 m (»(OH)), 430 br
(Pd-0).
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Binary and ternary copper(I) complexes with 1,5-cyclooctadiene (cod), [Cu(cod),]CIO, (1) and [Cu(cod)(bpy)}PF¢ (2) (bpy =
2,2"-bipyridine) have been prepared. The crystal structures have been determined by using single-crystal X-ray diffraction methods.
Compound 1 crystallizes in the orthorhombic space group Pnma, with a = 17.434 (7) A, 5 =10.597 (4) A, c =8.718 (2) A, Z
=4, and R = 0.073 for 913 reflections. Crystals of 2 are triclinic, space group P1, witha =9.774 3) A, b= 11.482 (2) A, ¢
=8.959 (2) A, a = 90.60 (2)°, 8 = 106.62 (2)°, v = 83.09 (2)°, Z = 2, and R = 0.062 for 1542 reflections. The geometry about
the Cu atom coordinated to the four olefinic moieties of the two cod molecules is quasi-tetrahedral in 1. The Cu—C(olefin) distances
of 2.27 A (average) are significantly longer than those found for copper(I) olefin complexes, and the C=C bond distances of 1.33
A (average) of the coordinated cod are almost the same that of free cod. On the basis of the C—=C distance, the stretching
frequencies of the C=C bonds and the '"H NMR chemical shifts of the olefinic protons, the Cu—olefin bonds in 1 were concluded
to be dominated by ¢ donation from the olefinic moiety to the copper. The geometry about the Cu atom coordinated to two nitrogen
atoms of bpy and two olefinic moieties of the cod molecule is a very distorted tetrahedron in 2. The Cu~C distances of 2.06 A
(average) of one olefinic moiety of the cod molecule are significantly shorter than those of the other olefinic moiety (2.44 A
(average)). In response to this, the C=C bond distance (1.36 (1) A) of the former is longer than that (1.33 (1) A) of the latter.

Introduction

Copper-olefin bonding is of both practical and theoretical
interest in view of the catalytic activity of copper(l) toward olefin
activation' and its role in biological systems.2* Through the
crystallographic study of mixed-ligand copper(I) complexes of
ethylene,>* the important contribution of o donation in cop-
per(I)-olefin bonding has been inferred. In other words, the =
back-donation is very weak.2 This is supported by the fact that
the upfield shifts of 'H NMR signals of the ethylene protons of
the copper(I) complexes with ethylene are small compared with
those of Ni(0) and Pt(0) complexes with ethylene.* The copper(I)
complexes with ethylene so far reported contain electron-donor
nitrogen-based ligands. Such a ligand causes a trans influence,’
which results in the enhancement of = back-donation from a d=
orbital of the metal to a #* orbital of the olefin at the trans
position.? It is of interest, therefore, to know the structure and
the copper—olefin bonding of a Cu(I)-olefin complex without any
strong electron-donor ligand, i.e. a Cu(I) complex having only
olefin molecules.

No crystal structures of copper(I) complexes with only olefins
have been reported so far, because the complexes are quite unstable
under ambient conditions. The instability is increased by use of
chelating dienes rather than monodentate olefins. A ternary

t Kinki University.
Institute for Molecular Science.

copper(I) complex with 1,5-cyclooctadiene (cod) and chloride has
been reported to have a centrosymmetric dimeric structure with
the copper atoms quasi-tetrahedrally bonded to chlorine atoms
and the two double bonds of the cod molecule.! Crystals of a
copper(I) complex with two cod molecules, [Cu(cod),]Cl1O,, have
been prepared by electrolysis at a copper electrode of copper(1I)
perchlorate in the presence of cod in methanol.” The C=C
stretching band at 1660 cm™ in free cod is replaced by two bands
at 1638 and 1595 cm™ in the complex, suggesting nonequivalent
coordination of the double bonds. We have synthesized suitable
single crystals of the four-coordinate copper(I) complexes with

(1) (a) Collman, J. P.; Hegedus, L. Principles and Applications of Orga-
notransition Metal Chemistry; University Science Books: Mill Valley,
CA, 1968; p 718. (b) Kochi, J. K. Organometallic Mechanism and
Catalysis; Academic: New York, 1978.

(2) (a) Thompson, J. S.; Whitney, F. J. Am. Chem. Soc. 1983, 105, 5488.
(b) Thompson, J. S.; Harlow, R. L.; Whitney, J. F. J. Am. Chem. Soc.
1983, 105, 3522. (c) Thompson, J. S.; Swiatek, R. M. Inorg. Chem.
1988, 24, 110. (d) Thompson, J. S.; Whitney, J. F. Inorg. Chem. 1984,
24, 2813.

(3) Munakata, M,; Kitagawa, S.; Kosome, S.; Asahara, A. Inorg. Chem.
1986, 25, 2622.

(4) (a) Masuda, H.; Yamamoto, N.; Taga, T.; Machida, K ; Kitagawa, S.;
Munakata, M. J. Organomet. Chem. 1987, 322, 121. (b) Masuda, H,;
Machida, K.; Munakata, M.; Kitagawa, S.; Shimono, H. J. Chem. Soc.,
Dalton Trans. 1988, 1907. (c) Munakata, M.; Kitagawa, S.; Shimono,
H.; Emori, T.; Masuda, H. J. Chem. Soc., Chem. Commun. 1987, 1798.

(5) Basolo, F.; Pearson, R. G. Prog. Inorg. Chem. 1962, 4, 3185.

(6) van den Hende, J. H.; Baird, W. C. J. Am. Chem. Soc. 1963, 85, 1009.

(7) Manahon, S. E. Inorg. Chem. 1966, 5, 2063.
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Cu(I) Complexes with cod

Table I. Crystal Data and Refinement Details for [Cu(cod),]ClO,
(1) and [Cu(cod)(bpy))PF; (2)

Inorganic Chemistry, Vol. 30, No. 12, 1991 2611

Table II. Atomic Coordinates and Isotropic Thermal Parameters for
Non-Hydrogen Atoms in [Cu(cod),]ClO,?

1 2 atom x y z By, A?
formula CUCICNH“O‘ CUPFeclgNszo Cu 0.1081 (1) 0.2500 0.2238 (3) 3.15
fw 377.36 472.88 Cl 0.1339(3) -0.2500 0.1513 (6) 497
color colorless pale greenish yellow C() 0.2324 (6) 03123 (13) 0.2071 (17) 4,76
cryst size, mm 02xX02%x02 0.10x0.10 X 0.05 C(2) 0.2356 (9) 0.3966 (17)  0.0691 (24) 7.49
cryst syst orthorhombic triclinic C(3) 0.1768 (13) 0.3986 (17) -0.0431 (21) 7.90
space group Pnma PI C(4) 0.1054 (7) 0.3136 (16) —0.0246 (13) 5.04
a A 17.434 (7) 9.774 (3) C(5) -0.0516 (8) 0.3206 (17)  0.3180 (24) 7.39
b A 10.597 (4) 11.482 (2) C(6) 0.0197 (7) 0.3927 (13)  0.3070 (16) 435
¢, A 8.718 (2) 8.959 (2) (o(@)] 0.0765 (8) 0.3923 (13)  0.4086 (16) 4.36
a, deg 90 90.60 (2) C(8) 0.0795 (14) 03232 (18) 0.5533 (17) 7.78
8, deg 90 106.62 (2) o(l) 0.1406 (13) -0.1646 (89)  0.2848 (33) 15.95
vy, deg 90 83.09 (2) 0(2) 0.0908 (10) -0.1537 (21) 0.0661 (34) 10.71
v, A3 1610.6 956.1 (4) 0(@3) 02054 (9) -0.2717 (58) 0.0964 (32) 11.35
.4 4 2 0O(4) 0.0873 (23) -0.3562(25) 0.1704 (78) 21.14
:,:m?'g,l:m: %_95664 %_96643 “qut?ers in p.altentheses are estimated standard deviations in the
~A 1.54178 (Cu Ka) 0.71069 (Mo Ka) least significant digits.
4, cm™! 35.76 (Cu Ka) 12.8 (Mo Ka)
F(000) 792.0 480.0 S cE)
scan method w—26 w—20 2)
26 range, deg 1.2+ 05tan @ 0.8 +0.35tan @
scan speed, deg-min™! 8 4
tot. no. of reflens 1311 5035
no. of reflcns used in 913 1542
refinement?®

0.073 0.062

R, 0.085 0.067

*|Fol > 3a(Fy). *R = T(F| = IF)/ZIF). “Rw = (Zw(IFo| -
IFe?/wiF o472,

cod, [Cu(cod),]ClO,, and [Cu(cod)(bpy)]PFs (bpy = 2,2’-bi-
pyridine), determined the molecular structures of the complexes
by means of X-ray crystallography, and examined the nature of
the bonding between the Cu(I) and cod from the !H NMR, IR,
and Raman spectra of the complexes.

Experimental Section

Material. [Cu(CH,CN),]PF, was synthesized from copper(I) oxide
according to a method described in the literature.® The obtained com-
plex was checked by clementary analysis and an optical absorption me-
thod with the aid of the absorbance at 440 nm of a derived bis(2,2’-bi-
pyridine)copper(I) complex in acetone (¢ne, = 4800 M~ cm™).® Copper
wire, commercial grade, was washed with dilute HCI and water and dried
before use. Copper(1) oxide, 2,2’-bipyridine, and 1,5-cyclooctadiene are
commercially available. Acetone-dg (Merck, 99.8%) was used as a sol-
vent for 'H NMR measurement after drying over molecular sieves.
High-purity nitrogen gas (99.9998%) was utilized.

Safety Note. Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small amounts of materials should be
prepared, and these should be handled with great caution.

Preparation of [Cu(cod),}C10, (1). Copper(II) diperchlorate hexa-
hydrates (0.15 mmol, 55.6 mg) were reduced with copper wire in a
methanol (5 mL) solution of cod (15 mmol, 1.84 mL) for 30 min under
cthylene to give the colorless complex 1 (yield 47%). The filtrate of the
reaction solution was sealed in a glass tube and left at =10 °C. After 4
days, crystals of 1 suitable for X-ray diffraction studies were obtained.

Preparation of [Cu(cod) (bpy)]PF, (2). A solution of bpy (0.1 mmol,
15.6 mg) and cod (3.0 mmol, 0.36 mL) in ethanol (5 mL) was added to
tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.1 mmol, 37.2 mg)
under nitrogen and stirred for 30 min to give a pale greenish yellow
solution. The filtrate of the reaction solution was sealed in a glass tube
and left at 5 °C. After 4 days, greenish yellow crystals of 2 suitable for
X-ray diffraction studies were obtained. Unfortunately, the biggest
crystal of 2 selected for the diffraction study was of dimensions 0.10 X
0.10 % 0.05 mm, thus limitting the quality of the resulting data set.

'H NMR Spectroscopy. 'H NMR spectra were obtained in (CD;),CO
at 200 MHz with a JEOL FX-200 NMR spectrometer, and chemical
shifts are given in ppm relative to tetramethylsilane as an internal ref-
erence.

Raman Spectroscopy. The Raman spectra were recorded on a JEOL
S-1 laser Raman spectrometer using the 488.0-nm line of a Coherent

ce) o7 @)
Figure 1. Molecular structure of [Cu(cod),]ClO,. Atoms are repre-
sented by thermal ellipsoids at the 50% probability level.

Radiation 52G Ar* laser (70 mW at the sample position) as the excita-
tion source. The slit width was 3.4—6.8 cm™ in the region 2000-200 cm™!.,
The observed frequencies were calibrated by the standard Raman shifts
of liquid indene.!?

X-ray Structure Analysis. Both crystals were coated with paraffin to
avoid decomposition in the air. Diffraction data were measured on
Rigaku AFC-6B and AFC-5R four-circle diffractometers for compounds
1 and 2, respectively. Preliminary investigation revealed crystals 1 and
2 to be orthorhombic and triclinic, respectively. The unit cell parameters
were determined by a least-squares fit of 25 accurately centered reflec-
tions with 26 values from 41 to 55° for 1 and from 22 to 27° for 2.
Crystal data and details of measurements for compounds 1 and 2 are
summerized in Table I. Three standard reflections for each crystal were
monitored every 100 measurements, and the decay of their intensities was
within 5%. Reflection data were corrected for Lorentz and polarization
effects. Empirical absorption corrections were applied as spherical for
crsytal 1 and not applied for 2, because the absorption coefficient for
crystal 2 was very small (u = 12.87 cm™ for Mo Ka). For crystal 1, the
systematic absences (0k/ for k + /= 2n+ 1, hkO for h = 2n + 1, hOO
for h=2n+1,0k0 for k = 2n+ 1, and 00/ for I = 2n + 1) led to two
possible space groups Pnma or Pn2,a; the former was confirmed from
the successful analysis. For crystal 2, the intensity distribution suggested
the centrosymmetric space group P1. This was confirmed by the solution
and refinement of the structure.

Both structures were solved by the heavy-atom method and refined
anisotropically for non-hydrogen atoms by full-matrix least-squares
calculations. In the structure analysis of 1, a disorder of the perchlorate
anion was observed on a crystallographic mirror-plane. Reliability fac-
tores are defined as R = Y ||F,} - |Fl/X|F,| and R, = {Ew(|F| -
IF)3 Zw|F "2, where w = (¢*(F,) + (0.023F,)) for 1 and w™! =
(*(F,) + (0.020F,)?) for compound 2. All hydrogen atoms were placed
in calculated positions, but their parameters were not refined. The final
R and R, values were 0.073 and 0.085 for 1 and 0.062 and 0.067 for 2.
The final difference Fourier maps did not show any significant features.
Atomic scattering factores and anomalous dispersion terms'! were taken
from ref 11. The calculations were performed on the FACOM M 780
computer at the Data Processing Center of Kyoto University by using

(8) Shriver, D. F. Inorganic Syntheses, Wiley-Interscience: New York,
1979; Vol. 19, p 90.
(9) Kitagawa, S.; Munakata, M. Inorg. Chem. 1981, 20, 2261.

(10) Hendra, P. J.; Loader, E. J. Chem. Ind. (London) 1968, 718.
(11) International Tables for X-Ray Crystallography; Kynoch Press: Bir-
mingham, England; 1974; p 4.
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Table IIl. Atomic Coordinates and Isotropic Thermal Parameters
for Non-Hydrogen Atoms in [Cu(cod)(bpy)]PF¢?

Munakata et al.

Table V. Selected Bond Distances (A) and Angles (deg) for
[Cu(cod)(bpy)]PF¢

atom x y z B, A

Cu(l) 0.3165(1) 02223 (1)  0.1344 (2) 5.48
P(1)  0.8565(3) 0.2463 (3)  0.6231 (4) 48
F(1)  0.7217(8) 0.1883(6)  0.630 (1) 9.6
F(2)  08585(8) 03162(7)  0.7777 (8) 8.6
F(3) 0859 (1)  0.177(1) 0.481 (1) 18.0
F(4)  0750(1)  0.3517(8)  0.540 (1) 16.8
F(5) 0948 (1)  0.1441 (8)  0.726 (1) 16.5
F(6) 0979 (1)  0.309 (1) 0.611 (1) 16.1
N(l) 03410 (8) 03224 (7) -0.0373 (9) 4.1
N(2) 05099 (7) 0.1444 (1)  0.1307 (9) 3.6
C(l)  0249(1) 0409 (1)  -0.120 (1) 5.0
C(2) 0280(1) 04757 (9) -0.230 (1) 48
C(3) 0415(1)  04532(9) —0.253 (1) 4.6
C(4) 0514(1) 03640 (9) —0.166 (1) 4.0
C(5) 0473 (1)  0.299 (8) —0.059 (1) 3.1
C(6)  0.5686 (9) 0.1982(7)  0.037 (1) 2.9
C(7) 0703(1)  0.1614(8)  0.021 (1) 3.9
C(8) 0782(1)  0.0632(9)  0.113(1) 4.1
C(9) 0724 (1)  0.0077 (8)  0.209 (1) 40
C(10) 0.588 (1)  0.050 (1) 0.213 (1) 4.9
cly 0.192(1)  0.1175(@8)  0.222 (1) 3.5
C(12) 0103 (1)  0.203 (1) 0.125 (1) 4.0
C(13) 0033(1) 0316 (1) 0.170 (1) 49
c(14) 0.120(1)  0.381 (1) 0.302 (2) 6.3
C(1s) 0277(1) 03761 8) 0317 (1) 4.2
C(16) 0378 (1) 02929 (9)  0.395 (1) 42
C(17) 0361 (1)  0.182(1) 0.478 (1) 6.0
C(18) 0234 (1)  0.119 (1) 0.399 (1) 5.1

“Numbers in parentheses are estimated standard deviations in the
least significant digits.

Table IV. Selected Bond Distances (A) and Angles (deg) for
[Cu(cod),]CI10,2

Bond Distances

Cu-C(1) 2.270 (11) Cu-C(4) 2.268 (12)
Cu-C(6) 2.278 (13) Cu-C(7) 2.274 (14)
C(1)~C(2) 1.500 (25) C(2)-C(3) 1.417 (28)
C(3)-C(4) 1.545 (25) C(5)-C(6) 1.462 (20)
C(4)-C(4) 1.348 (24) C(5)-C(5") 1.496 (25)
C(6)-C(7) 1.329 (19) C(7)-C(8) 1.460 (21)
C(1)-C(1") 1.320 (19) C(8)-C(8) 1.551 (27)
Bond Angles
C(1)-Cu-C(4) 82.7(5) C(1)-Cu-C(6) 118.2 (5)
C(1)-Cu-C(7) 94.8 (5) C(4)—Cu-C(6) 93.3 (5)
C(4)-Cu-C(7) 1183 (5)  C(6)-Cu-C(7) 33.9 (5)
C(1)-Cu-C(1") 33.8(5) C(1)-Cu-C(4) 92.6 (5)
C(1)-Cu-C(6") 1493 (5) C(1)-Cu-C(7") 118.0(5)
C(4)-Cu-C(4") 346 (6) C(4)-Cu-C(¢') 119.2 (5)
C(4)~Cu-C(7") 150.2 (5)  C(6)-Cu-C(¢’) 83.2 (5)
C(6)-Cu-C(7) 929 (5) C(7)-Cu-C(7) 83.1 (5)
C(2)-C(3)-C(4) 120.1 (15) C(1)-C(2)-C(3) 1224 (15)
C(5)-C(6)-C(7) 126.0 (14) C(6)-C(7)-C(8) 127.2(15)

“The primed and unprimed atoms are related by a mirror plane.

the program system KPPXRAY'? for 1 and on the VAX computer by using
the program system TEXAN'? for 2.

The final atomic parameters for non-hydrogen atoms for 1 and 2 are
given in Tables II and III, respectively, and the selected bond distances
and angles are listed in Tables IV and V, respectively.

Results

[Cu(cod),JC10,. The crystal structure shown in Figure 1 is the
first binary Cu(I) complex with only olefin molecules. The
structure consists of a four-coordinate Cu(I) cation, which lies
on a crystallographic mirror plane, and a ClO,” anion. The
perchlorate anion is not coordinated to the copper, the shortest
Cu-~O(ClO,) distance being 4.22 A. The geometry about the Cu
atom coordinated to four olefinic moieties of two cod molecules

(12) Taga, T.; Higashi, T.; Tlizuka, H. xpPxrAY. Kyoto Program Package
for X-Ray Crystal Structure Analysis. Kyoto University, 1985.
(13) TEXRAY Structure Analysis Package. Molecular Structure Corp. 1985.

Bond Distances

Cu-N(1) 2015(7)  Cu-N(Q2) 2.000 (7)
Cu-C(11) 2113 (8)  Cu—C(12) 2.105 (9)
Cu—C(15) 247 (1) Cu—C(16) 2.40 (1)
Can-C(18)  1.52 (1) C(1)=C(12) 136 (1)
C(13)-C(14)  1.49 (1) c(12)-c(13)  1.50 (1)
C(15)-C(16)  1.33 (1) C(14)-C(15)  1.49 (1)
C(17)-C(18)  1.51 (1) ci16)-c(1m 153 (1)

Bond Angles

C(11)-Cu-C(12) 37.6 (3) C(11)-Cu-C(15) 88.9(3)
C(11)-Cu—C(16) 83.0 (4) C(12)-Cu—C(15) 80.9 (4)
C(12)-Cu—C(16) 949 (4) C(15-Cu-C(16) 31.7(3)

Cu-C(11)-C(12) 70.9 (5) Cu-C(11)-C(18) 110.8 (6)

C(12)-C(11)-C(18) 1252 (9) Cu-C(12)-C(11) 71.5(5)
Cu-C(12)-C(13) 108.7 (7) N(1)-Cu—C(11) 150.4 (4)
N(1)-Cu-N(2) 82.4 (3) N(1)-Cu—C(15) 100.0 (3)
N(1)-Cu-C(12) 115.8 (4) N(2)-Cu-C(11) 115.6 (3)
N(1)-Cu-C(16) 118.7 (3) N(2)-Cu—C(15) 124.6 (3)
N(2)-Cu-C(12) 147.3 (4) N(2)-Cu-C(16) 99.4 (3)

is a quasi-tetrahedral structure; this structure is analogous to those
found in the isoelectronic metal compounds [Ni(cod),],!4 [Ag-
(cod),]BF,,'* and [Pt(cod),].!® The geometry of the cod groups
coordinated to the central copper atom is also consistent with those
of the isoelectronic metal compounds.'*!¢ The eight olefinic
carbon atoms of [Cu(cod),]* are symmetrically bound to the
copper atom within experimental error and the four C=C bond
distances are almost the same, whereas the eight olefinic carbon
atomslg)f [Pt(cod),] are not symmetrically bound to the platinum
atom.

The Cu-C(olefin) distances of 2.27 A (average) for [Cu-
(cod),]CIO, are significantly long compared with the 2.14-A
(average) distance for the binuclear Cu(I) complex with cod and
Cl, [Cuy(cod),C1,], and those (1.96-2.03 A) for the ternary Cu(l)
complexes with olefins and nitrogenous ligands.>*

The metal-C(olefin) distances have been found to be longer
in the binary nickel(0) complex [Ni(cod);] (2.12 (2) A)! than
in the ternary complexes [Ni(cod)(bpy)k(Z.OSZ (5) A)!" and
[Ni(C,H,){(0-CH,C:H,0);P};] (2.02 (2) A).!™ Thus, the binary
d!% metal complexes having only olefin molecules show longer
metal-olefin bonds. The d!9 metal-olefin bonds are shorter in
group VIII metals than in the group IB metals: [Ni(cod),] (2.12

2) i)“ < [Pt(cod),] (2.21 (1) A)!¢ < [Cu(cod),]CIO, (2.27 (1)

) < [Ag(cod),]BF, (2.50 (2) A)."

The C=C distances of 1.33 (2) A (average) found in [Cu-
(cod),](ClO,) are essentially the same as that for the free cod
molecule (1.34 A (average)),'® and are comparable to the C=C
distances of 1.34 (2) A for [Ag(cod),]BF,.!* The C=C distances
of group IB metal complexes with cod, [Cu(cod),]CIO, and
[Ag(cod),]BF,, are significantly shorter than those of group VIII
metal complexes with cod, [Ni(cod),] (1.39 (1) A (average))'4
and [Pt(cod);] (1.40 (1) A (average)).'s.

The C=C stretching frequencies of [Cu(cod),]ClO, and free
cod have been observed!” at 1598 and 1667 cm™\. The coordination
of the cod molecules to the copper(I) atom results in only a small
decrease (69 cm™') of the C=C stretching frequency. This de-
crease is comparable to those for [Ag(cod),]BF, (64 cm™) and
Ag(lC;zI;L)*,20 whereas it is smaller than those for [Pt(cod),] (202
cm™).

(14) Dierks, H.; Dietrich, H. Z. Kristallogr. 1968, 122, 1.

(15) Albinati, A; Meille, S. V.; Carturan, G. J. J. Organomet. Chem. 1979,
182, 269.

(16) Howard, J. A. K. Acta Crystallogr., Sect. B, 1982, 38, 2896.

(17) (a) Dinjus, E.; Walther, D. J. Organomet. Chem. 1982, 236, 123. (b)
Guggenberger, L. J. Inorg. Chem. 1973, 12, 499.

(18) Krueger, C.; Sekutowski, J. C.; Hoberg, H.; Krause-Goeing, R. J.
Organomet. Chem. 1977, 141, 141.

(19) Masuda, H.; Munakata, M.; Kitagawa, S. J. Organomet. Chem. 1990,
391, 131.

(20) Herberhold, M. Metal x-Complexes; Elsevier: New York, 1974; Vol.
I1, Part 2, pp 173-193.

(21) Green, M.; Howard, J. A. K.; Spencer, J. L,; Stone, F. G. A. J. Chem.
Soc., Dalton Trans. 1977, 271.
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Table VI. '"H NMR Chemical Shifts, Stretching Frequencies, and C=C and Metal—Carbon Distances of the Olefinic Moieties of the cod

Ligand in the Metal Complexes with cod

distance, A

S('H) of

C=C(av) M-—C(av) olefinic protons, ppm w(C=C), cm™!
cod? 1.34 5.51,2 6.8 (=90 °C)® 16672 1280%
[Ag(cod);)PF¢ 1.34 (2) 2.50 (1) 5.68 1603
[Cu(cod),]C10,2 1.33 (2) 2.27 (1) 5.78 1598,9 12674
[Ni(cod),)* 1.39 (1) 2,12 (2) 4.3
[Pt(cod),} 1.40 (1) 2.21 (1) 4.2 14758 1238¢
[Cu(cod)(bpy)}PF¢ 137 2) 2.09 (1) 5.82 1603, 1491

1.32 (2) 244 (1)

[CUz(COd)zclzlh 1.40 2.19
[Ni(cod)(bpy)]* 1.38 (1) 2.051 (6) 3.9
[Pdy(cod),Cly} 1.35 (1) 2.17 (1)
[Pd(cod)Cl;) 1.39 (1) 2.21 (1) 1515
[Pt(cod)(Cp)(CH,)}! 1.38 (1) 2.23 (1)
[Pt(cod)Cl}" 1.38 (1) 2.17

aReferences 17a, 18. ¢ This work. ¢Reference 15. YReference 19. *Reference 14. /Reference 16. £Reference 21. *Reference 6. !Reference 17a.

JReference 26. *Reference 25. !Reference 23. ™ Reference 24.

Figure 2. Molecular structure of [Cu(cod)(bpy)]PFs. Atoms are rep-
resented by thermal ellipsoids at the 50% probability.

'H NMR resonances of olefinic protons of free cod and [Cu-
(cod),;]ClOy, in acetone-dg were observed at 5.52 and 5.78 ppm,
respectively. The 'H chemical shifts of the olefinic protons,
metal-olefinic carbon and C==C distances in the metal complexes
with cod are summarized in Table VI. The resonances of olefinic
protons of free cod shift downfield in [Cu(cod),]CIO, and [Ag-
(cod),] BﬂF,, whereas they shift upfield in [Ni(cod),]* and [Pt-
(cod),].

[Cu(cod)(bpy)]PF,. The molecular structure is depicted in
Figure 2. The structure consists of a four-coordinate copper(I)
cation and a PF¢~ anion. The hexafluorophosphate anion is not
coordinated to the copper, the shortest Cu-~F(PFy) distance being
4,51 (1) A, The geometry about the Cu atom, which is coordi-
nated to two nitrogen atoms of bpy and two olefinic moieties of
the cod molecule, is a very distorted tetrahedron. The angle
between the planes defined by Cu, C(11), and C(12), and Cu,
N(1), and N(2) is ca. 154° and the angle between the planes
defined by Cu, N(1), and N(2) and Cu, C(15), and C(16) is ca.
118° (Figure 3). The Cu-N distances of 2.01 A (average) are
longer than those of 1.94 A (average) for [Ni(cod)(bpy)]'™ and
fall in the range observed for three-coordinate copper(I) complexes
with ethylene [Cu(C,H,)(biL)]* (biL = bpy, 1,10-
phenanthroline(phen) and 2,2’-bipyridylamine).248 On the other
hand they are shorter than those of four-coordinate copper(I)
complexes with bpy, phen, and their derivatives (2.02-2.07 A).22
The Cu~C distances of 2.113 (8) and 2.105 (9) A for the equa-
torially coordinated olefinic moiety (C(11)=C(12)) are slightly
longer than those (1.96-2.03 A)2# reported for ternary copper
(I) complexes, and the distances of 2.47 (1) and 2.40 (1) A for
the axially coordinated olefinic moiety (C(15)=C(16)) are ex-

(22) Munakata, M.,; Kitagawa, S.; Asahara, A.; Masuda, H. Bull. Chem.
Soc. Jpn. 1987, 60, 1927. Haenaelaeinen, R.; Ahlgren, M.; Turpeinen,
U.; Raikas, T. Cryst. Struct. Commun. 1979, 8, 75. Haemalaeinen, R ;
Turpeinen, U.; Ahlgren, M.: Raikas, T. Finn. Chem. Lett. 1978, 199.
Burke, P. J.; McMillin, D. R.; Robinson, W. R. Inorg. Chem. 1980, /9,
1211. Healy, P. C.; Engelhardt, L. M.; Patrick, V. A.; White, A. H.
J. Chem. Soc., Dalton Trans. 1988, 2541.

118“/‘*
o

154.3°

Figure 3. Angles between the plane defined by Cu, N(1), and N(2), and
the axial or equatorial plane of the cod in [Cu(cod)(bpy)]PF.
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Figure 4. Raman spectrum of [Cu(cod)(bpy)]PF.

tremely long, indicating a weak Cu—C bond. The C=C distance
of 1.33 (1) A for the axial olefinic moiety is essentially the same
as the value for the free cod molecule (1.34 A (average)), whereas
the C=C distance of 1.36 (1) A for the equatorial olefinic moiety
is long and within the range of 1.35-1.38 A reported for d® metal
ternary complexes with cod.2-?

The Raman spectrum of [Cu(cod)(bpy)]PF, was measured
(Figure 4). The cod molecule exhibits two strong bands at 1603
and 1491 cm™, which can be assigned to the axial and equatorial

(23) Day, C. S.; Day, V. W.; Shaver, A.; Clark, H. C. Inorg. Chem. 1981,
0, 2188.

(24) Syed, A.; Stevens, E. D.; Cruz, S. G. Inorg. Chem., 1984, 23, 3673.

(25) (a) Benchekroun, L.; Herpin, P.; Julia, M.; Saussine, L. J. Organomet.
Chem. 1977, 128, 275. (b) Rettig, M. F.; Wing, R. M.; Wiger, G. R.
J. Am. Chem. Soc. 1981, 103, 2980.

(26) Dahan, F. Acta. Crystallogr. 1976, B32, 1941.

(27) Buchanan, R. M.; Pierpont, C. G. Inorg. Chem. 1979, 18, 3608.
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Figure 5. Correlation between the 'H NMR chemical shifts of the

olefinic protons and the C==C bond distances of metal-free cod!® and the
metal complexes.!4'™

C=C stretching frequencies, respectively.

Discussion

The most striking feature of the binary complex [Cu(cod),]ClO,
is the significantly long Cu—C(olefin) distances of 2.27 A, indi-
cative of a weak copper—cod bond. The = back-donation from
the occupied d= orbitals of a metal to the unoccupied =* anti-
bonding orbital of an olefin molecule causes the elongation of the
C=C distance of the olefin. No elongation of the C=C distance
in [Cu(cod),]ClO, indicates that the contribution of the =
back-donation to the copper—cod bonds is extremely small, and
o donation from the occupied = orbital of cod molecule to the
vacant ¢ type orbital of the metals is predominant in the cop-
per—cod bonds.

In a metal olefin complex in which the = back-donation con-
tributes to the metal-olefin bond, the 'H NMR signals of the
olefinic protons shift upfield due to increased shielding of the
protons caused by the # back-donation. For example, the 'H
NMR resonances of ethylene (5.44 ppm) slightly move upfield
upon coordination to copper (5.3-4.7 ppm)? contrasted with a
significantly greater upfield shift upon coordination to platinum
(2.6-4.7 ppm),? nickel (1.9-2.0 ppm),%#>? niobium (0.6-1.3
ppm),* and rhodium (1.4-1.9 ppm).3! A small upfield shift of
the resonances of olefinic protons has been also observed for
copper(I) complexes with 2-vinylpyridine® and styrene.®® The
silver(I) ethylene complex, on the contrary, exhibits a downfield
shift (5.7 ppm).2® The '"H NMR chemical shifts of the olefinic
protons of cod and the metal complexes correlate with the C=C
bond distance as shown in Figure 5: The !H NMR resonances
of the olefinic protons shift upfield with elongation of the C=C

(28) (a) Cheng, P. T.; Cook, C. D.; Nyburg, S. C.; Wan, K. Y. Inorg. Chem.
1971, 10, 2210. (b) Tolman, C. A,; English, A. D.; Manzer, L. E. Inorg.
Chem. 1975, 14, 2353.

(29) Seidel, W. C.; Tolman, C. A. Inorg. Chem. 1970, 9, 2354,

(30) Guggenberger, L. J.; Meakin, P.; Tebbe, F. N. J. Am. Chem. Soc. 1974,
96, 5420.

(31) (a) Cramer, R. J. Am. Chem. Soc. 1964, 86, 217. (b) From Table IV
of ref 28b.
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bond distances. The downfield shift in [Cu(cod),]ClO, indicates
again that the contribution of = back-donation is negligibly small.
The relatively small decrease (69 cm™) of the C=C stretching
frequency of the coordinated cod molecule of [Cu(cod),]ClO, from
the free cod value suggests that the Cu—cod bonding is similar
to the Ag-olefin bondings, which are dominated by o donation.®
On the other hand, the large decrease of the C=C stretching
frequency of 163-202 cm™ for Pt(0) complexes with cod?!~*? have
been observed because of = back-bonding interaction from the
metal ion to the olefin.

All of the results obtained from the C=C bond distances, the
'H NMR chemical shifts, and the C=C stretching frequencies
of the olefinic moieties in [Cu(cod),]ClO, clearly demonstrate
that the copper—olefin bond is dominated by ¢ donation and the
7 back-bond between Cu and olefin is extremely weak.

The Cu—C distances of 2.45 A (average) for the axial olefinic
moiety of the ternary complex [Cu(cod)(bpy)]PFj are significantly
longer than those of 2.11 A (average) for the equatorial olefinic
moiety. In response to this, the equatorial C(11)==C(12) distance
of 1.36 (1) A is longer than the axial C(15)==C(16) distance of
1.33 (1) A, which is essentially the same as that of free cod
molecule. The C=C stretching frequencies of the equatorial
olefinic moiety are lower than that of the axial olefinic moiety.
This reflects well = back-donation from the copper to the equa-
torial olefinic moiety. On the other hand, the two C=C distances
of the cod molecule are essentially the same in the isoelectronic
metal compound [Ni(cod)(bpy)].!” The complex [Cu(cod)-
(bpy)] PF exhibits a single 'H NMR signal (5.82 ppm) of the
olefinic protons in the acetone solution at 23 °C, showing the rapid
chemical exchange between both olefinic moieties in solution.

In conclusion, the Cu atom of the binary copper(I) complex
with cod, [Cu(cod),]ClO,, is tetrahedrally coordinated to four
olefinic moieties of the two cod molecules. The copper—olefin
bonds are dominated by ¢ donation from the olefinic moiety to
the copper. The geometry about the Cu atom coordinated to two
nitrogen atoms by bpy and two olefinic moieties of the cod
molecule in the ternary copper(I) complex [Cu(cod)(bpy)]PF,
is a very distorted tetrahedral. The copper—carbon distances are
normal for one olefinic moiety of the cod molecule, whereas those
are unusually long for the other olefinic moiety, indicating a weak
copper—olefin bond.
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