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from each of the acetate and water oxygens) the 
ground state is given as (lal) *(2al) *(le) 4( lbJ2(  lbz) 2- 

(3a1)2(2e)4(2b*1)1 with a single unpaired electron in a 
b*l orbital essentially localized on the copper atom ( i .e . ,  
a 3d,,-,, orbital). Thus the formation of the binu- 
clear complex via Cu-Cu bonding of the two mono- 
nuclear species will require the overlap of two 3d,,-,2 
orbitals or ds-ds overlap. In fact this latter approach 
toward rationalizing the metal-metal bonding in copper 
acetate dihydrate is probably much more realistic from 

MO viewpoint than either the F.B. scheme or the pres- 
ent treatment, but is unfortunately considerably more 
difficult to treat quantitatively. 

Lastly, the main aspect of this work is that an ap- 
proximate h10 calculation of the Cu-Cu interaction in 
binuclear complexes of Cu(I1) can lead to  results 
that are not in opposition to either of the previously 
proposed &bond or a-bond models. The actual theo- 
retical solution apparently lies in a detailed programmed 
M O  treatment of the entire complex. 
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Tricarbonyliron(0) complexes of l,l'-bicyclopentenyl, 1,l '-bicyclohexenyl, and 1,l '-bicycloheptenyl have been prepared, 
and their nuclear magnetic resonance spectra have been interpreted to  favor structures involving 1,4-addition of the iron 
atom across the dienic system. 

Introduction 

The formation of n-complexes between metal car- 
bonyls and unsaturated hydrocarbons continues to be 
of interest,l as do rearrangements in such systems.213 
It is of interest t o  know whether or not isomerization of 
a once-formed tricarbonyl (diene)iron(O) complex can 
occur, or whether a conjugated diene can form a com- 
plex derived from an isomeric diene in which the double 
bonds have migrated. To secure information bearing 
on these questions, we have investigated the reactions 
of iron carbonyls with 1,l'-bicyclopentenyl, 1,l'-bi- 
cyclohexenyl, and 1,l'-bicycloheptenyl. 4,5 

Experimental 
General.-Infrared spectra, except as otherwise noted, are of 

cyclohexane solutions, recorded on a Perkin-Elmer Model 421 
instrument, with resolution of one wave number. Nuclear 
magnetic resonance spectra are of carbon disulfide solutions 
containing tetramethylsilane as internal standard, recorded on a 
T'arian A-60 instrument. Ultraviolet spectra are of cyclohexane 
solutions recorded on an  Optica CF-4 spectrophotometer. Gas 
chromatography utilized a 300-ft. capillary column coated with 
polypropylene glycol, operated a t  150" with helium a t  35 p.s.i. 
as carrier gas. Microanalyses and molecular weights (osmo- 
metric, in benzene) were obtained from the Analytical Research 
Division of this company and from Galbraith Laboratories, 
Inc., Knoxville, Tennessee. The 1,l '-bicycloalkenyls were pre- 
pared according to  published r n e t h ~ d s . ~ J  

( 1 )  Tricarbonyl-( 1,l'-bicyclopentenyl)iron(O). (a).--$ mix- 
ture of 1.31 g. (10 mmoles) of 1,l'-bicyclopentenyl, 2.0 g. (4 
mmoles) of triiron dodecacarbonyl, and 50 ml. of cyclohexane 
was stirred under nitrogen in an oil bath a t  95" for 18 hr. The 

(1) M. A. Bennett, Chem. Rev., 62, 611 (1962). 
( 2 )  R. Pettit and J. E. Arnet, J .  Am. Chem. SOC, 63, 2954 (1961). 
(3) T. A. Manuel, J .  Ovg. Chem., 27, 3941 (1962). 
(4) E. B. Barnett and C. A. Lawrence, J .  Chem. SOC., 1104 (1935). 
(5) D. S. Greidinger and D. Ginsburg, J .  Oyg. Cizem., 22, 1406 (1957). 

mixture was cooled to  room temperature and chromatographed 
on alumina. Pentane eluted a yellow band, evaporating to an 
orange oil; from this was distilled (25' (0.05 mm.) to a surface 
cooled to  - 7 8 @ )  380 nlg. of a pale yellow liquid, shown by infra- 
red and V.P.C. analysis to be starting material plus a trace of the 
iron carbonyl complex. Crystallization (pentane, - 78') of 
the undistilled portion yielded 400 mg. (15% yield) of golden 
crystals, m.p. 33". 

(b).-A mixture of 2.0 g. (15 mmoles) of 1,l'-bicyclopeutenyl, 
14.6 g. (75 mmoles) of iron peiitacarbonyl, and 40 tnl. of ethyl- 
cyclohexane was stirred under nitrogen in an oil bath a t  180" 
for 66 hr. The mixture was cooled and chromatographed on 
alumina. Pentane eluted a yellow band, evaporating to  an 
orange oil. After removal by distillation of 240 mg. of oil, 
shown by infrared and V.P.C. analysis to  be unchanged starting 
material with a trace of complex, crystallization (pentane, - 78') 
yielded 2.9 g. (717, yield) of golden needles, m.p. 34-35' ( I ,  
n = 1). 

Anal. Calcd. for C13H1403Fe: C, 56.96; H, 5.14; mol wt., 
274. Found: C, 56.59, 56.97; H, 5.36, 5.22; mol. wt., 280. 

A 2 : 1 pentane-dichloromethane mixture eluted a red band, 
evaporating to  a red-violet solid, recrystallized (pentane, - 78')  
to 60 mg. of violet solid, m.p.  109-110' (II'). 

Anal. Calcd. for C24H260aFez: C, 58.80; H ,  5.34; mol. wt., 
490. Found: C, 58.35; H, 5.33; mol. mt.,400. 

(c).-A solution of 0.78 g. of tricarbonyl-(1,l'-bicyclopen- 
tenyl)iron(O) in 22 ml. of ethylcyclohexane was heated under 
nitrogen in an  oil bath a t  130@ for 66 hr. Only the carbonyl 
bands of the starting material were seen in the infrared spectrum 
of the product after cooling and removal of solvent. The re- 
covered complex was mixed with 3 ml. of iron pentacarbonyl and 
25 ml. of ethylcyclohexane; after an additional 67 hr. in an oil 
bath a t  130", no sign of I V  was seen in the infrared spectrum. 

(2)  Tricarbonyl-( 1 , l  '-bicyclohexenyl)iron(O). (a).-A mix- 
ture of 2.5 g. (15 mmoles) of 1,l'-bicyclohexenyl and 4.0 g. (8 
mmoles) of triiron dodecacarbonyl in 50 ml. of cyclohexane was 
heated under nitrogen in an oil bath a t  95" for 20 hr. The cooled 
mixture was chromatographed on alumina. Pentane eluted a 
yellow band, evaporating to  an  oil, from which crystallization 
(pentane, -23")  yielded 500 mg. (11% yield) of orange crystals, 
m.p. 33' (I, n = 2). 
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I /  TRICARBONYL-(l,l '-BICYCLOPENTENYL)-IRON (0) 
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Fig. l.-hTuclear magnetic resonance spectra. 

Anal. Cdlcd. for CISHl803Fe: C, 59.62; H, 6.00. Found: 
C, 59.73, 59.82; H, 6.27, 6.22. 

Examination by infrared and V.P.C. analysis of hydrocarbons 
recovered from the crude products of other runs by distillation 
(60" (0.05 mm.) to a surface a t  -78') showed that no isomeriza- 
tion had occurred. 

(b).-A mixture of 2.5 g. (15 mmoles) of 1,l'-bicyclohexenyl 
and 14.6 g. (75 mmoles) of iron pentacarbonyl in 50 ml. of ethyl- 
cyclohexane was stirred under nitrogen in an oil bath a t  130' 
for 66 hr. The cooled mixture was chromatographed on alumina. 
Pentane eluted a yellow band, evaporating to  a yellow oil from 
which crystallization (pentane, -78") yielded 400 mg. (9% yield) 
of orange crystals, m.p. 33". 

(3) Tricarbonyl-( 1,l '-bicycloheptenyl)iron( 0). (a) .-A mix- 
ture of 1.0 g. (5.3 mmoles) of 1,l'-bicycloheptenyl and 2.5 g. 
(5 mmoles) of triiron dodecacarbonyl in 50 ml. of cyclohexane 
was stirred under nitrogen in an oil bath a t  95" for 21 hr. The 
cooled mixture was chromatographed on alumina. Pentane 
eluted a yellow band, from which evaporation and crystallization 
(pentane) yielded 1.0 g. (57% yield) of yellow crystals, m.p. 
92 5-94'. 

Anal. Calcd. for CllH2203Fe: C, 61.81; H, 6.71. Found: 
C, 62.00; H, 6.85. 

(b).-A mixture of 1.0 g. (5.3 mmoles) of 1,l'-bicycloheptenyl 
and 14.6 g. (75 mmoles) of iron pentacarbonyl in 40 ml. of ethyl- 
cyclohexane was stirred under nitrogen in an oil bath at 135" 
for 65 hr. The cooled mixture was chromatographed on alu- 
mina. Pentane eluted a yellow band from which evaporation 
and recrystallization (pentane) yielded 0.95 g. (54y0 yield) of 
yellow crystalline complex, map.  93-94". 

Discussion 

The 1, 1'-bicycloalkenyls each form tricarbonyl- 
(diene)iron(O) complexes when heated with iron penta- 
carbonyl or triiron dodecacarbonyl. 

0 0 
I (n=l, 2,3) I1 (n=l, 2,3,) 

T 

2100 cm.-l 2000 cm.-l 1 9 0 0  cm.-l 

Fig. 2.-Carbonyl stretching bands of tricarbonyl-( 1,l'-bicyclo- 
heptenyl)iron( 0 ) .  

Whether I or I1 is the best representation of such 
compounds is unsettled. Certain nuclear magnetic 
resonance and X-ray structure determina- 
t i o n ~ ~ , ~ ~  support structures of type I ;  the older repre- 
sentation of type I1 is supported by infrared6-8 and 
X-ray structuralll data. The tricarbonyl-( 1, 1'-bi- 
cycloalkenyl)iron(O) complexes appear to be typical 
members of the class. Their ready preparation and 
stability indicate that the cyclic structures of the 
ligands, in which one of the terminal substituents on the 
diene system is pinned back, are not unfavorable for 
complex formation. Complexes such as tricarbonyl- 
(1,3-cyclohexadiene) iron (0) '9 l2  (111) have been made 
hitherto from cyclic systems, in which one of the 
terminal substituents on the diene system is pinned back 

(6) R. Burton, L. Pratt, and G. Wilkinson, J .  Chem. Soc., 594 (1961). 
(7 )  M. L. H.  Green, L. Pratt, and G. Wilkinson, ibid., 3753 (1959). 
(8 )  M. L. H.  Green, L. Pratt, and G. Wilkinson, i b i d . ,  989 (1960). 
(9) D.  L. Smith and L. F. Dahl, J .  Am.  Chem. Soc., 84, 1743 (1962). 
(10) B.  Dickens and W. N. Lipscomb, J .  Chem. Phys. ,  37, 2084 (1962). 
(11) 0. S. Mills and G. Robinson, Acta Crys t . ,  16, 758 (1963). 
(12) B. F. Hallam and P.  L. Pauson, J .  Chem. Soc., 642 (1958). 
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TABLE I 
NUCLEAR MAGNETIC RESONAXCE SPECTRA OF 1,1 ’-BICYCLOALKENYLS A S D  THEIR TRICARBONYLIROS(~) COMPLEXES 

Peak center 
(or base), 

Compound T Structure 
Relative 
intensity Assignment (formula I) 

C I O H I ~  4.53 (4.42-4.60) Unresolved triplet 2 Olefinic protons 2 
(7.42-7.75) Doublet superimposed on com- 8 Allylic protons 3 and 5 

(7.88-8.33) 
Cl2H18 4.33(4.22-1.45) 

7.90(7.75-8.08) 
(8.25-8.58) 

CiaHz2 4.27 
(7.60-8.05) 
(8.05-8.75) 

CloHlJ?e(CO)3 7.33 
(7.60-8.35) 

(8.60-8 80) 

(7.70-8.50) 
C12H18Fe(COh 7.30 

plex peak 
Complex quintet 
Unresolved 
Unresolved 
Complex, unresolved 
Triplet, J = 7 C.P.S. 

Complex 
Complex 
Triplet, J = 6 C.P.S. 
Doublet superimposed on com- 

Unequal doublet 
Triplet, J = 6 c.p.s. 
Doublet superimposed on com- 

plex peak 

4 
2 
8 
8 
2 
8 

12 
4 
8 

2 
4 

12 

Methylenic protons 4 
Olefinic protons 2 
Allylic protons 3 and 5 
Methylenic protons 4 
Olefinic protons 2 
dllylic protons 3 and 5 
Methylenic protons 4 
Allylic protons 5 
Allylic pxotons 3 and methylenic 

Olefinic protons 2 
Allylic protons 5 
Allylic protons 3 and methylenic 

protons 4 

plex peak protons 4 
(8.72-8.97) Unequal triplet 2 Olefinic protons 2 

C d L F e (  COh (6.71-7.23) Complex, two unequal doublets 2 Part of allylic protons 5 
J = 6 c.p.s. for each 

approximately equal intensity 
(7.38-8.90) Complex, two main groups of 18 Part of allylic protons 5, allylic 

protons 3, methylenic protons 

(9.00-9.40) Unequal triplet 

in the opposite sense to that in I. In such cases as I11 
the iron atom must be more nearly under the rest of the 
hydrocarbon ring than in I. 

, . _, 

I11 

The nuclear magnetic resonance spectra of the 1,l’- 
bicycloalkenyls and their complexes are quite similar, 
their complexity increasing with ring size. Figure 1 
reproduces the simplest of these spectra, of 1,l’-bi- 
cyclopentenyl and its tricarbonyliron(0) complex. 
Certain inferences may be drawn from a qualitative 
comparison of the spectra of the ligands and the com- 
plexes (Table I). 

Three groups of peaks are discernible, and the ab- 
sence of absorption in the region of 4-5 r (expected for 
the central protons of a complexed diene system)6 
clearly shows that the carbon atoms involved in the 
complex formation are those originally unsaturated. 
The relative intensities and consistency with other 
data6-8 assure that the peaks a t  highest field are due to 
the protons a t  position 2. This resonance is found a t  
higher fields than is the resonance of the terminal pro- 
tons in complexes like IIL6 A shift of this proton to 
higher fields, as well as broadening, occurs as the ring 
size increases in I. The peaks assigned to the methyl- 
enic protons a t  position 4 are not much affected by 
complex formation. The two equal-intensity groups of 
allylic protons (position 3 and 5 )  are shifted in opposite 
directions in I. One group, assigned in agreement 

4 
2 Olefinic protons 2 

with previous data6 to position 3, which is allylic to a 
1,2 double bond, is shifted upfield to the region of the 
methylenic protons. The last group, which is shifted 
downfield, we assign to position 5, which is allylic to a 
1,2 or 1,l’ double bond. These shifts, we believe, sup- 
port the assignment of the structures as I rather than 
11. In structure I, position 5 would be allylic and posi- 
tion 3 methylenic, as we have observed. Despite the 
complexity of much of the spectrum, a triplet structure 
of the peak assigned to position 5 is clearly seen; this 
is consistent with splitting by the two protons on posi- 
tion 4. 

The high-resolution infrared spectra of the complexes 
I show three very strong bands in the carbonyl stretch- 
ing region (Table 11), as well as a consistent pattern of 
very much weaker bands and shoulders (Fig. 2 ) ,  show- 
ing that the local Csv symmetry of the iron tricarbonyl 
group has been destroyed. This effect, too, is con- 
sistent with structures of type I. 

TABLE 11 
CARBONYL STRETCHING FREQUENCIES 

Carbonyl stretching frequencies, cm. -1 

C I O H M F ~ (  COh 2035 1970 1956 
CdL8Fe(CO)z 2034 1967 1952 
C I ~ H Z ~ W  2038 1971 1960 

Compound 

The expected similarity of the bonding in the bicyclo- 
alkenyl complexes is also shown by their ultraviolet 
spectra (Table 111). 

No isomerization was detected in the uncomplexed 
hydrocarbons recovered from the reaction mixtures. 
However, from the reaction of iron pentacarbonyl with 
1,l’-bicyclopentenyl we obtained a small amount of a 
violet compound believed on the basis of its infrared 
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TABLE I11 
ULTRAVIOLET SPECTRA 

Compound f220 mw fshoulder mfi €DX%X 

CdLd+( COh 6 . 7  x 104 233 4.7 x 104 308 2 .3  X los 

Xahoulder, hmsx, 

CloH14Fe( COh 2 . 3  x 104 228 2 .2  x 104 313 2 .3  x 103 

C&Z&(CO)~ 6 . 7  X lo4 230 6 . 0  x 104 297 2 .6  x 103 

spectrum (carbonyl stretching bands (CS2 solution, to IV. Thus, the essential rearrangement must have 
NaCl optics) a t  2041, 1996, 1957, and 1783 cm.-l) to  
be di- n- (cyclopentylc yclo pentadien yl) tetracarbonyldi- 
iron (IV) analogous to the well-known di-n-cyclo- 
pentadienyltetra~arbonyldiironl~ (carbonyl stretching 
bands (CS2 solution, NaCl optics) a t  2041, 2000, 1957, 
and 1786 cm.-l). We found no evidence that tricar- 
bonyl- (1,l '-bicyclopentenyl)iron(O) could be converted 

occurred before I was formed. 

(13) H. Zeiss, Ed., "Organometallic Chemistry," Reinhold Publishing 
Corp., New York, N Y., 1960, Chapter X. 
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The Raman spectra of the complex oxalates and acetylacetonates of aluminum, gallium, and indium have been studied, 
principally for information on the nature and strength of their metal-oxygen bonds. Highly polarized, low frequency 
Raman lines have been found which are attributable to the metal-oxygen symmetric stretching modes, and an interesting 
correlation with the C-0 and C=O stretching frequencies is found in the oxalate series. aa/bQ values have been calcu- 
l a t e d p r  these M-0 bonds from the Raman line intensities and found to be unusually large (A1 = 1.33, Ga = 1.37, In = 
1.47 A.2 (a.w.)-'lz) in the acetylacetonate series, indicating metal-oxygen r-bonding in these very stable complexes. 

Metal-oxygen bonds have recently been the subject 
of much interest in complex coordination compound 
chemistry, but little application of the powerful 
technique of Raman spectroscopy has been made to 
date. A considerable amount of infrared work has 
been reported dealing with the symmetries and vi- 
brational frequency assignments of coordination com- 
pounds of metals with the chelating ligands oxalate, 
C20d2--, and acetylacetonate, CsH,Oz-. Assignment 
of the abundance of spectral lines in such complexes 
to the normal modes of vibration has been a difficult 
task, especially in the interesting low frequency region 
below -800 cm.-' where metal-oxygen stretching 
fundamentals occur. This difficulty has led to contra- 
d i c t i o n ~ ~ - ~  in the recent literature over the location of 

(1) This work was supported by the Directorate of Chemical Sciences, 

(2) K. Nakamoto and A. Martell, J .  Chem. Phys. ,  32 ,  588 (1960). 
(3) K. Nakamoto, R. 5. McCarthy, A. Ruby, and A. Martell, J .  Am.  

(4) K. Nakamoto, P. J. McCarthy, and A. Martell, ibid., 83, 1272 (1961). 
(5)  C. Djordjevic, Specfrochim. Acta, 17, 448 (1961). 
(6) K. E. Lawson, ibid , 17, 248 (1961). 
(7) J. P. Dismukes, L. H. Jones, and J. C. Bailar, Jr., J .  Phys. Chem., 66, 

(8) M. J. Schmelz, T. Miyazawa, S. Mizushima, T. J. Lane, and J. V. 

(9) J. Fujita, J. Phys. Chem., 61, 1014 (1957). 

U. S. Air Force Office of Scientific Research 

Chem. S o c ,  88, 1066 (1961). 

792 (1961). 

Quagliano, Spectrochim. Acta, 9, 51 (1957). 

metal-oxygen stretching modes. Correct assignments 
must precede any calculation of force constants, and 
hence of metal-oxygen bond strengths. The unique 
selection rules for Raman spectra and the information 
on depolarization ratios obtainable with the Raman 
method are of considerable importance for solving 
this problem of frequency assignments. 

The Raman intensity of the 9 th  normal mode of 
vibration of a molecule, Qp,  is given by the expression 

where M is the molar concentration of the species, vo 
is the Rayleigh frequency, v is the Raman frequency 
shift, p is the degree of depolarization, 5 is the mean 
molecular polarizability, and K is a constant. The 
quantity bE/bQ, (written 5' henceforth) is zero for 
all vibrational modes other than totally symmetric 
ones, but for these totally symmetric modes 8' has been 
shown to be related to the strength and degree of 
covalency of the bonds being stretched in this 9th 
normal mode.lOal' Evaluation of the quantity 5' for 

(10) L. A. Woodward and D. A. Long, Trans. Faraday Soc., 46, 1131 

(11) G. W. Chantry and R. A. Plane, J .  Chem. Phys., 32, 319 (1960). 
(1949). 




