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N O 2 " stretching vibrations in the [Co(NHs)nNO2J2 + com
plex indicate that the nitro ligand produced by the parallel 
disproportionation reaction prevents any further formation 
of the nitrosyl complexes. The nitro complex is destroyed 
only by heating the complex under vacuum to 200°, and 
these conditions are sufficient to destroy the ammine com
plex also. Although the reaction system cannot be consid
ered catalytic at the higher nitric oxide pressures, the for
mation of the undesirable nitro ligands may be prevented by 
going to lower partial pressures of NO where the dispropor
tionation reaction does not occur. 

These results clearly show that the reactivity of nitric 
oxide coordinated to cobalt(II) can be greatly enhanced by 
forming complexes with strong bases. The presence of the 
[Co m (NH 3 ) „NO] 2 + in a zeolite appears to facilitate the in
tramolecular reaction between the nitrosyl and ammonia 
ligands. This illustrates the unique function of zeolites as 
solvents. 

Acknowledgment. The authors wish to acknowledge the 
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Many (7r-m-l,3-diene)Fe(CO)3 complexes have been 
described in the literature,1 since the preparation of (TT-1,3-
butadiene)Fe(CO)3.2 The nature of the iron-diene ligand 
bond has stimulated much interest from both theoretical 
and structural viewpoints.3'4 Recently some 7r-hetero-
1,3-diene complexes of iron carbonyl have also been de
scribed in which the heteroatom is oxygen5 or nitrogen.6 

These complexes also have a structure similar to that of 
(ir-cf\y-l,3-diene)Fe(CO)3 complexes, with heteroatom lone 
pairs which do not participate in bonding to the iron.7 

The iron atom is unique in its inclination to coordinate 
l,3-diene or l,3-heterodiene planar ligands.1 This may de
pend both on the high stability of such structures and/or on 
the particular reaction mechanism involved. In order to 
clarify this mechanism a kinetic study of the formation 
reaction was undertaken. These complexes are obtained by 
photochemical reaction between the diene ligand and 
Fe(CO)5

8Or by thermal reaction between the diene and 
Fe2(CO)9.6 
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In both methods of preparation, the percursor of the (ir-
diene)Fe(CO)3 is the corresponding (7r-diene)Fe(CO)4 

complex. However, since the (7T-C6H5CH=CHCOR)Fe-
(CO)4 and (Tr-C6H5CH=CHCOR)Fe(CO)3 are more sta
ble than the corresponding (Tr-diene) complexes, the reac
tion studied kinetically is the formation of (7T-C6H5CH= 
CHCOR)Fe(CO)3 from the corresponding (TT-
C 6 H 5 CH=CHCOR)Fe(CO) 4 (with R = H, CH3 , C6H5) . 

For the reaction with R = H, literature reports9 suggest 
the following stoichiometry 

2(7T-C6H5CH=CHCHO)Fe(CO)4 — 
(77-C6H5CH=CHCHO)Fe(CO)3 ^ 

Fe(CO)5 + C6H5CH=CHCHO 

but no mention was made of possible reaction mechanisms. 
Recently, other authors6 have assumed an internal chela

tion mechanism on the basis of the different reactivity of 
the complexes (Tr-C6H5CH=CHCOR)Fe(CO)4 in the two 
forms, s-cis and s-trans. 
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Abstract: The kinetics of the reaction: 

(Tr-C6H5CH=CHCOR)Fe(CO)4 — 
Oj(Tr-C6H5CH=CHCOR)Fe(CO)3 + (1 - a)Fe(CO)5 + (1 - a)C6H5CH=CHCOR + (2a - I)CO (1) 

where R = H, CH3, and C6H5 and a is the fraction of chelate complex (7T-C6H5CH=CHCOR)Fe(CO)3 per mole of re
agent complex, has been followed. The reaction is first order with respect to (7T-C6H5CH=CHCOR)Fe(CO)4, and the first-
order rate constants (kc) decrease with increase in concentration of C6H5CH=CHCOR and are a function of CO concen
tration. (1 - a)/a changes linearly with 1/[C6H5CH=CHCOR] and also changes with CO pressure according to a square 
law. The results exclude an intramolecular chelation mechanism. A mechanism involving Fe(CO)3 intermediate, which is re
sponsible for the formation of the chelate complex, is suggested. 
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Table I. Infrared C-O Stretching Frequencies 
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Complex Solvent" KC-O), cm- ' KC-O),6 crrr 

(Tr-C6H5CH=CHCHO)Fe(CO)4 

(7T-C6HoCH=CHCOCH3)Fe(CO)4 

(X-CeH5CH=CHCOC6H5)Fe(CO)4 

(Tr-C6H5CH=CHO)Fe(CO)3 

(TT-C6H5CH=CHCOCH3)Fe(CO)3 

(TT-C6H 5 CH=CHCOC 6 H 5)Fe(CO) 3 

T 
H 
S 
A 
T 
H 
A 
T 
H 
A 
T 
H 
A 
T 
H 
A 
T 
H 
A 

2094,2037,2020,1998 
2101, 2091, 2039, 2030, 2020, 2000 
2097. 2090, 2031, 2021, 2013, 1994 
2090,2022,1991 
2093,2034,2022,1992 
2095,2032,2020,1993 
2092,2025,1988 
2090,2033,2019,1994 
2092,2032,2021,1993 
2093,2027,1991 
2072,2017,1991 
2074,2010,1992 
2067,2007,1987 
2064,2010,1988 
2067,2010,1990 
2064,2002,1987 
2067,2012,1990 
2067,2010,1987 
2067,2007,1991 

1677 
1694,1687 
1677 

Not observable 
1680 
1684 

Not observable 
1651 
1653 

Not observable 

Key: T = CCl4, H = /!-hexane, S = CS2, A = acetone.b Ir CO stretching of the organic ligand. 

Experimental Section 

The complexes (Tr-C6H5CH=CHCOR)Fe(CO)4 and (ir-
C 6 H 5 C H = C H C O R ) F e ( C O ) 3 (R = H, CH3 , C6H5) were pre
pared, as described previously,6'9 by reaction of the appropriate 
(a,/3) unsaturated aldehyde or ketone with Fe2(CO)9 in benzene. 
All were purified by crystallization from n-pentane. (x-
C 6 H 5 CH=CHCOCH 3 )Fe (CO) 4 , not described previously, was 
prepared by reaction between Fe2(CO)9 and C 6 H 5 C H = 
CHCOCH 3 (mole ratio, 1/1) in benzene at room temperature. 
When the suspension of Fe2(CO)9 had completely reacted, the so
lution was evaporated to dryness; the solid (7T-C6H5CH=CHCO-
CH3)Fe(CO)4 was purified from (7T-C6H5CH=CHCOCH3)-
Fe(CO)3, also formed in small quantities, by fractional recrystalli-
zation from /i-pentane and obtained as a yellow solid (mp 53-54°). 
Anal. Calcd: C, 53.53; H, 3.21. Found: C, 53.72; H, 3.32. The nmr 
spectrum (CCI4 solvent) shows three bands: Tc6H5 2.35, TCH3 7.23, 
TAB 4.80 ppm. The TAB is attributed to the trans protons of the ole
fin bond, which show four bands corresponding to an AB pattern. 
From this pattern, T A 4.43 and TB 5.17 ppm and 7 A B = 11 Hz are 
measured. 

(Tr-C 6H 5CH=CHCHO)Fe(CO) 4 shows the carbonyl CO and 
the aldehyde CO stretching modes doubled in apolar solvents (e.g., 
/j-hexane, CS2). This is due to the presence of two conformers, s-
cis and s-trans, as previously suggested in the literature.6 The 
methyl and phenyl group stabilize the s-cis conformation.10 Table I 
shows the ir CO stretching frequencies of the complexes in differ
ent solvents. 

All the complexes are sensitive to oxygen when in solution, and 
even decompose in deaerated solvents, extent of decomposition de
pending on the particular solvent used. The kinetic runs were car
ried out in acetone since in this solvent there was less decomposi
tion. 

Kinetic measurements were performed in closed flasks, with an 
aliquot being removed using a syringe. Great care was taken to 
avoid sucking in air during aliquot removal. The final products 
were more stable than the reactants, but still were susceptible to 
slow decomposition. Decomposition of the reacting complexes 
could be greatly reduced by carrying out the reaction in a large ex
cess of olefin. The kinetics were followed by measuring the de
crease in intensity of the CO stretching band at a higher frequency 
than that of the starting complex as well as the increase in intensi
ty of the CO band at higher frequencies than that of the chelate 
complex. 

When the appearance of the chelate complex was followed, the 
final absorbance of the complex could not be determined experi
mentally because of extensive decomposition. On the other hand, 
the absorbance could not be deduced from the initial concentration 
of the reactant because Fe(CO)5 was also formed as a side-product 
as well as the final chelate complex. The formation of Fe(CO)5 de
pends on many factors, which are analyzed below. To circumvent 
this difficulty it was assumed that the decomposition of the chelate 

Table II. Percent Fe(CO)5 and (1 — )a/a Values for Reaction 1 in 
Acetone, at 40° and at Various Concentrations of 
C 6H 5CH=CHCOR and Carbon Monoxide 
([(Tr-C6H5CH=CHCOR)Fe(CO)4] = (5-6) X 10" 3 M) 

R 
102[C6H5CH= 
CHCOR], M 

Pco, 
atm 

102[CO], 
M 

% (1 
Fe(CO)5 

«)/ 

H 

CH3 

C6H3 

0 
2.25 
6.00 

10.50 
0 

2.00 
6.00 

10.00 
0 

0.50 
0.68 
1.00 
2.00 
5.00 

10.00 
0 

0.61 
0.70 
0.97 
1.31 
2.11 
5.37 
0 

0.97 

0 
0 

0 

0. 
O, 
0. 

0 

.75 

.50 

.25 

.75 
50 

.25 

1 

0 

.06 

0.79 
0 

0 

0 
0 
0 

.53 

.26 

.79 

.53 

.26 

41 
16 
12 
10 
46 
17 
12 
11 
34 
22 
17 
15 
12 
9 
8 

82 
67 
55 
55 
51 
33 
26 
76 
71 
71 
61 
62 
50 
41 
27 

0.70 
0.19 
0.14 
0.11 
0.85 
0.20 
0.13 
0.12 
0.51 
0.28 
0.21 
0.17 
0.14 
0.10 
0.09 
4.75 
2.00 
1.35 
1.38 
0.96 
0.50 
0.34 
3.20 
2.50 
2.47 
1.54 
1.42 
1.02 
0.70 
0.37 

complex is negligible during the initial phase of the kinetics. The 
absorbance values for completion of reaction were then extrapolat
ed from the concentration of the chelate at a certain time, t, for a 
certain decrease in the olefinic complex to the total concentration 
of the olefinic complex itself. The values of the rate constants ob
tained using this method are comparable (within 5% experimental 
error) to those obtained by following the disappearance of the ole
finic complex. 

Several of the reactions were carried out under variable carbon 
monoxide pressure, prepared as described in the literature.11 A CO 
partial pressure lower than atmospheric was obtained by dilution 
with nitrogen using Mohr bottles to measure gas volumes. The ap
paratus12 used for these runs consisted of a thermostated flask with 
magnetic stirrer, attached to a thermostated buret which main-
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0 5 1 Pcolatm) 
Figure 1. (1 — a)/a vs. PQO for reaction 1 in acetone with R = C6H5: 
(a) [C6H5CH=CHCOC6H5] = O; (b) [C6H5CH=CHCOC6H5] = 
9.74 X 10-3A/. 

, IM": 

Figure 2. (1 - a)/a vs. 1/[C6H5CH= 
Pco = 1 atm in acetone and at 40°. 

[C, H,CH.CHCOC, H,] 

=CHCOC6H5] for reaction 1 at 

tained a constant CO pressure over the solution. The CO concen
tration in acetone was taken from ref 13. The quantity of Fe(CO)5, 
formed during these reactions was measured using ir spectroscopy. 
Since the CO stretching modes of Fe(CO)5 overlap those of both 
the olefinic complex and the chelate complex, the solution was first 
distilled before measuring the Fe(CO)5 concentrations. The reac
tion of the olefinic complexes with SbPh3 was also studied kineti-
cally. 

Spectrophotometric measurements were performed in 0.5-mm 
NaCl cells on a Perkin-Elmer 257 instrument. The nmr spectra 
were obtained on a Jeol JNM-C-60HL instrument using tetra-
methylsilane as reference. 

Results 

Table II lists the percentage of Fe(CO)5 and the (1 -
a)/a ratios obtained for reaction 1 at various C6H5CH= 
CHCOR and CO concentrations. An increase in the quanti
ty of Fe(CO)5 with irfcrease in concentration of 
C e H 5 C H = C H C O R and CO pressure is observed. At con
stant olefin concentration the (1 — a)/a ratios vary with 
CO pressure according to a square law, as shown in Figure 
1. At constant CO pressure (1 atm) there is a linear depen
dence of (1 -a)/a on 1 / [C 6 H 5 CH=CHCOR] (Figure 2). 

5 10!x [C,HsCH.CHCOR] (M) 1 0 

b 

0.1 0.2 0.3 
[C1H5CH-CHCOH] (M) 

Figure 3. \/kc vs. [C6H5CH=CHCOR] for reaction 1 in acetone: line 
a, R = H, T = 30°, Pco = O, [(T-C6H5CH=CHCOH)Fe(CO)4] ~ 7 
X IO'3 M; line b, R = H, T = 40°, PCo = O, [(11-C6H5CH= 
CHCOH)Fe(CO)4] = (4-7) X IO"3 M; line c, R = CH3, T = 40°, 
/5CO = O, [(X-C6H5CH=CHCOCH3)Fe(CO)4] ~ 6 X IO"3 M; line d, 
R = C6H5, T = 40°, Pco = O, [(Jr-C6H5CH=CHCOC6H5)Fe(CO)4] 
~ 6 X IO-3 M; curve e, R = C6H5, T = 40°, PCo = 1 atm, [(TT-
C6H5CH=CHCOC6H5)Fe(CO)4] = ~6 X IO"3 M. 

Table III. Pseudo-First-Order Rate Constants (k) for 
Reaction 2 of the Text at 40° in Acetone 

R 

H 

CH3 

C6Hi 

103[C],« 
M 

6.60 
3.30 
3.15 
2.66 
3.50 
3.60 
3.90 
3.85 
5.79 
6.10 
6.10 
5.92 

10[C6H5CH= 
CHCOR], M 

O 
O 
O 

6.35 
8.50 

30.00 
40.00 

100.00 
0 
0 
0 

0.52 

10[SbPh3], 
M 

6.65 
1.43 
1.57 
1.21 
1.01 
1.00 
1.00 
1.00 
0.20 
0.50 
0.21 
0.93 

104A-, 
sec - 1 

3.48 
3.52 
3.68 
3.20 
2.80 
2.37 
2.48 
1.76 
1.60 
1.60 
0.92 
0.93 

« [C] = COnCeHWaIiOnOf(Tr-C6H5CH=CHCOR)Fe(CO)J. 

The kinetic results indicate that reaction 1 is first order 
with respect to complex. The rate constants (kc) decrease 
with increase in the concentration of olefinic ligand and are 
a function of CO concentration. In the absence of CO, 1 /kc 

values change linearly with C 6 H 5 C H = C H C O R concentra
tion (Figure 3, lines a, b, c, d), while for a constant CO con
centration of 1 atm a curve, with a tendency toward an as
ymptotic line, is found (Figure 3, curve e). 

The kinetic results for reaction 2 are shown in Table III. 

(77-C6H5CH=CHCOR)Fe(CO)4 + SbPh3 —<-

Fe(CO)1SbPh3 + C6H5CH=CHCOR (2) 
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The results indicate that the reaction is first order with re
spect to olefin complex and that the \/k values vary linearly 
with the concentration of C 6 H 5 C H = C H C O R . It may be 
noted that the rate constants obtained for this reaction in 
the absence of olefinic ligand correspond to the extrapolat
ed values of Figure 3. 

Discussion 

The kinetic results obtained for reaction 2 indicate that 
the substitution mechanism is the same as that observed for 
similar complexes.14,15 The mechanism is 

Si 

(Ir-C6H5CH=CHCOR)Fe(CO)1 5=* 

C6H5CH=CHCOR + Fe(CO)4 •* Fe(CO)4SbPh3 (3) 

and the rate constant at zero concentration of olefinic lig
and corresponds to the rate constant k\. 

A mechanism which might explain the simultaneous for
mation of chelate complex and Fe(CO)5 for reaction 1 is 

(71-C6H5CH=CHCOR)Fe(CO)4 

- 0 0 { * 
(TT-C6H5CH=CHCOR)Fe(CO)3 

C6H5CH=CHCOR 
M 

Fe(CO)4 

*2 I *C0 

Fe(CO), 

(4) 

However, this may be rejected for the following reasons, (a) 
The chelation reaction is completely blocked by an excess of 
olefin (Figure 3) (for the ( i r -C 6 H 5 CH=CHCOC 6 H 5 ) -
Fe(C0)4 complex, at a concentration of 5 X 10_ 1 M of 
C 6 H 5 CH=CHCOCeH 5 , the reaction does not begin for at 
least 12 hr). (b) The rate constant at zero ligand concentra
tion should correspond to k\ + k according to eq 4, whereas 
the value observed is k\. (c) The ratio (1 — a)/a should 
equal ^k2[CO]/(k-ik[L\ + M:[CO]) with L = 
C 6 H 5 C H = C H C O R , whose expression would predict that, 
for constant concentration of L, (1 — a)/a vs. Pco shows 
asymptotic behavior with a limiting value (1 — a)/a = 
ki/k. Instead Figure 1 clearly shows that (1 — a)/a follows 
a square dependence. 

However, the kinetic results suggest that the dissociative 
step of the olefin is common both to the step giving the che
late complex and to that leading to Fe(CO)5. Hence we 
suggest the mechanism 

(TT-C6H5CH=CHCOR)Fe(CO)4 

C8H5CH=CHCOR + Fe(CO)4 -^* Fe(CO)5 

Fe(CO)3 + CO 

(5) 

+ CcHrCH=CHCOR 

(TT-C6H5CH=CHCOR)Fe(CO)3 

The dissociation of Fe(CO)4 to Fe(CO)3 has previously 
been suggested as a step in the substitution reaction of (ir-
monoolefin)iron tetracarbonyl by PPh3

16,17 to explain the 
simultaneous formation of Fe(CO)4PPh3 and Fe(C-
0)3(PPh3)2 and this suggestion is supported by the effect of 
CO pressure on the ratio [Fe(CO)4PPh3]/[Fe(C-
0)3(PPh3)2]-18 The species Fe(CO)3 has also been observed 
as a product of the photolysis of matrix-isolated 
Fe(CO)5

19 '20 at low temperatures and was assigned a struc
ture having symmetry C3v, which is also that most conve
nient for coordination of diene ligands. 

Assuming the stationary state approximation for the 
species Fe(CO)4 and Fe(CO)3, the expression for the rate 
constant is given by 

fen 
M2[L]2 + fe.tfe /[CO][L] 

ft^slCOJLL] + M1^2[LJ + M-/MCO] (6) 

in which L is the ligand C 6 H 5 C H = C H C O R . When [CO] 
—- O, this equation reduces to 

1 - ! + Ai_[Li (7) 

Equation 7 explains the linear behavior observed in Fig
ure 3, lines a, b, c, d. 

Equation 6 explains the nonlinear behavior, with inter
cept l/k\, observed at constant CO pressure, shown in Fig
ure 3 curve e. An analytical treatment of eq 6 predicts that 
an asymptotic curve with a limiting slope of k-\/ 
( ^ i 3 [ C O ] + k\k\) would be given. This is different than 
the slope of eq 7, because of the presence of the term 
&i Zc3[CO], and this accounts for the smaller slope of the 
dotted line in Figure 3. 

The ratio 

1 - a M i [ C O ] 2 

fMco] (8) 

obtained on the basis of the mechanism 5, explains the 
square-law dependence observed in Figure lb. The nonzero 
intercept of Figure la may be explained by the CO given 
off during reaction 1. Equation 8 rationalizes the linear be
havior shown by Figure 3. 

To conclude, it may reasonably be stated that the pro
posed mechanism explains all the experimental results. This 
mechanism may be generalized to all the iron carbonyl 
complexes, which give the intermediate Fe(CO)4 in the first 
step of reaction. This explains the unique behavior of iron 
carbonyl complexes in its tendency to coordinate dienes. 
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