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Summary 

The photolysis of $-C5H5-ql-C3H,Fe(C0)2 at 10°C gives two stereoisomers 
of $-C,H,-q3-C3H5Fe(CO). The less stable isomer (endo) thermally isomerizes 
to the more stable (exo) isomer with a moderate rate at ambient temperatures. 
Similarly the endo-q3-methallyliron complex isomerizes completely to the exe 
isomer with AG” = 24.1 kcal/mol. Photolyses of cis- and trans-l-substituted-q’- 
allyliron compounds yield the syn- and anti-q3-allyliron isomers stereospecifical- 
ly as a mixture of endo and exo stereoisomers. In all the cases examined the 
exo,syn stereoisomers are the thermodynamically most stable while the endo, 
anti are the least stable isomers. Approximate rates for the thermal intercon- 
version of the different stereoisomers have been determined. Antitto syn con- 
version occurs at a rate comparable to endo to exo isomerization and implies 
a similar mechanism involving a q3 + q1 + q3 transformation. Theoretical 
arguments are presented to explain the apparent change in mechanism for endo 
and exo interconversion of Group VI and VIII q3-ally1 complexes. 

Introduction 

Among the several forms of dynamic behavior which have been observed 
in organometallic complexes, the interconversion of stereoisomeric q3-allylmetal 
complexes is well characterized for a number of these substances*. For dicarbo- 
nyl ~5-cyclopentadienyl-g3-allyl-molybdenum and -tungsten complexes in parti- 
cular, the existence of stereoisomers (I and II) has been amply demonstrated 
[Z] and the thermodynamic parameters and activation energies associated with 
their interconversion have been determined [2d]. 
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The chemistry of the closely related ~3-allyliron and -ruthenium complexes 
is, by contrast, poorly delineated_ Green and Nagy [3] reported the preparation 
of monocarbonyl $-cyclopentadienyl-~3-aIIyl and -q3-butenyl complexes by 
photolysis of the corresponding $-allyliron complexes (IIIa, III%), but only 
one stereoisomer was isolated and its structure (IV or V) was not considered. 
Later, King and Ishaq [4] reported the photolysis of the corresponding $-allyl- 
ruthenium complex (IIIa, Ru instead of Fe) and provided spectral evidence for 
the formation of two stereoisomers. 

In a more recent study, Failer, Johnson and Dryja [ 53 reported that only 
one stereoisomeric form of q3-allyl-iron or -ruthenium complexes was formed 
in these photolysis reactions*. These were assigned structures corresponding to 
V, based on magnetic anisotropies and shielding of protons calculated [Zd] and 
observed for the analogous indenyl complexes ($-C9H,M(CO),-~3-allyl; M = MO, 
W,x=2;M=Fe,Ru;~=l). 

These findings prompt us now to report the results of a more extensive 
examination of this system in which the characterization and chemistry of both 
stereoisomeric ~3-a.llyliron complexes are described. For simplicity these isomers 
are designated hereafter as “endo” (IV) and “e.ro” (V). We consider the factors 
affecting their relative stabilities, the mechanisms of their photochemical forma- 
tion and thermal isomerization, and the intimate relationship between patterns 
of ~~-allyl substitutions and the rates of e3to =+ endo interconversion. 

%a Rs Rc 
a. H H H 

0. H H Me 

c. CMeH H 
a. H OMe H 
e. CL H H 

t. H Cl H 
g.OPhH H 
h. H CPh H 

* The Possibilitv that both isomers were formed, but that one decomposed or interconverted during 
isolation was considered by these authors. 



Results and discussion 

Structural assignments 
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When photolysis of the ql-allyl- or VI-methallyl-iron complexes (IIIa or 
IIIb) is carried out in petroleum &her solutions at 10°C employing 350 nm 
light, a mixture of endo and exo q3-allyliron complexes (IV and V) is formed*. 

The PMR and IR spectral data for these and other v3-ally&on complexes, 
which form the basis for the structural assignments are given in Table 1. 

The PMR spectral characteristics for q3-allyliron isomers (IV and V) con- 
form closely to those adduced by Faller [Z] from a study of the related q3-allyl- 
molybdenum and -tungsten complexes (I and II)_ Chief among these are a sig- 
nificantly greater shielding of anti protons (H,) and a larger geminal coupling 
of syn and anti protons (J.,) in the “exe” isomers (II and V). A comparison of 
the data for the iron, tungsten and molybdenum complexes, presented in Tat&e 
1, illustrate the close correlation in these parameters for these substances. The 
chemical shift differences for anti protons in the exo and endo isomers (I and 
II) have been largely associated with anisotropy of the cyclopentadienyl ring 
[2d], and it may be anticipated that the same factor plays an important role in 
the relative shielding of protons in IV and V**. 

By contrast, the relative infrared absorption frequencies of carbonyl groups 
in the endo and exo isomers (IV and Va, b, d) are reversed in the structurally 
related stereoisomers (I and II). For the latter, low frequency carbonyl absorp- 
tion was found to be associated with the exe isomer (II), while it is the endo 
isomer (IV) in the iron complexes for which this relationship holds. It is perhaps 
worth noting that in each series it is that stereoisomer in which the carbonyl 
group or groups are eclipsed_ by a CH or CH, group of the ally1 ligand which 
exhibits low frequency carbonyl absorption. However, in the absence of more 
precise structural information, the degree to which such physical proximity may 
be related to the IR data must remain speculative. Furthermore, it is clear that 
bonding interactions between ally1 and metal orbitals may differ significantly 
for each of the stereoisomers and so lead to differing interactions with the 
remaining ligands ***. The effect of more subtle structural factors on carbonyl ab- 
sorptions is to be seen in the further regularity within the exo isomers (Vc, d; 
Ve, f and Vg, h), in which lower frequency absorption correlates with the syn 
isomer of each pair. 

Photochemical kinetic products and stationary states 
Photolyses were carried out at 350, 300 and 253.7 nm in petroleum ether 

solution. Both the q*-allyl- and q3-allyl-iron complexes exhibit absorption 
throughout this region, with the former showing a moderately intense peak at 

* The failure of eaxlier workers 13.51 to detect these is probably to be attributed to their method of 
isolation, which involved distiation (40°C) or sublimation. Under these conditions. the complete 
conversion of the ado to tie more stable exo isomer, is rapid (vide infia). 

** Local anisotropy. associated with the carbonyl group may however make a contribution. especially 
to the shielding of Hc in the endo stereoisomers (IV), since these groups are very near to one 
another in this stereoisomer. 

*** For a recent discussion of bonding in q3-allyhnetal complexes see ref. 6. 
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TABLE 2 

STEREOISOMER PRODUCT RATIO FROM PHOTOLYSIS OF q’- AND TJ~-ALLYLIRON COMPLEXES 

Complex Light source Irradiat&n a Percent Product ratio 

h<nm) time <II) conversion <endo/exo) 

IIIa 

IIIb 

Ivwvb (26174) b 
IIIb 
Ivb/vb (45/55) b 

mb 

IVblVb (36164) b 

350 1.25 25 45155 

4.0 >95 45155 

350 0.5 25 70130 

.350 2.5 >95 56144 

350 5.0 45155 = 

300 1.5 20 71129 

300 5.75 59141 c 

254 5.5 84 67133 

254 6.5 61139’ 

a All photolyses were carried out at 10°C. b Initial ratio of isomers (endokxo). c Apparent equilibrium 

IdiO. 

320 nm and the latter a shoulder on the end absorption, near 270 nm. Spectral 
data for a number of q’-allyl- and q3-allyl-iron complexes are given in the experi- 
mental section (Table 5). 

Since the q3-allyl- and q3-2-methallyl-iron endo and exo stereoisomers (IV 
and Va, b) isomerize thermally at a relatively slow rate compared with their 

rates of photochemical formation from IIIa, b), these processes can be indepen- 
dently examined. Photochemical isomerization of product does, however, occur 
competitive with its rate of formation. This is evident from a study of initial, 
and steady state proportions of isomers formed in the photolysis of these com- 
plexes. These data are summarized in Table 2. The distribution of stereoisomers 
formed in the photolysis of IIIa at-350 nm does not change between 25 percent 
conversion and complete conversion. However, this is not true for the methallyl 

SCHEME 1 *_---_ 
‘__l__-J z H H hv 

0’ 
C C. 

/ 0 

‘0 

,----- 0 ‘__L_= 

H H 

* 
=\ 

0 

L -t 

CZILi) 

__---__ 
L-1-d: 

@ 

f-. H 
ss -_ 

H cAO 

(35) 



‘complex (IfIb), for which the initial ratio of isomers formed by photolysis at 
350 or 300 nm is significantly different from the ratio observed either near 
completion or by carrying a mixture of exo and enddlisomers to photochemical 
equilibrium. The larger initial rate of formation of the endo isomer (IVb), may 

-reflect conform&ional populations in the q*-ally1 Complex (IIIb). An examina- 
tion of models suggests that conformation VI should be favored over VII, since 
substantial interactions may be expected between the q’-methallyl ligand and 
ring protons in the latter conformation. If the photochemical process involves 
initial dissociation of carbon monoxide from III [7], followed by collapse of 
the coordinatively unsaturated intermediates (Vii and VIIi), the initial product 
ratio may be expected to reflect conformational preferences, provided collapse 
of the intermediate is rapid compared with rotations about Fe-C and C-C 
bonds (Scheme 1). 

Thermochemical equilibria 
The thermochemical equilibria for a number of dicarbonyl $-cyclopenta- 

dienyl-~3-allyl-molybdenum and -tungsten complexes have been reported [ 2d]. 
While the exo isomer (II) was found to be moderately favored for the parent 
complexes, substitution at C(2) was found to destabilize this isomer markedly 
owing apparently to steric interactions between the substituent andthe cyclo- 
pentadienyl ring*. 

The situation is very different for the analogous ~3-allyliron complexes. For 
all of ‘those which have been examined, including the 2-methallyl complex, the 
exo.isomer (V) is by far the predominant isomer at equilibrium. On the basis of 
NMR spectral determinations less than 2% of the endo isomer exists in equili- 
brium with the exe isomer. 

We believe that the differences in equilibria for the Group VI metal com- 
plexes and for the iron complexes can be attributed largely to a smaller dihedral 
angle between the ring and q3-ally1 planes in the exo configuration of the latter 
complexes. 

When this work was begun, no crystallographic data existed for these allyl- 
iron complexes. However, a good approximation of their molecular parameters 
may be made using crystallographic data derived from a number of closely 
related q3-allyliron complexes [S,9]. Following the approach of Faller [2d], and 
based on crystallographic data for a variety of ~3-allylmetal complexes [9], the 
ally1 ligand is taken as occupying two coordination sites (s,, s2), located 4/5 of 
the distance from the central carbon atom to each of the terminii. Bond angles 
defined by these points, the metal atom and the carbonyl C atom are all taken to 
be 90°, in conformity with crj&a.llographic data for a number of closely related 
dicarbonyl (~5-cyclopentadienyl)-alkyl- and -vinyl-iron complexes [ 101. These 
parameters, together with average values for the internal angle of the ally1 
ligand, Fe-C and C-C bond distances [ES], fix the dihedral angle (7) between 
the cyclopentadienyl ring and the ally1 plane, shown in Fig. 1. This is calculated 
to be 14” for the exo isomer and may be compared with an angle of 44” for the 

* & is 3.48 end 2.21 for the parent molybdenum and tungsten complexes respectively in CHCI~ 
sOhlti011, but is 0.128 for the 2-meth&ybnolybde&m complex. 
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Fig_ 1. Calculated dihedral angles in the exo,nnti-1-phenoxyallyliron complex Vg: Q = 144.3’. P = 111.5” 
and -y = 14.3=. 

analogous molybdenum complex II [ 2d]. Since bond parameters of these com- 
plexes are comparable, steric interactions between the ally1 ligand, and especial- 
ly between C(2) substituents on this ligand, and the cyclopentadienyl ring 
should be significantly smaller for the exo isomer V than for II. Furthermore, 
interactions between carbonyl groups and the n3-ally1 ligand, which are maximal 
in II are smallest in V, since C(1) and C(3) of the ally1 ligand flank the lone 
carbonyl in the latter complex, while C(2) eclipses it in the endo isomer (IV). 
These interactions are reversed for the corresponding endo and e3co isomers (I 
and II). Lastly, while interactions between the ally1 group and the ring are 
minimized in V due to the small dihedral angle (y) for this configuration, this 
angle is considerably larger (58”) for the endo isomer Consequently some de- 
stabilization of endo stereoisomers, in particular those having an anti substi- 
tuent at C(l), may be anticipated. We will return to this point later. 

A preliminary X-ray structure determination of the exo, an&l-phenoxy- 
allyliron complex (Vg) has now been carried out 1113, which largely confirms 
the calculated molecular model and shows the dihedral angle (7) to be 16”. 

Rates of thermal isomerization 
The rates of stereochemical isomerization were conveniently followed by 

measuring the change in cyclopentadienyl proton resonances for each of the 
stereoisomers. Since H, in Va overlaps the ring proton resonances of both 
isomers (IVa and Va), rate measurements could not be accurately made with the 
parent complex and kinetic studies were therefore carried out with the methallyl 
complex, which is free of this complication. These data are summarized in 
Table 3 and are the average of rates determined by following the increase in 
product and decrease in reactant cyclopentadienyl ring resonances_ These differ- 
ed in general by less than 3%. Thermodynamic parameters derived from these 
rates are given at the bottom of the table. 

The most striking feature of these results is the very great difference in 
activation energy for isomerization of IVb and the related molybdenum and 
tungsten complexes, for which activation free energies for stereochemical change 
of 14-17 kcal/mol were observed [2d]. It is unlikely that such a large difference 
is related to steric factors, since the effective coordination number of the iron 
complexes is smaller by one than that of the Group VI metal complexes. 

We were therefore led to consider the possibility that isomerization pro- 
ceeds differently for the Groups VIII and VI complexes. Failer had earlier 
suggested this possibility on the basis of spectra provided him of the ruthenium 
complexes by King, but the absence of a second isomeric iron complex in his 
experiments, precluded his pursuing this point [5]. The Group VI substances, 
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TABLE 3 

RATES OF THERMAL ISOMERIZATION OF COMPLEX J.Vb 

Temp. CC, k X lo3 (miz-‘) = 

29.5 1.68 + 0.05 
38.4 4.63 i 0.08 

43.1 11.4 2 0:4 
50.1 27.6 + 2.2 

AC+ = 24.1 2 1.2 kcallmol 

AH+= 26.2 + 1.4 kca.l/mol 
AS+ = + 7.0 2.4 ea. 

= Determined in deuteriochloroform. 

like bis-~3-allyl-nickel [12], -palladium [12] and -platinum [12] as well as tris- 
~3-allylrhodium [13] complexes have been shown to undergo stereochemical 
exchange by pseudorotation about the metalally bond axis [Z]. Such a process 
is characterized by the absence of concurrent syn=+arzti exchange of protons at 
C(1) and C(3) in the ally1 ligand. By contrast a number of complexes, among 
them ~3-(C3H,)4Zr [l2a] and q3-C3HSPdC1L complexes [14], undergo stereo- 
chemical exchange coupled with syn*an ti interconversion. These reactions have 
been shown to proceed though a q’-ally1 intermediate. 

We therefore chose to examine q3-allyliron complexes substituted at C(1) 
in order to determine under what conditions syn=+anti exchange would occur 
and if this process was coupled with exoeendo isomerization. The requisite 
$-allyliron complexes (IIIc, IIIe and IIIg) were obtained by deprotonation of 
the corresponding olefin complexes (VIII). We have previously shown 1151 that 
deprotonation of VIII (X = OMe or Br, Fp = $-CsHsFe(CO),) with triethylamine 
leads exclusively to the cis-1-substituted-$-allyliron complexes (111~ and IIIe). 
The same has now been determined to be the outcome when VIII (X = Cl or 
OPh) is deprotonated. The PMR spectra of the resulting products show them 
to be exclusively the cis isomers (IIIe, IIIg) (J1,z = 5.5 Hz). 

Photolysis of IIIc, IIIe and IIIg at 10” yielded, in each case, a single isomer. 
The PMR spectra of these confirm the retention of stereochemistry in the 
products, showing them to be the l-anti-substituted ~3-allyliron complexes by 
dharacteristic PMR coupling constants (Table 1, Jssc = 4.2-4.8 Hz). Since only one 
isomer was obtained in these reactions, assignment of exe or endo configurations 
to the products was not possible. However, when photolysis of 111~ or IIIe was 
carried out at -45”C, both endo and exe, anti isomers (IVc, Vc and IVe, Ve)- 
were observed in the low temperature (-35°C) PMR spectra of the crude 
products. A comparison of the PMR. data for these stereoisomers with the. endo 
and exe isomers (IVa, Va and IVb, Vb) shows that the unstable stereoisomer 
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is endo (IVc and IVe). Above 0°C these isomerize rapidly to the exe isomers 
(Vc and Ve). Final confirmation of these assignments has now been obtained : 
through an X-ray determination of the structure of the stable q3-allyliron Corn; 
plex derived by photolysis of IIIg, which shows it to have the exo,anti stru&ure 

pw WI- 
When the exo,anti isomers Vc, Ve and Vg were heated in benzene solution 

each was transformed cleanly to a single new substance, identified by its PMR 
spectrum (Table 1) as the exo,syn isomer (Vd, Vf and Vh). 

In order to complete the series, the endo,syn-lYmethoxyallyli&n complex 
(IV& was prepared. This isomer was obtained by metallation of truns-3-chloro- 
l-methoxy-1-propene with $-CsH,Fe(CO)zNa [ 151 and photolysis of the result- 
ing $-ally1 complex (IIId) at 10°C. Isomerization of IVd to Vd proceeded at a 
moderate rate at room temperature. 

A summary of the processes described here for the isomeric methoiy. com- 
plexes along with half-lives for isomerization of all complexes examined is given 
in Scheme 2 and Table 4. 

SCHEME 2 

A. 
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The results reflect the profound effect which substitution has upon the 
rates of endo+exo and anti+syn exchange_ This is particularly evident for 
endo-texo exchange for the anti- and syn-methoxy derivatives (IVc and IVd) 
and for anti-tsyn exchange for the exe-methoxy and chloro derivatives (Vc and 
Ve)_ The latter rate difference corresponds to a $fference in activation energies 
of roughly 3 kcal/mole. Processes which result in anti-tsyn exchange must 
proceed by a q3 =+ 7’ change, and for the reactions VwVf and Vc+Vd each 
must involve the thermodynamically less stable 3-substituted q1 -ally1 complex 
(IX)*. For the present we must leave open the question whether these trans- 

* The comparative stabilities of 1” and 2” F& bonds in r$C~H~Fe(CO)2(~1-aUyl) complexes is 
reflected in the reaction of the 45CsHsFe(C0)2(2-butene) cation. Ok deprotonation, the only 
product obtained is a &tire of the tic- and trans-ql-2-butenyl complex. The isomeric methallyl 
complex. which is undoubtedly the initial product of the reaction is not observed [171. This reaction 
finds a close parallel in the behaviour of ally1 Grignard reagents Cl81 and the Group IV-a&l 
derivatives [191. 



TABLE-4 

-SUbSMARY OF q3-ALLYLIRdN ISOMERIZATIONS 

Reaction. PIocess ts(m&) Temp. <“Cl 

Ib+IIb endo+exo 1.17 x 10-3 25 

IV@VC endo-wxo: anti-bmti c30 710 

IVecVe endo-hzxo: onti-mnti <30 -10 

IVd-tVd endo+exo;syn+syn 33 36 

IVa+Va endo+exo 108 36 

IVb+Vb endo-hzxo 25 50 

VC+Vf exo-wxo; onti-?syn 40 62 
-Vc-Wd exo+exo ; onti+syn 360 94 

formations proceed with or without inversion at the metal atom (paths A or B, 
Scheme 3). 

SCHEME 3. Exo.nnti+exo,syn exchange. 
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The absence of anti-tsyn exchange in the isomerixation of the endo com- 
plexes (NC, IVe) to exo complexes (Vc, Ve) is to be anticipated, since the 
reaction would be expected to proceed through the preferred, l-substituted 
q’-ally1 complex (X) which leaves the configuration at the substituted carbon 
center unchanged. 

The high rate.of these reactions is readily attributed to steric acceleration, 
since models clearly show that interactions between the anti-substituent and the 
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ring in the endo-stereoisomer are significant. When these factors are absent, as in 
the 1-methoxy endo,syn complex (IVd), isomerization proceeds at a rate com- 
parable to that of the parent complex (IVa) or the 2-methallyl derivative (IVb). 

Mechanism-theoretical analysis 
We consider now the factors responsible for.the change in mechanism for 

endo-wxo interconversion in the q3-allyliron and Group VI metal complexes. 
These factors may be exposed by examining the interactions between fragment 
orbitak associated with the cyclopentadienyl metal residue (CPM) and the re+ 
maining ligands in the complexes*. 

The orbit& associated with the CpM fragment can be derived most simply 
by making use of the extensive analyses of metahocene complexes (Cp,M) [20]. 
Virtually all of these are in accord with a level ordening ezg < alg < el,* for the 
highest bonding and lowest antibonding orbitals, all of which are principally 
metal-3d in character. For a CpM fragment in which the z-axis is taken to be 
coincident with the C5 symmetry axis, the splitting of 3d metal orbitals results 
in a similar low lying set of three nonbonding orbit&s (dr2_,,2, d,, d,2) and a 
higher set of two (d,, d_), antibonding within the CpM fragment_ In addition a 
third antibonding hybrid metal orbital (s + p,) lies above the latter two. These 
latter three orbitals point away from the ring, suitable for bonding with addition- 
al ligands as indicated in Figure 2. 

A set of symmetry orbitals may now be constructed from r1 and 7r2 ally1 
molecular orbit& and carbonyl CT orbitals. In these the ally1 ligand is formalized 
in terms of a two center fragment, since the primary bonding interactions in- 
volve X, and 7r2 of the ally1 group [S]. For the Group VI and iron complexes, the 
interactions of these symmetry orbitals with CpM fragment orbitals are shown 
at the left of Figs. 3 and 4. 

As with the metallocenes, we may anticipate appreciable interactions 
between the three low lying ligand orbitals (1,0*, $2, Q3) and metal dxz, d, and 

rl I A a u”w 0 
% d x2! 

(s+p,) 

Fig. 2. Schematic representation of the orbit& associated with the CpM fragment. 

__ 
+ A ver$ similar aualysis based on a formal replacement of the CPMKO), fragments by M<C0&3 

tiwents has been made by Professor R. EIoffman_ We are indebted to him for communicating this 
to us. 
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Fig. 3. Interactions of ITI and ~2 ally1 molecular orbit&s and czubonyl (I orbit& in the Group VI metal 
complexes 

(s + p,) orbitals. A smaller bonding interaction may also subsist between G/4 
and dzY for the Group VI metal complexes. 

Rotation of the ally1 ligand about the formal metal-ally1 bond axis, for 
the Group VI metal complexes converts the local C,, symmetry to C3”, but as 
shown schematically at the right of Fig. 3, the ligand orbitals remain symmetry 
paired with a CpM fragment orbital. This is not true for the iron complex, since 
the.interaction between $L3 and d,,, in the ground state molecular configuration 

Y 

+ 
x 

Fig. 4. Interactions of ~1 and IQ ally1 molecular orbitak and carbonyl CT orbitak in the iron complexes. 



is lost in &urying out such a rotation. Thus, pseudorotation for the q3-allyl- 
complexes of the Group VI metals is symmetry allowed, while a similar rota- 
tion for the q3-allyliron complexes requires a specific decrease in metal-ally1 
bonding since, for these complexes, $L, is entirely an ally1 ligand orbital. Pseudo- 
rotation through 90” results then, in an energy state which must be close if not 
indistinguishable from that corresponding.to a q3 + $ change*; The experimental 
results show that endo+exo exchange is best described in terms of this latter 
process. 

Experimental 

All operations were carried out in a nitrogen atmosphere. Solvents were 
dried, degassed and stored under nitrogen and over molecular sieves. IR spectra 
were recorded on a Perkin-Elmer Model 567 spectrophotometer. UV-visable 
spectra were recorded on a Perkin-Elmer Model 323 spectrophotometer. PMR 
spectra were determined on a Varian A-60 or Perkin-Elmer R-32 (90 mHz) 
spectrometer with the latter being used for variable temperature and kinetic 
work. Melting points were determined in sealed capillaries and are uncorrected. 
Analyses were performed by Galbraith Laboratories, Knoxville, Tenn. 

Preparation of q’-allyliron complexes 
Complex IIIa. Following a procedure similar to that described by Green 

and Nagy 131, [CpFe(CO)& (18.0 g, 51 mmol) was reduced in 200 ml of THF 
with 1% Na(Hg) (4.5 g Na, 195 mmol). After one hour at room temperature, 
excess amalgam was removed and the solution was cooled to. 0°C. Ally1 chloride 
(9.4 g, 122 mmol) was added dropwise, and reaction was allowed to continue at 
0°C for 45 min, then warmed to room temperature. Solvent was removed under 
reduced pressure and the residue filtered rapidly through 60 g of alumina (neutral, 
act III, prepared in ether). The product was eluted with Skelly B (17.8 g, 77%). 

Complex IIIb. A similar procedure gave IIIb in 85% yield. 
Complex Illc. [15]. This substance was prepared in two steps involving 

the initial treatment of 1,2-epoxy-8methoxypropane with NaCpFe(CO),, follow- 
ed by reaction with 48% HBF4. The resulting cationic olefin was treated with 
triethylamine to give 111~. 

Complex Illd. trans-3-Chloro-1-methoxy-1-propene was prepared according 
’ to the method of Hoff and Brandsma [22]. A THF solution of this substance 

was treated with NaCpFe(CO)? in THF producing a mixture of IIIc and IIId 
which was separated by chromatography on alumina [15]. 

Complex IIIe. To a 500 ml flask containing NaCpFe(CO), (52 mmol) 
in 130 ml of THF at 0°C was added neat epichlorohydrin (5.5 g, 60 mmol). This 
was left at 0°C for one hour then added to 300 ml of ether containing 17 ml of 
HBF, (48%) at 0°C. Collection of the solid and reprecipitation from acetone 
with ether followed by further reprecipitation from nitromethane and then 
acetone gave the salt (VIII, X = Cl) as its tetrafluoroborate (9.5 g, 54%); IR 
(KBr) 2076,204O cm- i; NMR (CD3N02, 90 MHz) 3 5.76 (s, 5, Cp), 5.20 (m, 1, 

* Theprefemdgeometies andmtati~nalbaniersforanumberofolefinandtl~-~Y~et~ COmPkXeS 

has recently beenthesubjectofadetailedtheoreticaltreatmentC211. 
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CH), 4.42 (dd, 1, J= 3, 11 Hz, CH,CI), 4.15 (d, 1, J= 9 Hz, cis-CH,) 3.87 (dd, .~ 
1, J= 7, li Hz, CH,Cl), 3.70 (d, 1, J= 15, tr&s:CH,). 

The chloropropene salt (VIII, X = Cl) (1.43 g, 4.2 mmol) was taken up in 
5lml of nitromethane and the solution was cooled to 0°C:Diisopropylethyl- 
amine (0.61 g, 4.7 mmoI) was added and after 10 min at WC, solvent was remov- 
ed and the red oil was washed several times with ether/petroleum ether (l/l) to 
give IIIe, 0.86 g (81%); IR (CS,) 2015,194s cm-‘; IR (petr. ether) 2020,1967 
cm-’ ; NMR (C&, 90 MHz) 6 5,9U (dt, 1, J = 7,9 Hz CCH), 5.58 (dt, 1, J = 7,l 
Hz, ClCH), 4.73 (s, 5, Cp), 2.05 (dd, 2, J= 9,l Hz, CH2). 

Complex IIIg. To a solution of NaCpFe(CO), (90 mmol) in 180 ml THF 
at 0°C was added 1,2-epoxy-3-phenoxypropane neat. The reaction was allowed 
to proceed for 1 h at 0°C and then added slowly to 30 ml of HBF, (48% in H20) 
in 500 ml ether. The solid was collected and reprecipitated twice, first with 
acetone/ether and then nitromethane/ether to give a yellow solid (20.5 g, 51.5 
mmol, 57%); IR (KBr): 2045,202O cm-‘; NMR (CD3N02, 90 MHz): 6 7.25 (m, 
2, Ph), 1.98 (m, 3, Ph), 5.71 (s, 5, Cp), 5.35 ( m, 1, CH), 4.72 (dd, 1, J = 14.3, 
CH,OPh), 4.51 (dd, 1, J= 14.4, CH20Ph), 4.17 (d, 1, J= 8.5, cis-CH*), 3.80 (d, 
1, J = 14, frcrns-CH,). Analysis: Found: C, 48.59; H, 3.96. C,,H,,O,BF,Fe &cd.: 
C, 48.29; H, 3.80%. 

The 3-phenoxypropene salt (VIII, X = OPh) (4.28 g, 10.7 mmol) was de- 
protonated with triethylamine (1.18 g, 11.7 mmol) in 20 ml nitromethane at 
0°C. Evaporation of the solvent, extraction with ether, and chromatography on 
alumina gave IIIg as a red oil (2.40 g, 7.75 mmol, 72%); IR (SkeIly B): 2015, 
1960,1597; NMR (CSZ, 90 MHz): 6 7.10 (m, 2, Ph), 6.87 (m, 3, Ph), 6.07 (d, 1, 
J= 5.5, CHOPh), 5.03 (dt, 1, J= 5.5,9-l, CHCH?), 4.67 (s, 5, Cp), 2.12 (d, 2, 
J= 9.1, CH,). 

Photolysis of ql-allyliron complexes. General procedure 
Photolyses were carried out in a Srinivasan type photochemical reactor 

employing either 350 (36 GE F8T5), 300 (16 RPR 3000 A), or 235.7 nm (36 
Sylvania G8T5) lamps. Reaction vessels were either Pyrex or quartz jacketed 
tubes through which cold water or methanol was circulated to maintain the 
desired temperature. 

Photolysis of IIIb. The complex (0.816 g, 3.5 mmol) was dissolved in 25 
ml of degassed petroleum ether in a centrifuge tube. The solution was centrifug- 
ed and then transferred to a nitrogen filled Pyrex reaction vessel, which was 
placed in the photoreactor. Photolysis was carried out with the 350 nm lamps 
at 10°C. Reaction progress was monitored by removing a sample and recording 
its IR spectrum, which showed starting material bands at 2015 and 1960 cm-’ 
being replaced by those of the product at 1958 and 1937 cm-‘. After 2.5 h 
photolysis was stopped, solvent was removed on a rotary evaporator at 0°C and 
an NMR spectrum was taken in CS2 at 0°C. The ratio of the two isomers (IVb/ 
Vb) was 56/44 by integration of the syn-proton at 6 2.75 and 2.62 for each 
isomer. Less than 5% of starting material remained. 

The product was chromatographed on a jacketed column maintained at 
0°C using neutral alumina (activity III), with degassed petroleum ether as 
eluting solvent. 

Photolysis of IIIb. Initial isomer ratio and wavelength dependence. Photo- 



115 

lysis of 1.4 g (6 mmol) of IIIb at 10°C with 350 nm light for 35 min was carried 
out as above and solvent was removed at 0°C. The ratio of IVb/Vb determined 
by examination of the NMR spectrum of the product was 70/30 (25% conver- 
sion)_ 

Similar photolysis in p.etroleum ether solution at 10°C was carried out in a 
quartz vessel with 300 nm light. Conversion, followed by IR, was slow and after 
90 min workup at 0°C led to a product which had a ratio of IVb/Vb of 71/29 
(20% conversion)_ 

When photolysis of 1.95 g (8.4 mmol) of IIIb was carried out at 10°C with 
253.7 nm light in a quartz vessel, an NMR spectrum of the crude material, taken 
after 5.5 h and at 0°C indicated a ratio of IVb/Vb of 67/33. Workup, as before, 
gave 1.28 g of product (75%) in three fractions from chromatography. The last 
fraction crystallized to a yellow solid, m-p. 31-33”C, and was identified as IVb. 

Photolysis of IIIa. Photolysis of this complex at 10°C for 4 h employing 
350 nm light gave a ratio of IVa/Va of 45/55. 

Photolysis under the same conditions but for 1.25 h gave a ratio of IVa/Va 
of 45/55 at 25% conversion. 

Photochemical isomerization of q3-methallyliron complexes (IVb, Vb). 
Mixtures of complexes IVb and Vb were photolyzed at 350,300 and 253.7 nm 
and the ratio of products was determined periodically by withdrawing aliquots 
and recording their IR spectra until equilibrium had been reached (- 5 h). 

Photolysis of 111~. Preparation of Vc. Photolysis of 111~ (0.44 g, 1.75 mmol) 
was carried out for 90 min at 10°C with 350 nm light, as with IIIa and IIIb. At 
the end of this period the carbonyl absorption bands characteristic of 111~ had 
disappeared_ Solvent was removed at 0°C and an NMR spectrum showed essential- 
ly one compound. Chromatography of the product on 20 g of neutral alumina 
(activity III) and eluting with petroleum ether yielded a single band which 
afforded 0.29 g (75%) of Vc. Analysis: Found: C, 54.77; H, 5.50. C10H1202Fe 
calcd.: C, 54.55; H, 5.49%. 

Photolysis of 111~. Formation of WC and Vc. Photolysis of 111~ (45 mg) in 
10 ml petroleum ether at -45 to -50°C using 360 nm lamps was carried out 
for 3.5 h until no starting material could be observed in the IR spectrum. The 
solvent was removed at -35°C and a PMR spectrum obtained at -33°C show- 
ing IVc and Vc in a ratio of 60/40 respectively. 

Photolysis of IIId. Formation of IVd and Vd. Photolysis of IIId at 350 nm 
and 10°C for 2 h resulted in complete consumption of starting material. Solvent 
was removed at 0°C and an NMR spectrum taken at 0°C showed the presence 
of IVd and Vd in a ratio of 3/4. A smaller amount of IVc in relative proportion 
of 1 was also present. 

Photolysis of IIIe. Preparation of Ve. The chloropropene salt (VIII, X = Cl) 
(1.1 g, 3.1 mmol) was deprotonated as previously described and the product 
was extracted into 36 ml of petroleum ether. This was placed in the photolysis 
vessel and irradiated at 10°C with 350 nm light. After 2.5 h no further change 
was evident in the IR spectrum and the reaction was stopped. Solvent was remov- 
ed at O”C, and a PMR spectrum of the crude product showed only starting 
material and a single product. This was chromatographed on 15 g of neutral 
alumina (activing III) using petroleum ether as eluent, to give Ve. 

Photolysis of IIIe. Formation of IVe and Ve. The IIIe complex was prepared 
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as above and dissolved in 10 ml of petroleum ether and transferred to a 15 ml 
centrifuge tube. Photolysis was done at -45to -50°C using 350 nm light and after 
7 h the solvent was removed at -35°C. The residue was partially dissolved in 
CS2 at -78°C and a PMR spectrum was obtained at -35°C showing three Cp 
resonances assigned to the starting IIIe, and the products IVe andVe in a relative 
ratio of 5/4/l respectively. 

Photolysis of IIIg_ Preparation of Vg. Photolysis of IIIg was carried out in 
petroleum ether at 10°C using 350 nm lamps. After 3 h no starting material 
could be observed by IR and the solvent was removed from the solid which had 
formed. Recrystallization from ether/petroleum ether gave yellow crystals of Vg, 
m.p. 125135°C (dec.). Analysis: Found: C, 63.91; H, 4.98_ C15H1402Fe calcd.: 
C, 63.86; H, 5.00%. 

Thermal isomerizations of $-allyliron complexes 
Complex IVb. Kinetic runs. NMR samples of IVb were prepared in CDC13 

in a nitrogen atmosphere at 0°C and then placed in the NMR probe held at the 
desired temperature (determined using ethylene glycol). The integrals for cyclo- 
pentadienyl protons resonances for IVb and Vb were recorded at appropriate 
intervals. These were normalized and rates were calculated from the change in 
concentrations of IVb and Vb by a weighted least squares program on a Hewlett 
Packard Model 9820 A calculator. Results are given in Table 3. 

On standing in CDClx, the compounds slowly decomposed, as evidenced 
by darkening of the solutions and formation of a solid residue. However, during 
the time used for kinetic runs no decomposition products were observed in the 
NMR spectrum, and no loss of resolution due to paramagnetic broadening 
occurred. 

In one experiment complex Vb was heated in an NMR tube up to 180°C 
without appreciable decomposition. 

Complex IVa. A single run in CDCls at 36.3% for 1.2 half lives yielded a 
rate constant of 6.4 + 0.4 X 10m3 min-’ (p = 0.973). 

On prolonged heating both IVa and Vb are transformed to the correspond- 
ing exe isomers. At equilibrium less than 2% of the endo isomers are present 
by NMR spectral determinations. 

Complex Vc. The complex (136 mg) was placed in an NMR tube in benzene- 
d6, degassed and sealed in vacua. The tube was then placed in a constant tempera- 
ture bath maintained at 94 f 0.5”C and the reaction was followed by removing 
the tube from the bath and recording the NMR spectrum_ The half life of the 
reaction was-determined to be 6 h at 94°C. No appreciable decomposition was 
observed throughout the reaction. After 47 h, the reaction was stopped and 
spectral measurement gave a ratio of Vd/Vc of 9713. 

Complex IVd. The mixture of IVd and Vd obtained in the photolysis of 
IIId (see above) was taken up in CS2 and its equilibration was followed at 36°C 
in the NMR spectrometer. The rate constant calculated from the change in inte- 
gration of H, protons in IVd and Vd gave k = 2.1 X 10m2 min-l. 

Complex Ve. The complex was dissolved in benzene-d, and sealed in vacua 
in an NMR tube. The sample was heated at 62”C, with considerable decomposi- 
tion occurring, as evidenced by solid formation in the tube. However, good 
spectra could be obtained by centrifugation and by maintaining the NMR probe 
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TABLE 5 

W SPECTRAL DATA 

Complex A max P 

IIIa 311 6400 
nm 317 6200 
IIIC 337 7100 

VC 270 5500 
VZ 260 3700 
Vb 265 6050 

Vd 274 5000 

at 10°C. The half-life for isomerization was estimated to be 40 min. After 
several hours at 62°C less than 3% of Ve remained at equilibrium with Vf_ 

Complex Vg. The phenoxyallyl complex was dissolved in benzene-d, and 
sealed in vacua in an NMR tube. The tube was heated to 85-90X with the 
reaction being followed periodically by PMR. The half-life of isomerization of 
Vg to Vh was estimated to be 10-12 h with <5% of Vg present after 67 h. 

UV spectral data. 
Spectral data recorded in heptane solution for q’-ally1 and ~3-allyliron 

complexes are tabulated in Table 5. 

Acknowledgement 

This research was supported by grants from the National Institutes of Health 
(GM-16395) and the National Science Foundation (GP-27991). 

References 

1 
2 

9 

10 

H-L. Clarke. J. 0rganometa.I. C&em., 80 (1974) 155. 

(a) A. Davison and W.C. Rode. Inorg. Chem.. 6 (1967) 2124; (b) J.W. FaIIer and M.J. Incorvia. ibid., 

7 (1958) 840: (c) J.W. Failer and A. Jakubowski, J. Organometal. Chem.. 31 (1971) C75; (d) J.W. Failer, 
C.C. Chen. M.J. Mattina and A. Jakubowski, ibid., 52 (1973) 361. 

M.L.H. Green and P.L.I. Nagy. J. Chem. Sot.. (1963) 189. 

R.B. King and M. Ishaq. Inorg. Cbim. Acta, 4 (1970) 258. 

J.W. FaUer. B.V. Johnson and T.P. Dryja. J. Organometal. Chem.. 65 (1974) 395. 
H.L. Clarke. J. OrganometaL Chem.. 80 (1974) 369. 
E. Koemer van Gustorf and F.W. Greveh. Topics in Current Chem.. 13 (1969) 366. 

A.D.U. Hardy and G.H. Sim. J. Chem. Sot. Dalton, (19’72) 2305; E.O. Greaves. G.R. Knox. P.L. 
Pauson and S. Toma. J. Chem. Sot. Chem. Co-un.. (1974) 257; MR. Churchill and J. Worn&d, 

Inorg. Chem., 9 (1970) 2430: R. Davies. Chem. Commun.. (1968) 248; R. Pettit and M.R. Chumhii. 

Inorg. Chem.. 6 (1967) 190; A.H.J. Wang. I.C. Paul and R. Aumann, J. Orxanometal. Chem.. 69 

(1974) 301; M.Kh. Minasyan, Y.T. Struchkov. 1.1. Kritskana and R.L. Aroyan. Zh. Strukt. Khim.. 

(1966) 903. 
W.O. OberhansIi and L.F. DahI. J. OrganometaI. Chem.. 3 (1965) 43; A.E. Smith, Acta Crystaliogr., 
18 (1965) 331: M.R. Churchih and T.A. O’Brien. Chem. Co-un.. (1968) 246: M.R. Churcbii and 

T.A. O’Brien, Inorg. Chem.. 6 (1967) 1386. 

J-K-P. Ariyaratne. A.M. Bjerrum. M. hhaq. C.K. Prout and M.G. Swanick. J. Chem. Sot. A, (1969) 

1309; M.J. Bennett, F.A. Cotton. A. Davison, J-W. Falier. S.J. Lippard and S.M. Morehouse. J. Amer. 

Chem. Sot.. 88 (1966) 4371: M.R. Churchill and J. WormaId. Inorg. Chem.. 8 (1969) 1936: V.A. 

Semion and Y.T_ Struchkov. 2h. Strukt. Khii., 10 (1969) 88. 



_gg:----.;. . . ..- 
-. 

.lI- B. Foliman, Brand& Univeniitu. Private Communication. 

12 (a) J-B. Beccons+. B-E. Job and S. O’Brien. J. Cbem. Sot. A. (1967) 423;.(b) H. B&.memann. B. 

-. .Bos!ckuxwif aad G- Wilke. AdeW. Chem. Intem. Edit. Engl., 6 (1967) 804; (c) S. O’Brien, J. Chem. 
Sot. A. (1970) 9. 

._ 13 J.K. Becconsall and S. O’Brien.~Cheio. Commun., (1966) 720. 
-_ 

_ 
-14 K. Vrieze. P. Cossee. A-P. Praat and C.W. Hilbers. J. Organometal. Chem.. 11. (1968) 353; P.W.N.M. 

Van Leeuwen and A-P. Praat. Chem. Commun.. (1970) 365; P.W.N.M. Van Leeuwen, A.P. Praat and 
M. Van Diepen. J. Organometal. Chem., 29 (1971) 433: F-A. Cotton. J-W. Failer and A. Musco. 
Inorg, Cbem_. 6 (1967) 179. 

i5 A. Cuffer, D. Ebntho1t.P. Lennon. K. NicboIas, D. Marten. M_ Madbavarao. S. Ragbu. A. Rosan a&d 

M. Rosenblum. J. Amer. Chem. Sot.. 97 (1975) 3149. 
16 M-L, Maddox. S.L. Stafford and H.D. Kaesz. Advan_ Organometal. Chem.. Academic Press. N.Y.. 

-1965; Vol. 3. 
17 ~Unpubli&ed work with A. Cutler. 
18 J-E. Norlander. W_& Young and J.D. Roberts. J. Amer. Chem. Sot.. 83 (1961) 494; G.M. Wbitesidcs, 

J.E. Norlander and J.D. Roberts. Discussions Faraday Sot.. 34 (1962) 185. 
16 H. Kwart and J. S!utsky, J. Amer. Chem. Sot.. 94 (1972) 2515. 
20 M. Rosenhhxm, Chemistry of The Iron Group Metallocenes, Interscience. N-Y.. 1965: M.F. Rettig 

and R.S. D&go. J. Amer. Chem. Sot.. 91 (1969) 3432: J.H. Schachtschneider. R. Prins and P. Ros. 
- Inors. Chim. Acta. 1<1967) 462: R. Prins and J.D.W. van Voorst. J. Chem. Phys.. 49 (1968) 4665. 
21 N. Riisch and R. Hoffmann. Inorg. Chem., 13 (1974) 2656. 
22 S. Hoff and L. Brandsma. Rec. Trav. Chime Pays Bas. 88 (1969) 845. 


