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Figure 1. Visible spectrum of the Fe" porphyrin in dry pyridine: ( ) 
under argon, (- — •) under oxygen, ( ) under argon after three oxy-
genation-deoxygenation cycles. 

—20° pyridine solutions of adduct 4 are stable for several 
days.12 

In this system the stability of the dioxygen adduct 4 is 
largely dependent on the nature13 and concentration of the 
coordinating base, L. Thus a 5% concentration of 1-methyl-
imidazole in benzene provides a 5-hr lifetime (25°) whereas 
rapid autoxidation occurs in a solution of 5% pyridine in 
benzene. A rationale for these observations is presented in 
Scheme I. Assuming that the predominant species in anaer
obic solution is the pentacoordinate complex 3, it may react 
with oxygen reversibly to octahedral adduct 4 or it may dis
sociate to square planar complex 2. Experiment has shown 
that in benzene solution, in the absence of ligand L, the 
species 2 is instantaneously autoxidized, most certainly by 
oxygenation of the unprotected face. A large excess of L 
shifts the equilibrium toward pentacoordinate complex 3 
and consequently reduces the rate of autoxidation. In the 
previously described system4 the presence of an octahedral 
species, 6, results in a lower concentration of the sensitive 
square planar species, such as 2. Consequently in our sys
tem, Scheme I, the absence of octahedral species, such as 6, 
which are geometrically impossible renders this system 
much more sensitive toward irreversible autoxidation.14 An 
analogous explanation can be offered for the rapid autox
idation of an extremely hindered porphine prepared by 
Collman,4 which also forms a pentacoordinate ferrous com
plex with nitrogenous ligands. 

In agreement with this general Scheme I, we have shown 
that decay of 4, over two half-lives follows clean first-order 
kinetics (25°, benzene, 5% 1-methylimidazole). Such be
havior is in complete accord with dissociation of 4 to the au-
toxidizable square planar species 2. 

In summary these results support the thesis that steric in
hibition of the bimolecular process, eq 1, provides a means 
of stabilizing ferrous dioxygen complexes of porphyrins. 
However, they also indicate that the position of the equilib
ria is important in determining the lifetimes of such species. 
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Hydrozirconation. II. Oxidative Homologation 
of Olefins via Carbon Monoxide Insertion 
into the Carbon-Zirconium Bond 

Sir: 

We have recently reported1 the preparation of di(??5-cy-
ciopentadienyl)(chloro)alkylzirconium(IV) complexes, 
(?75-C5H5)2Zr(Cl)R (1), which are inexpensively and con
veniently produced by reaction of the corresponding hy
dride,2 2, with olefins (hydrozirconation). These alkylzir-
conium compounds are versatile intermediates for organic 
synthesis in that they react with a variety of electrophilic 
reagents to generate organic products in high yield and 
under mild conditions. We now wish to report our results 
concerning another aspect of the chemistry of 1 which ex
pands in scope the utility of these complexes as reagents for 
organic synthesis. We have found that 1 undergoes a clean 
and high yield insertion of CO into the C-Zr bond3 to pro-
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duce the first examples of zirconium-acyl complexes, {y5-
C 5 H 5 ) 2 Zr(Cl) (C(0)R) (3), which, in turn, can be readily 
converted, depending on subsequent procedures, to an alde
hyde, a carboxylic acid, or an ester (reaction 1). 

Table I 

^ Cl 

Zrr + 
'H 

Cp2Zr 

(D 

In striking contrast to the failure of (y5-
CsHs)2Zr(CH2Ph)2 to undergo reaction with CO even 
under drastic reaction conditions4 (whereas insertion occurs 
readily for the Ti analog), we find that reaction of 1 with 
CO occurs faster and in higher yield than was reported for 
Ti counterparts.5 At no stage during the reaction between 1 
and CO could a zirconium carbonyl species be detected; a 
reasonable reaction sequence to postulate6 involves rapid, 
reversible CO coordination favoring the coordinatively un
saturated form followed by slow alkyl migration to coordi
nated CO. 

The synthesis of a representative acyl, 3a, was as follows. 
A solution of 2 mmol la (which can be prepared from 2 and 
1-hexene or cis or trans internal hexenes) was stirred in 5 
ml of benzene7 under 20 psi of CO at room temperature. 
Conversion of la to 3a was complete in several hours. The 
colorless acyl complex was identified by its spectral proper
ties8 (nmr [C6D6]: Sc5H5 5.8; «CH 2 -C(0) -2 .8 (t, J = 7 Hz); 
^CO = 1550 c m - 1 ) . Other, similar zirconium alkyls also un
derwent CO insertion; relative rates are cycloalkyl > n-
alkyl.9-10 

Protonolysis of 3 immediately yields aldehyde; addition 
of dilute aqueous HCl to a benzene solution of 3a at room 
temperature immediately gave n- heptaldehyde (99%). Oxi
dative cleavage of the acyl-zirconium bond was effected in 
two ways. Treatment of a solution of 3a first with aqueous 
NaOH and then with 30% H 2 O 2 gave, upon acidification, 
n-heptanoic acid (77%), or Br2 in methanol, slowly added 
to a solution of 3a at room temperature, gave methyl n-
heptanoate (51%). Results obtained starting with other rep
resentative olefins are summarized in Table I. In no case 
were products isomeric with those shown in Table I ob
served.11,12 

Cleavage mechanisms for the Zr-C bond in 1 and 3 may 
not parallel those postulated for other transition metal al
kyls or acyls. Protonation of most transition metal alkyls is 
generally envisioned to occur by oxidative addition of pro
ton to the metal followed by reductive loss of alkane.13 

Reaction of 1 with dilute aqueous acid yields the alkane 
quantitatively,1 but it is unlikely that this occurs through 
initial oxidative addition of proton to the formally d0 

Zr(IV) center. It is entirely possible that, for d0 complexes 
1 and 3, direct electrophilic attack of proton of the carbon 

Olefin0 

1-Hexene or 1. 
3-hexene 2. 

3. 
2-Methyl-2-

butene 

Cyclohexene 

Work-up 

dil HCl 
Br2-CH3OH 
NaOH-H2O2 

1. 
2. 

3. 
1. 

2. 

Product 

/j-Heptanal 
Methyl rt-heptanoate 
n-Heptanoic acid 
4-Methylpentanal 
Methyl 4-methyl-

pentanoate 
4-Methylpentanoic acid 
Cyclohexanecarboxy-

aldehyde 
Methyl cyclohexane-

carboxylate 

% yield* 

99 
51 
77 
71 
50 

26 
97 

57 

° Preliminary results show that 1-hexyne can be converted to 
fran.s-2-heptenal in good yield.10 *> Yields were determined by vpc 
and are based on (TjS-C5H5^Zr(R)Cl species. 

atom occurs to give the alkane or aldehyde, respectively.14 

Several instances of oxidative cleavage of the M-C(O)R 
bond have been studied from a mechanistic standpoint. '516 

In them, a process involving oxidation of the metal atom by 
various oxidizing agents followed by nucleophiiic displace
ment by solvent of the metallic moiety at the acyl carbon 
has been suggested.15 For Zr(IV) acyls, oxidation of the 
metal is unreasonable and the ester or acid products de
scribed herein may result, here too, from direct electrophilic 
attack by H2O2 or Br2 on the acyl carbon atom. 

When followed by CO insertion, hydrozirconation is rem
iniscent, with one outstanding difference, of hydroformyla-
tion or hydrocarboxylation.17 In these latter sequences, an 
olefin and a transition metal hydride react to give a mixture 
of isomeric metal alkyls in which the metal is attached to 
one of various carbons in the alkyl chain;17 rapid, reversible 
/3-hydride elimination and readdition tends to attach the 
metal to an internal carbon,18 even when a terminal olefin is 
the starting material. Subsequent reactions, therefore, lead 
to a mixture of organic products. Hydrozirconation pro
ceeds opposite to this trend in that 1 reacts with a variety of 
olefins to yield that species in which the zirconium is at
tached to the least hindered carbon of the alkyl chain (see 
reaction 1). Clearly, this facet of hydrozirconation makes it 
the method of choice when internal olefins are available but 
terminal oxidative homologation, such as terminal hydro-
formylation, is desired. We are now studying other types of 
insertion reactions involving C-Zr species.19 
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Gas Phase Nucleophilic Reactions of Aromatic Systems 

Sir: 

Gas phase ion-molecule reactions have attracted the at
tention of a wide range of chemists as a means to investi
gate the interplay of structure and reactivity in the absence 
of a solvent. A particular point of interest along these lines, 
and as yet little explored, is to what extent substituent ef
fects observed in solution can be regarded as a true manifes
tation of intrinsic behavior.' 

Nucleophilic displacement of halides in aromatic systems 
provide a particularly good case for a direct comparison of 
substituent effects in solution and in the gas phase. These 
reactions are known to be subject to dramatic rate enhance
ments in solution in the presence of electron attracting 
groups.2'3 In an extreme case, acceleration factors of 108 

have been reported for polyfluoro compounds with respect 
to the monofluoro species.4-5 In the gas phase, the present 
communication shows that attack by alkoxide ions on flu-
oro-substituted benzenes gives rise to a fast ion-molecule 
reaction leading to a substituted phenoxide ion. Icr tech
niques have been used to study these processes.6 

Methoxide and ethoxide ions react slowly with fluoroben-
zene in the gas phase via reaction 1. (See Table I.) Hydrox-

RO" + C11H-F —*• F" - CnH5OR (1) 

R = CH3, C2H5 

ide ions in turn undergo preferentially the acid-base reac
tion (2). Observation of C 6 F H 4

- as originating only from 

OH" - CnH5F —*• H2O -<- CBFH,- (2) 

O H - , and the inability to detect F - by collision induced de
composition,7 is taken as partial support against a benzyne 
mechanism for reaction 1. 

When these same nucleophiles are used with hexafluo-
robenzene, fluoride displacement suffers no appreciable ac
celeration. Reaction 3 is found instead to be fast and to 

RO" - CnF8 —<• C6F5O- + RF (3) 

yield a somewhat unexpected product.8 Typical rate con
stants for these reactions are shown in Table I, whereas the 

Table I 

1O10Zc, cmVmol 
Reaction sec 

CH3O" + C6H1F — F- + C6H1OCH3 0.4 
CH3O- + C6F6 — C6F3O- + CH3F 16 

F- + C6F3OCH3 0.4» 
/-C3H7O- +C 6 F 6 -* C6F3O- + C3H7F 14 
CH3O- + C6F3H — C6Fr + CH3OH 13 
/-C3H-O- + C6F3H -* C6Fr + C3H-OH 10 

" See text. The actual rate constant may be considerably lower 
than this value. 

Table H. k-Mlk:,h for Difluorobenzenes 

RO" Ortho Meta Para 

CH3O" 3.2 10 46 
C2H5O- 1.1 8.2 1.5 
/-C3H7O- 0.14 19 0.51 

rate constant for production of F - is estimated as an upper 
limit, since it cannot be detected under the conditions used 
to measure k^. 

Reactions of partially fluorinated benzenes with alkoxide 
ions are helpful to understand under what conditions the 
three reactivity channels are operative. Pentafluorobenzene, 
1,2,3,4-tetrafluorobenzene, and 1,3,5-trifluorobenzene yield 
exclusively the conjugate base of these aromatics, Upper 
limits estimated for fluoride displacement show again no 
substantial rate enhancement over reaction 1. 

RO" + C«;FS.„H„ —* ROH + CGFG.„H„_,- (4) 

n = 1-3 

The formation of phenoxide ion finally becomes competi
tive in some of the difluorobenzene isomers. In this case, 

f ROH + C6H13P2" (5a) 

F 1 ^ + [Q] (5b) 

F 

relative rate constants are much more important than abso
lute values, and can be determined accurately because of 
the proximity in mass number of the products. (See Table 
II.) Since these relative rate constants will depend strongly 
on the relative acidities of the alcohols and the difluoroben
zenes, appropriate mixtures of the alkyl nitrite, the difluo
robenzenes, and the alcohol can be used to establish the pre
ferred direction of reaction (5a) by double resonance tech
niques.9 The acidity order determined in this fashion is m-
C 6H 4F 2 > /-C3H7OH > 0-C6H4F2 > C2H5OH > p-
C 6H 4F 2 > CH3OH. Fluoride displacement is again unim
portant in the difluorobenzenes. 

These examples allow some conclusions to be made: (a) 
gas phase nucleophilic attack on the ring is feasible only 
when the acidity of the aromatic compounds is less or com
parable to that of the alcohol;10 (b) electron-attracting sub-
stituents" do not speed up halide displacement as in solu
tion but do accelerate the overall reactivity of the aromatic 
substrate through a new pathway which leads to a substitut
ed phenoxide. 

While the first conclusion is not surprising in view of re
cent observations in ion-molecule reactions, '213 the forma
tion of a phenoxide ion as opposed to F - is indeed remark
able. The preference for the phenoxide ion formation can be 

Journal of the American Chemical Society / 97:1 / January 8, 1975 


