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Summary 

The rates of the reaction of q5-CjH5Fe(C0)2R (R = alkyl and aryl) with 
CF,CO,H to give ~5-CjHSFe(CO)20C(0)CF~ and RH were investigated in organic 
solvents, mostly at 25”C, by infrared spectroscopic, manometric and volumetric 
techniques. When R = alkyl, the cleavage in CH,C12 is first order in q5-CjHgFe- 
(CO),R and first order in the CF,CO,H monomer at acid concentrations 20.1 M, 
but first order in s5-C,H5Fe(CO),R and second order in the CF,CO,H monomer 
at lower acid concentrations. The dependence of the second-order rate constant 
on R follows the order C,Hs > CH,Si(CH,), (>llO) > CH, (32) > n-C,H;(15) > 
CIHj (11) > CH,C(CH,), (6.2) > CH,CH&H, (5.3) > CH(CH,)C,H, (-1.2) 2 
CH&,H, (1.0) > CH(CH,)2. The isotope effect, h&n, for the cleavage of 
rlS-C;H;Fe(C0)2CH3 by CF,CO,H and CF,CO,D is 4.7. Solvent influence on the 
rate of the Fe-CH, bond scission in CH,Cl,, CH,ClCH,Cl and C6H, is very small. 
A mechanism is proposed which involves the formation of z& Fe-H-OC(O)CF, 
hydrogen-bridged l/l adduct of the reactants in a reversible step. This adduct 
then affords [$-CsHsFe(CO),(R)H] [CF,CO,H - O,CCF,] with the assistance of 
a second molecule of CF,C02H. Reductive elimination of RH and coordination 
to iron of CF,C02- complete the reaction. The corresponding cleavage of a 
given Fe-R bond by CHClzC02H is substantially slower than that by CF&02H; 
for the aryl complexes it follows the order R = p-C6H,CH3 > p-CBHJF > C&H, > 
p-&H&l, with p - -5.4. 

Introduction 

Studies in this laboratory over the past several years have focused on the 
mechanism of reactions of q5-CjHjFe(CO)(L)R (L = CO, PR’,, etc.) and related 
iron complexes with electrophilic reagents [l-5]. In this general context, the 
kinetics and stereochemistry at metal of the cleavage of the Fe-C (T bonds by 
SO, [l-4,6] and HgX, (X = Cl, Br and I) [4,5,7] have been reported. Stereo- 
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chemical studies at the a-carbon atom of R of these reactions have also been 
carried out [S-11]. 

Acid cleavage of the Fe-C o bond in qS-CSH,Fe(CO)(L)R has been investig- 
ated with regard to stereochemistry at metal [4,7] and at (Y carbon [ 121. Flood 
and Miles [7] have shown that the reaction of the optically active .qsS-C,H,Fe- 
(CO)[P(C,H,),]R (R = CH3 and CI?HS) with CF,CO,H proceeds with only partial 
loss of stereochemistry at iron to afford ~5-CjHjFe(CO)[P(C,Hj)330C(0)CF3. 
A similar study of the cleavage of the diastereomers of (q’-l-CH,-3-C,H,C,H,)Fe- 
(CO)[P(C,HS)3]CH, by HI led to the conclusion that the formation of (Q’-l- 
CH,-3-C,H,C,H,)Fe(CO)[P(C~H&]I occurs with net retention of configuration 
at iron [4]. Both groups proposed a mechanism involving protonation at the 
metal before reductive elimination of the alkane. A very recent study of the 
reaction of q5-C,H,Fe(CO)z(cis and trans-4-C&H,&Hs) with CF&O2D and DC1 
demonstrated that the cleavage proceeds with retention of configuration at o! 
carbon [ 121, consistent with the aforementioned mechanism. 

We now report a kinetic study of the scission of the Fe-C (T bond in 
q5-CjHSFe(CO)1R by protic acids to augment the mechanism proposed solely 
on stereochemical investigations. The acetic acids CF,CO,H and CHCl,C02H 
were selected for this work because of ease of purification and handling, solu- 
bility in organic solvents and the propensity to cleave the Fe-C (T bonds to 
give stable and characterizable products_ 

Experimental 

Gene& procedures 

An atmosphere of dry argon or nitrogen was employed routinely in all pre- 
parative and kinetic aspects of this work. Especially air or moisture sensitive 
solutions were prepared in a drybox. Ventron neutral alumina, deactivated 
with 6% (by weight) distilled water, was used in chromatographic separations 
and purifications. Mass spectra (MS) were recorded by Mr. C.R. Weisenberger 
on an A-E-I. Model MS-9 spectrometer or on a DuPont Instruments 21-490 
spectrometer connected to a Perkin-Elmer 990 gas chromatograph. Gas chroma- 
tography (GC) was performed on a Varian Associates Aerograph Series 1200 
instrument using a 10% SE-30 column. Elemental analyses were done by 
Galbraith Laboratories, Inc., Knoxville, Tenn. 

Physical measurements 
Melting points were obtained on a Thomas-Hoover capillary melting point 

apparatus and are uncorrected_ ‘H NMR spectra were recorded on Varian 
Associates A-60A and EM-360L spectrometers using Me,Si as an internal 
reference. Infrared (IR) measurements were made on Perkin-Elmer Model 337 
and Beckman IR-9 spectrophotometers using polystyrene film for calibration. 
The recorded frequencies are accurate to &5 and rl cm-‘, respectively. 

Materials 
Trifluoroacetic acid, trifluoroacetic acid-d, (b-p. 72°C) and trifluoroacetic 

anhydride (b.p. 39”C), all from Aldrich, were distilled prior to use. The tetra- 
alkylammonium salts, [ (CIHS),N]Cl, [ (C2Hj)AN]02CCH3 and [ (n-C,H,),N]I, all 
from Eastman, were used as received, except [ (C,H,),N]O&CH,, which was 
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recrystallized from acetone and isolated as the tetrahydrate. 
Tetraethylammonium trifluoroacetate was prepared by the addition of 

[(C2H,)4N]Cl (1.80 g, 10.8 mmol) in 20 ml of CH,OH to a solution of Ag02CCF3 
(2.21 g, 10.9 mmol), also in 20 ml of CH,OH. The AgCl was filtered off and 
the filtrate was concentrated to a milky white oil, which was treated with 50 ml 
of CH,OH. The resulting solution was dried over CaSO, for several days and 
then filtered. The filtrate was evaporated to dryness to give a quantitative yield 
of the hygroscopic [(CIHS)IN]OZCCF3. IR (CH,Ci,, cm-‘): 1687~s (y(C=O)), 
1171ms, 1142w, 1094w, 695vs (br); ‘H NMR (CDCl,, 7): 6.66 (q, J= 7 Hz, 
CH2), 8.66 (t, J = 7 Hz, CH3). 

Dichloromethane and 1,Zdichloroethane were first distilled from P,O,, and 
then from K&OX, collecting the fractions boiling at 40 and 83°C respectively. 
Benzene was clist-;lled at 80°C and stored over molecular sieves (4 A) or activ- 
ated neutral alumina. Tetrahydrofuran (THF) was distilled from either LiAlH, 
or Na/K alloy at 65°C. Pentane was distilled from CaH, at 36°C. Other solvents 
were of reagent grade or equivalent quality and were used without further puri- 
fication_ 
Iron alkyls, aryls and related complexes 

The following alkyl and aryl complexes $-CSHSFe(C0)2R were prepared by 
known procedures: R = CH3 1131, CD3 [13], C2H5 1131, CH,C(CH,), Cl], 

CHGHS D41, CH(CH&%HS 1151, CH(CH& WI, C(CH& 1171, CJ& WI, 
p-C6H4CH3 [ 191, p-&H&l [ 53 and p-C,H,F [ZO] _ $-&H,Fe(CO), (n-C,H,) was 
synthesized from Na[$-C,HsFe(CO),] and n-C4H9Br by using the general 
method of Piper and Wilkinson 1131. IR (CHZCIZ, cm-‘): 2001vs, 1941vs 
(v(C-0)); ‘H NMR (CDC13, 7): 5.36 (s, CsHS), 8.55-9.15 (m, C4H9)_ 
~‘-CSHSFe(C0)rCH2Si(CH3)3 and $-CSHSFe(CO)&HtCH2CsHS were supplied 
by Dr. L.J. Dizikes. 

The trifluoroacetato complex ~5-CjHjFe(C0)20C(0)CF3 was prepared by 
the method of King and Kapoor [21]. IR (CH,Cl,, cm-‘): 2065vs, 2021~s 
(~(cZ-0)). The corresponding dichloroacetato complex, q5-CSH,Fe(CO),OC- 
(O)CHCl,, was obtained from $-C,-HjFe(CO)&Hj and CHC12C02H. A stirred 
solution of q’-CgHgFe(CO)&,Hj (1.0 g, 3.9 mmol) in 20 ml of benzene was 
treated dropwise with CHCl,CO,H (0.33 ml, 3.9 mmol) in 2-3 ml of benzene 
at 25°C. The resulting solution gradually changed color from yellow-orange to 
red. After 3 h solvent was removed on a rotary evaporator and the residual red 
oil was dissolved in 1 ml of benzene and chromatographed on alumina. Elution 
with 65/35 (v/v) benzene/pentane developed a bright orange-red band which 
gradually started changi_ng color to the dark red of [q5-C,H,Fe(CO),], on slow 
movement down the column. The band was eluted off with benzene and the 
solvent was evaporated to yield a dark red oil. The oil was treated with 5 ml of 
benzene and the mixture was filtered. To the filtrate was added 20 ml of cyclo- 
hexane and the resulting solution was concentrated on a rotary evaporator to 
afford bright red crystals of 7;15-C5H5Fe(C0)20C(0)CHClZ, which were collected 
by filtration, m-p. 94°C. Yield 0.68 g (57%). Analysis. Found: C, 35.26; H, 2.01; 
Cl, 23.39%. CSH,Cl,FeOA calcd.: C, 35.45; H, 1.98; Cl, 23.25%. IR (CH2C12, 
cm-‘): 2065vs, 2017~s (v(C*)), 1688 (br) (v(C=O)); ‘H NMR (CDCIX, r): 4.31 
(s, CH), 4.94 (s, CjHg); MS (m/e): 304 (P’, rel. int. 1.5), 276 ((P-CO)‘, rel. int. 
15-S), 248 ((P-2 CO)*, rel. int. 24.9), 121 (CSH,Fe’, rel. int. 100). 
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General kinetic procedures 
The kinetic studies of the reactions between qS-C5H5Fe(C0)2R and the halo- 

genated acetic acids were carried out in a round-bottom flask fitted with a side- 
arm for gas inlet-outlet_ The neck of the flask was sealed with a serum cap, and 
the flask was wrapped in aluminum foil for protection from light. A solution 
under argon of freshly chromatographed qs-C,H,Fe(CO),R, generally in CHzClz 
(CH,ClCH,Cl and C&H, were also used), was prepared in the flask, which was 
then placed in a constant-temperature bath. After thermal equilibrium had 
been reached, first a small amount of (CF&O),O (added only when the acid 
vvas CF,CO,H; about 10% of the volume of CF&02H) and then 0.10-1.00 ml 
of the halogenated acetic acid were injected into the flask with a syringe. 
The use of metal and Teflon syringe needles led to the same rate results: conse- 
quently, both were employed in this study. Following the addition of the acid, 
the solutions were kept in the thermostated bath (+O.l”C), generally at 25.O”C, 
with magnetic stirring. 

(A) Measurements by infrared spectroscopy_ Rates of the reactions were for 
the most part determined by following the disappearance of the lower frequ- 
ency CO stretching absorption, v,,(C%I), of the iron-alkyl or -aryl complex (at 
1964-1932 cm-’ in CH2C11) or the appearance of the higher frequency CO 
stretching absorption, v,(C=-0), of the iron-acetato product (at 2065 cm-’ in 
CH&l,) on a Beckman Model IR-9 spectrophotometer. Absorbance readings of 
the appropriate v(CS0) were made on the solution by withdrawing samples with 
a syringe at various time intervals_ Matched infrared cells of various thickness 
(0.06-2.0 mm) were employed. 

All reactions were run under pseudo-first-order conditions, with the concen- 
tration of the acid in at least a tenfold excess over that of the iron complex. 
They were generally followed for three or more half-lives_ 

Beer’s law has previously been shown to hold for the v,,(O) absorption of 
several q5-CSHSFe(CO)aR complexes in the concentration range 2 X 10e3 to 
5 X lo-’ M in THF [5]. It was assumed to be valid for the iron-alkyl, -aryl and 
-acetato complexes in the solvents used in this study. 

(B) Manometric mea?urements. This technique was used to measure the rate 
of the formation of CH, in the cleavage of vS-C,H,Fe(CO),CH, by CF3C02H, 
especially under fast-reaction conditions (tl,* s3 min). Either the iron complex 
or the acid was in at least a tenfold excess over the other reactant. Concentra- 
tions of the reactant present in excess were approximately 0.9 M q5-C,H,Fe- 
(CO),CH, and 0.03-0.2 M CF,CO,H. 

The apparatus consisted of a reaction flask, described above, which was 
attached by means of a three-way stopcock to a mercury-filled manometer 
and to another three-way stopcock connected to a source of vacuum and an 
argon inlet. The entire system, containing a solution of qS-C,H,Fe(CO)$H, 
with added (CF,CO),O, was thoroughly flushed with argon and evacuated to ca. 
550 torr. A sample of CF,COIH was then syringed into the flask and measure- 
ments of pressure were taken as often as necessary (intervals 215 set). Gener- 
ally, during the initial 2-3 min of reaction, pressure changes were small owing 
to the dissolution of methane (solubility = ca. 0.3-0.5 ml of CHJml of solvent 
for solvents used in this study 1221). The pressure was measured until a con- 
stant value, Pm, was obtained (usually within 4-5 h). 



363 

(C) Volumetric measurements. Some cleavage reactions of $-C5H5Fe(C0)XH3 
(ca. 4 X 10e3 M) with a tenfold excess of CF,CO,H were followed by measuring 
the volume of the liberated CH,. 

The apparatus for these experiments was similar to that described elsewhere 
[ 23,241 and incorporated a gas buret with a pressure-equalizing bulb. The buret 
was connected to a thermostated reaction flask which contained a solution of 
$-C5H5Fe(C0)1CH, with added (CF,CO)10 under argon. The acid was then 
syringed into the flask and the volume readings were taken as needed until evo- 
lution of gas ceased. The amount of gas collected was found to be in good agree- 
ment with that calculated for the release of one mole of CH, per mole of 
$-CjHjFe(CO)2CH,. 

Treatment of data 
From the infrared spectroscopic data pseudo-first-order rate constants, kobs, 

were obtained by graphing -ln(A - A_) vs. time where A is the absorbance of 
$-C5H5Fe(CO),R at any time of the reaction and A_ is the absorbance of the 
alkyl complex at infinite time- Since all cleavage reactions went to completion, 
A, is zero. Alternatively, -ln(A6, -A’) vs. time was plotted when the appear- 
ance of the iron-acetato product was monitored. 

Data from the manometric and volumetric kinetic experiments where the 
acid was in at least a tenfold excess over q5-C,H,Fe(CO),CH, were treated in a 
similar fashion. This will be considered further in the Results section. 

Results 

Stoichiometry and products 
Reactions of the alkyl and aryl complexes q5-C,H5Fe(CO)IR with 

CH,X, _,COIH(X = F, .y = 0; X = Cl, x = 1) in CH2Cl,, CH,ClCH,Cl or C,H, at 
ambient temperatures proceed according to the equation 

q5-C,H,Fe(CO)IR + CH,X3 -,CO,H + n5-C5H,Fe(C0)20C(0)CH,X,-, + RH 

(1) 
Infrared spectra in the ~((3s) region of the reaction solutions show that, 
except as indicated below, the iron-acetato complexes are formed cleanly as the 
only iron carbonyl products. * Quantitative isolation of these complexes was 
precluded by their decomposition in the course of chromatography on alumina 
to give [q’-C,H,Fe(CO)J,. The trifluoroacetato complex, ~‘-C,H5Fe(C0)20C- 
(O)CF,, was observed also to decompose on prolonged (ca. 24 h) storage in 
CHzClz solution; again the iron dimer was the metal carbonyl product. Identifi- 
cation of the acetato complexes was accomplished either by comparison of the 
species isolated from the reaction mixture with an authentic sample prepared 
by the literature procedure (for q’-C,H5Fe(CO),0C(0)CF, [21]) or by chemical 

* in contrast. two pathways have been reported L251 for the reaction of M~<CO)&& with by&o- 
gen halides <HX): 

hIn<C0)5C6H5 + HX + hIn<C0)5X -+ C,Hb 

and 

M~I<CO)&~H~ + HX - hln(COjjH + CgH5X 
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analysis in conjunction with the infrared, ‘H NMR and mass spectral data (for 
$-C~HSFe(CO),OC(0)CHCIZ). 

In several cleavage reactions the organic product, RH, was identified by vari- 
ous spectroscopic techniques_ Thus, the gas liberated in the reaction of $-C&Fe- 
(CO)&H3 with excess CF,CO,H in CH,Cl, was characterized by both infrared 
spectroscopy and mass spectrometry as CH,; no other hydrocarbon was ob- 
served. Similarly, the mass spectrum of the gas collected when rl’-C&Fe- 
(CO)lC,H, reacted with CF,CO,H in CH&l, showed the presence of Cd% as 
the only product. 

Reactions of each of q’-CSHSFe(C0)&H,Si(CH3)3 and $-CjHJ?e(CO),C,Hj 
with excess CF3C02H (neat and in CDCl,, respectively) were examined by ‘H 
NMR spectroscopy_ Both went cleanly to completion as evidenced by the spec- 
tra which consisted of the following singlet resonances: T -1.70 (OH of 
CF,CO,H), 4.88 or 4.95 (CSH, of ~‘-CjHSFe(CO)20C(0)CF3), as well as 10.00 
for the former reaction (Si(CH+) and 2.69 for the latter reaction (C6Hs). The 
relative intensities were in accord with the expected l/l molar ratio of the two 
products in each case. 

Cleavage by CHCl,CO,H (fivefold excess) of each of nS-CSHsFe(CO)pC6H4CH3-p, 
n5-CjHgFe(CO)zC,H1F-p and ~5-C5HSFe(CO)&bH,Cl-p in CDCl, was also studied 
by ‘H NMR spectroscopy. In addition to unreacted acid (singlets at r -1.71 and 
3.91: OH and CHCl,, respectively), the spectra showed r75-CjHjFe(C0)20C- 
(O)CHCl? (singlets at r 4.31 and 4.94: CHCl, and C,H,, respectively) and the 
appropriate substituted benzene: &H&H3 (7 2.86s and 7.68s), C6HSF (7 2.89m) 
or C6H&l (7 2.74 (br)). Again, the relative intensities confirmed that the pro- 
ducts of each reaction formed in a l/l ratio. 

Three of the investigated complexes exhibited slow and/or more complicated 
behavior during cleavage. After the reaction of 0.34 Af $-CjHjFe(CO),CH&,H, 
with ca. 2.5 M CF,CO,D in CH,Cl, had been carried out for 2.3 h, the solvent 
and other volatile matter were removed under reduced pressure. The collected 
liquid was shown by GC to consist of CHIC12, trifluoroacetic acid and toluene. 
A mass spectrum revealed the presence of both toluene-d, and toluene-d,. The 
nonvolatile residue was chromatographed on alumina, yielding unreacted benzyl 
complex, q5-C,HjFe(CO),OC(0)CF, and [7)‘-C~H5Fe(CO)l]z from decomposi- 
tion of the trifluoroacetato complex on the column. 

Addition of excess (fivefold to tenfold) CF,COIH to a solution of q5-CjHgFe- 
(C0)2CH(CH3)2 in CH&l, produced a pale green color of unknown origin 
which persisted for ca. 0.5 h. The reaction was monitored by infrared spectro- 
scopy and showed only slight formation of ~5-CjHjFe(C0)20C(0)CF, in 5 h. 
Extended reaction times (ca. 24 h) led to considerable decomposition, presum- 
ably owing to the relative instabilities of 77 5-CjHSFe( C0)2CH(CH3)2 and 
$-CjHSFe(CO),OC(0)CF, in solution. 

The alkyl $-C5H,Fe(CO),C(CH,)3 also displayed what appeared to be a more 
complicated reaction with CF,C02H. Addition of excess CF,CO,H to a CDCl, 
solution of r?‘-C,HsFe(CO),C(CH,), produced a transient green color which 
turned to a deep red on thorough mixing of the reactants. Only very broad sig- 
nals were observed in the ‘H NMR spectrum of this solution, presumably owing 
to the presence of paramagnetic impurities. An examination by infrared spec- 
troscopy of a solution containing ~s-CjHjFe(CO)lC(CH,)3 and CF,CO,H (1.9M, 



ca. tenfold excess) in CHJI, showed, within 4 min of the addition of the acid, 
v((Z-0) absorptions at 2128, 2C)75(br), 2025,1993 and 1932 cm-‘. The two 
strong bands at 1993 and 1932 cm-’ are due to q5-CSH5Fe(CO)ZC(CH9)3, 
whereas the weaker ones at ca. 2075 and 2025 cm-’ derive from the presence of 
q’-C,H,Fe(CO),OC(O)CF,. The absorptions at 2128 and, presumably, ca. 2075 
cm-’ are best assigned to an unknown cationic iron dicarbonyl species. The spec- 
trum was monitored for ca. 15 h, during which time the bands at 1993 and 1932 
cm -I decreased in intensity whereas those at 2070 and 2025 cm-’ gained intens- 
ity. After 15 h, only a weak absorption at 2128 cm-’ and strong absorptions at 
2070 and 2025 cm-’ were discernible. Chromatography of the solution on alum- 
ina afforded [?7s-CjHjFe(CO)z]2, from decomposition of q5-CjHjFe(CO),OC- 
(O)CF, on the column, as the sole iron carbonyl product. 

Kinetic determinations 
(A) Cleauage by CF&O& Kinetic data were obtained by infrared spectro- 

scopy (as well as manometricaiiy and volumetrically when R = CHS) for the reac- 
tion in equation 1 (with X = F and x = 0) under pseudo-first-order conditions, 
with CF,C02H in a tenfold excess over q5-CjHjFe(CO),R, in CHJJ, at 25°C. 
The reaction mixtures aIso contained (CF,CO),O, introduced as a precaution 
against the presence of adventitious H20. Control experiments had established 
that the added anhydride does not affect the rate of the cleavage reaction. 
Moreover, no reaction was detected between equimolar amounts of q5-C,HjFe- 
(CO),CH, and (CF,C0)20 in dry CH,CII at 25°C over a period of 4 days. 

The kinetic data are consistent with the rate law 

- d[r15-CjHjFe(C0)2R] = tz 

dt ohs W-C5JWWC0LW 

Good linear plots of -ln(A - A,) vs. time were obtained in all cases, with the 
slope equal to ho&, where 

k ohs = k n + IECF&03W 

A typical plot is shown in Figure 1 for $-CSH5Fe(C0)&H3. 

(3) 

The determination of n, the order of the reaction in acid, is complicated by 
the association of CF,CO?H in solution. Studies on solutions of CF,C02H in 
organic solvents [ 261 have led to the conclusion that the only important spe- 
cies present are the monomer and cyclic dimer, the association equilibrium 
being 

2 CF,CO,H = (CF3C02H)2 

The dimerization constnat, K,, for CF,CO’H, 

(4) 

K 
D 

= [(CF&O,HLI 
[ CF,CO,H]& (5) 

has been determined at 25°C in several solvents 1261, including CH,C!lCH,Cl 
(1.5 f 0.4 M-l), C,H, (2.6 i 0.9 M-‘) and CCL (149 + 19 M-l), but, to the best 
of our knowledge, not in CH2C12. 

Since CH,CI, and CH,CEH,Cl have similar solvent properties and compar- 
able dielectric constants (E = 8.93 and 10.36, respectively, at 25°C [27]), we 
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0 IO 20 30 40 50 60 

TIME (min.) 
Fig. 1. A typical plot of infrared spectroscopic data for the cleavage of q5-C5H5Fe<C0)2CH~ by a tenfold 

excess of CF3C02H in CHzCIZ at 25OC. 

have taken the dimerization constant for CF,CO,H in CHCI, at 25°C to be 
also 1.5 M-‘. By using this value, the initial concentration of the monomer, 
CCF&M&, was calculated for each kinetic run. Plotting kobs vs. 
[CF3C02HlM for the various runs with $-CSH,Fe(CO),CH, affords a straight 
line at the higher acid concentrations, indicating first-order dependence on the 
acid monomer in that region. However, the graph begins to slope downward 
with decreasing [CF,C02HlM at the lower acid concentrations. An alternative 
way of graphing these data is based on the logarithmic form of equation 3, i.e., 

lnk,-,,=lnk,+i f n In[CF,COzHIM (6) 
Plotting ln kobs vs. ln[ CF,CO,H],, as illustrated in Figure 2, shows the slope, n, 
at the higher acid concentrations to be essentially equal to 1. Hence the cleav- 
age reaction is first order in the monomer acid at [CF,CO,H], 2 0.1 M. * How- 
ever, at the lower acid concentrations the curve slopes upward, indicating that 
the order of the reaction with respect to [CF,CO,HIM is greater than 1. The 
curve approaches, but does not reach, a slope of 2. ** It is further noteworthy 
that a plot of kobs vs. [(CF,CO,H),] lacks linearity over the range of the acid 
concentrations employed. 

* The apparent acid concentration. [CF&OLHI,. is the sum of [CF,CO,HIM and 1/2[(CF3C02H)J. 

At [CF3COZHl, = 0.1 ~11. the acid is 80% monomer. 
** A referee has expressed concern that the cwature in Figure 2. and therefore our entire argument 

for the mechznism of the cleavage. rests on uncertain grounds. This is because the value of KD for 
CF3C02H is ul estimated one, and as such it may well be in error. In order to ascertain how a 
reasonable error in KD would affect the plot in Figure 2. we considered CF3COZH to be present 
exclusively as the monomer. A plot of in kobs vs. I~[CF,CO,HIM constructed on this basis exhibits 
a curvature similar to that in Figure 2. We therefore conclude that even if the KD employed in OUI 
calculations in somewhat in error. the essential mechanistic conclusions remain unaltered *** 
(although. of course. the rate constants will change somewhat). For a further consideration of this 
point see Figure 4 and the derivation of the appropriate equations in the text. 

*** KD wouid have to be appreciably higher than the assumed value of 1.5 1M-’ for our conclusions to 
become invalid. We consider such a situation rather unlikely. 
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6.01 I I I I I I I I 
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 

-_ kF3C02t$,, 

Fig. 2. Cleavage of rlS-C5H~Fe(C0)2CH3 by a tenfold excess of CF3COzH in CH2C11 at 25OC. The data 
were obtained o manometrically. o spectroscopically (infrared) and D volumetrically. 

The order of the reaction with respect to the acid at the lower concentrations 
can be elucidated by examination of the manometric data for the cleavage of 
ca. 0.86 M $-CjHjFe(CO)$H, with a tenfold deficiency of CF&OIH. A plot 
of -ln(P, - P) vs. time is nonlinear; in contrast, graphing (Pm--..)-I vs. time, as 
shown in Figure 3, yields a straight line except for the initial few minutes of 
the reaction. Thus, at these concentrations of CF3C02H, the cleavage is second 
order in acid and third. order overall. The initial deviation from linearity most 
likely arises from dissolution of CH, in CH,Cl, and, possibly, from the higher 
concentrations of CF,CO,H at the start of the reaction. 

The reaction of rlS-CjHjFe(CO)zCIHj with CF3COIH shows a kinetic behavior 
similar to that of the methyl analogue. It is first order in the acid monomer at 
[ CF,CO,H], 2 0.1 M, and approaches second order at lower [ CF,CO,H],. 

The cleavage of r/5-CjHjFe(CO)2CH2Si(CH,), by CF,CO,H occurs very 
rapidly in CH,CII at 25”C, and acid concentrations higher than 0.1 M could 
not be employed. As with the methyl and ethyl complexes at these acid concen- 
trations, a plot of in kobs vs. ln[ CF,CO,HIM is nonlinear. Consequently, only 
a lower limit for the overall second-order rate constant could be obtained. The 
corresponding reaction of the other complexes n’-C,H,Fe(CO)IR containing a 
primary alkyl group, viz. CH2CHIC,H5 and CH,C(CH,),, was studied at 
[CF,C02H], > 0.1 M and gave linear plots of -1n kobs vs. time, with slopes 
near 1. 

The benzyl complex, $-CSH,Fe(CO),CH,C,Hj, undergoes cleavage more 
slowly than the aforementioned alkyl complexes, and higher acid concentra- 
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Fig. 3. Plot of manometric data for the cleavage of q5-C,H5Fe(CO),CH, (0.86 M) by a tenfold 
of CF3COZH in CH2ClZ at 2’9C. 

deficiency 

tions, 1.3--2.5-M, were necessary to follow the reaction. Possibly because of 
these higher concentrations, which no doubt alter the nature of the reaction 
medium, the calculated second-order rate constant, k?, increases with increas- 
ing [CF,CO,H],. A similar behavior was also observed for q5-C,H,Fe(CO),CH- 
(CH,)C,H,, which was studied in the acid concentration range O-99-2.56 M. 
Additionally, the latter complex showed slow decomposition over the relatively 
long, 1.3-6-O h reaction times employed. The phenyl complex, q5-CjHgFe- 
(C0)2C6H5, reacts too rapidly to be studied by the techniques used in this invest- 
igation. 

Kinetic data for the reaction of the various rlS-CjHSFe(C0)2R complexes with 
a tenfold excess of CF,CO,H in CH,Cl, at 25°C are presented in Table 1. 
Second-order rate constants for the cleavage are given in Table 2. 

As shown in Table 1, within experimental error, essentially equal rate con- 
stants kobs were obtained for the cleavage of v5-C,HSFe(CO),C.H, and q5- 
CSH5Fe(C0)&D3 by excess CF,CO,H under comparable concentration condi- 
tions in CHZCl, at 25°C. 

The cleavage of $-C,H,Fe(CO),CH, by CF,CO,D in CHIClz at 25°C was 
studied in the acid concentration range 0.18-0.51 M_ The rate constant kobs 
shows a reasonable linear dependence on [CF,CO,DIM *, yielding k2 = 2.96 X 

low3 W’ s-’ (+15%). Comparison with k2 for the corresponding cleavage by 
CF,CO,H affords an isotope effect, k2+Jk2,, of 4.7. 

The influence of solvent on the rate of the reaction between q5-C5H,(CO),CH, 
and CF,CO,H was examined using CH2ClCH,Cl and C6H6, in addition to CH,Cl,. 
The data are contained in Table 3. At the acid concentrations employed the 

* Calculated by aSSLIming that KD for CF3COLD is the Same as for CF3COZH. i.e.. 1.5 1~_1_ 
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TABLE1 

R CCF3COZHI,<M) k o~s<s'c-I) 

CH3" 

CD3 

C2Hs 

mC4Hg 

CHzC<CH3)3 

CH,CH,C,H, 

CHICbHS 

1.64 X 10-l 
1.46 X 10-I 

1.29 x 10-l 
1.07 x 10-I 

1.52 x 10-l 
1.35x 10-l 
1.18 X 10-l 
1.06 X 10-l 

1.80 X 10-l 

1.42 X 10-l 
1.19 x 10-I 
9.87 X 10-Z 
7.97 x 10-I 
6.02 X lO-2 
4.96 X 10-Z 
4.16 X 1O-2 

9.76 X 1O-2 
8.10 X 1O-2 
5.93 x 10-Z 

1.73 x 10-I 

2.39 x 10-I 
2.10 x 10-l 

3.94 x 10-l 
3.43 x s-1 

2.93 X 10-l 
2.50 X 10-l 
2.08 X 10-l 

2.47 
2.37 
2.01 
1.53 
1.31 

1.65 X 1O-3 
1.58 X lO-3 
1.38 X 1O-3 
1.13 x 10-3 

1.99 x 10-3 
1.54 x 10-3 
1.18 X 1O-3 
1.04 x 10-3 

6.68 x lo-4 
4.90 x 10-Q 
4.47 x 10-1 
3.68 X lo-" 
2.35 X lO-4 
2.18 X lo4 
1.50 x 104 
8.97 X lo+ 

3.77 x 10-3 
2.80 X 1O-3 
1.86 x 10-3 

8.18 x 104 

4.44 x 10-4 
4.01 x lo-4 

6.21 X 1O-4 
4.99 x 10-4 

4.59 x 104 
3.64 X lo4 
2.81 X 1O-4 

4.05 x 10-4 
3.87 X 1O-4 
3.06 X 1O-4 
2.04 x 10-4 
1.81X 10+ 

2.56 5.32 X lo4 
0.99 1.40 x 104 

DAdditional dataare plottedin Figure 2. 

cleavage is first order in [ CF,C02H],, calculated from the reported values of Ko 
in CH,ClCH&l and C,H, 1261 (vide supra), and second order overall. Little varia- 
tion is seen in kZ for the three solvents_ The above reaction was also examined 
under synthetic conditions in pentane and in THF at 25°C. The cleavage of 
2 X lo-* M a5-CgHjFe(C0)CH3 with approximately tenfold acid in pentane was 
virtually complete in ca. 1 h, but formation of an oil prevented kinetic studies 
from being conducted. Under comparable conditions of concentration, there 
was no detectable reaction between q5-C,H,Fe(CO)CH, (or q5-C,H,Fe- 
(C0)&H2CH&H5) d an excess CF,CO,H in THF over a period of several hours. 
This lack of reactivity likely results from an acid-base interaction of CF,C02H 
with the solvent. 

Rate data for the cleavage of r)5-CjHjFe(CO)2CH3 by CF,CO,H in CH,Cl, at 
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TABLE 2 

SECOND-ORDER RATE CONSTANTS FOR THE CLEAVAGE OF +-C,H,Fe(CO),R BY CF3C02H IN 

CH2C12 AT 25.0’C 

R k2(Me1 set-') Rel. k2 Taft o* = v(c=o) (cm-‘) b 

C6H5 
CH2Si(CH3), 

CH3 
n-C4Hg 

C2% 
CH2C(CH313 
CH2CH2C6H5 

CH(CH$C6H5 

CHzC6Hs 
CH<CH,), 

".fast= 
>4.8 X 1O-2 >llO 

1.39 x lo-2 d.e 32 
6.49 x 10-3 f 15 
4.79 x lo-3 d.c 11 

2.75 X 1O-3 d 6.2 
2.32 X 1Cr3 d 5.3 

-5.1 x 10-4 g -1.2 

4.4 x lo-4 k 1.0 
v. slow I 

+o.iio 1016.1959 
-0.26 2003.1944 

0.00 2005.1944 
--Q-l3 2001.1941 
-0.10 1996.1941 
-0.16 1999.1938 

i-O.08 2000.1943 
+0.11 1999.1942 
+0.22 2004.1947 
-0.19 1996.1935 

a From ref. 48. b In CH2C12. c tl/l - 2.5 min when [CF~COZHI 
3.2 X 10e2 M. d 15%. e From data on runs with [CF3C02H] 

a. in tenfold excess over the complex. is 

h +2050. i tlj2 
a 20.1 M. f Based on only one run. g 235%. 

-1 day when CCF3C02Hla. in tenfold excess over the complex. is 0.23-0.58 M. 

25°C in the presence of added salt are summarized in Table 4. Depending on the 
ionic substance introduced, very small positive or negative salt effects are noted. 

The dependence of Jz2 on the temperature was determined for the reaction of 
q5-C,H5Fe(CO)1CH, with CF,C02H in CH,ClCH,Cl at 13.9-25.O”C. The data 
are incorporated into Table 3. In calculating k2 at 13.9 and 195°C it was assumed 
that the dimerization constant, Kn, for CFxC02H remains unchanged at 1.5 AZ-’ 
over the narrow temperature range employed. The activation parameters for the 
overall second-order reaction are E, = 8.1 f 1.2 kcal/mole, A.@ = 7.5 c 1.2 
kcaI/mole and AS* = -41+ 2 eu. 

(B) Cleavage by CHCZ2C02H_ Since CHC1,C02H is a weaker acid than CF3COIH 

TABLE 3 

RATE DATA FOR THE REACTION 0F;‘-CSHsFe(C0)2CH, WITH A TENFOLD EXCESS OF 
CF3COZHinCH2ClCH2C1ANDC6Hg 

Solvent 

CH2CICE2C1 

CH2ClCH2Cl 

CH2CICH,C1 

C6H0 

Temp_ (“0 

25.0 

19.5 

13.9 

25.0 

CCF3C02Hla <M) k,bs(sec’-I) k,(M-' set-')a 

1.85 X 10-l 2.57 X 1O-3 1.92x 10-2 
1.78X 10-l 2.43 X 1O-3 
1.70 x 10-I 2.35 X 1O-3 
1.55x 10-l 1.81 X 1O-3 
1.39 x 10-l 1.60 X 1O-3 

1.94 x 10-I 2.02 x 10-3 1.41 x 10-2 
1.82 X 10-l 1.80 X 1O-3 

1.68 x 10-I 1.78 X 1O-3 

1.59 x 10-I 1.59 x 10-3 
1.40 x 10-I 1.22 x 10-3 

2.86 X 10-l 1.98 X 1O-3 1sa x 10-Z 
2.23 X 10-l 1.75 x 10-3 
2.02 x 10-I 1.71 x 10-3 
1.69 x 10-I 9.66 X lo4 

2.47 x 10-l 2.26 X 1O-3 1.58 X 1O-2 
2.30X 10-l 2.16 X 1O-3 

oAvesagevalue.generallycalculrtedbvusingthedataobtainedat3 ora highest[CF3C02H],. 
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TABLE4 

RATEDATAFORTHEREACTIONOF~s-C~H~Fe(C0)~CH~WITHATENFOLDEXCESSOF 
CF3COZHINTHEPRESENCEOFADDEDSALTINCHZClZAT25.00C 

SaIt,conc.(iW CCF3C02H3a<W k,b&ec-') k,b&ec-'1 
withoutaddedsalta 

C<C,H,),NICI. 9.41 x 10-3 1.21 x 10-I 1.16 X 1O-3 1.29 X 1O-3 
9.39 x 10-3 1.49 x 10-I 1.06 X 1O-3 1.58 X 1O-3 

C<n-CqHg)4NlIb. 9.74 x 10-3 1.66 x 10-l 1.51 X 10-3 1.76 X 1O-3 
C(~-C.JH~).JNIO~CCH~. 1.16 X lO-2 1.65 X 10-l 1.39 x 10-3 1.75x 10-3 
C<C2H&NlO2CCF3. 9.41 x 10-3 1.47 x 10-l 1.90 x 10-3 1.55 x 10-3 

9.50 x 10-3 1.78X 10-l 2.32 X 1O-3 1.89 X lO-3 

aCaIculatedbyusIng k2 = 1.39 X 10e2 1W-l set-' <Table 2). bq5-CSHSFe<C0)21 formedinthe reaction. 

(K, = 4.3 X IO-* and 5.88 X 10-l M, respectively, in H,O at 25OC CZSl), it was 
used to examine the cleavage of the aryl complexes qS-C,HjFe(C0)2R, which 
react too rapidly with CF,CO,H to be followed by the techniques employed 
here. Exploratory kinetic runs revealed that the reaction according to equation 1 

TABLE5 

RATEDATAFORTHEREACTIONOFTHEARYLCOMPLEXES~5CgHgFe~C0)2R~VITHA 
TENFOLDEXCESSOFCHC12C02HAT25.0aC 

R Solvent CCHC12C02HI,W) k,b&eC-'1 

C6HS CHZC12 1.67 X 10-l 

1.30 x 10-l 

C6H, 

C6H5 

p-C6HqC1 

P-C&F 

1.01 x 10-x 

8.90 X 1O-2 
8.00 X 1O-2 
7.92 X lo-= 
6.04 X lo-* 
4.08 X lo-* 

CH2CICH2C1 1.67 x 10-l 
1.48X 10-x 
1.16 X 10-l 

C6H6 1.74 x 10-l 

1.51 x 10-l 

CH2C12 1.82X 10-l 
1.52 X 10-l 
1.27 X 10-I 

1.02 x 10-l 
7.67 X 1O-2 
6.03 X 1O-2 

CH2C12 1.66 x 10-I 

1.40 x 10-l 
1.23 X 10-l 
9.66 X 1O-2 
8.04 X lO-2 
6.07 X lO-2 
4.13 x 10-Z 

&‘-%H&H3 CH2C12 6.90 X 1O-2 
5.28 X 1O-2 
4.38 x 10-2 
4.34 x 10-Z 
3.02 X lo-* 

1.22 x 10-3 
8.50 X lOA 
7.41 x 104 

6.15 X lo4 
5.73 x 10-4 
4.68 x 10-4 
3.28 X lo4 
1.87 X lo4 

1.18 X 1O-3 
9.71 x 104 

7.03 x 104 

8.38 x 10-q 
5.76 X lo4 

3.51 x 104 
2.99 X lo4 
2.21 Y 10-4 
1.88 x 10-4 
1.18 X 1O-4 
1.02 x 104 

1.28 x 10-3 
1.71 x 10-3 
1.49 x 10-S 
9.63 X lo4 
8.43 x 10-4 
5.58 x 10-4 
3.73 x 104 

3.87 X 1O-3 
2.20 x 10-3 
1.86 x 10-3 
1.53 x 10-3 
9.77 x 10-4 
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of a given 7) ‘-CjH,Fe( CO),R is indeed much slower with CHCl $0 ,H than with 
CF,CO,H. Thus, with 0.16 M acid in a tenfold excess over ~5-CjH5Fe(C01&H~ 
in CH,CI, & 25”C, the cleavage by CHCllCOzH has a tllz of ca. 24 h whereas 
that by CF,CO,H is 50% complete in ca. 7 min. Similarly, under the above con- 
ditions with 3.2 X IO-‘M acid, the reactions of $-CjHjFe(CO)$,HS with 
CHCL,C02H and CF,CO,H have half-lives of 16 and <2.5 min, respectively. 

Rate data obtained by infrared spectroscopy for the cleavage of the aryl com- 
plexes by excess CHCl,CO,H are presented in Table 5. Good linear plots 
resulted on graphing -ln(A - A,) vs. time, showing that the reaction is first 
order in ~‘-i=,H,Fe(co)~R. Unfortunately, the dimerization constant, K,, for 
CHCl,CO,H is known only in C,H, (K, = 27.1 c 1.9 M-’ at 25°C [29]) of the 
three solvents employed in this work. Thus it was not possible to determine 
(CHCI,C02H], and the order of the reaction in acid. 

This notwithstanding, inspection of the data in Table 5 reveals that the ob- 
served rate constant, kObs, in equation 2 increases as the o+ value [ 30 ] for the 
para substituent on the phenyl ring (enclosed in parentheses) becomes more 
negative, i.e., p-C,H,Cl (0.11) < C!,H,- (0.00) < p-C,H,F (-0.07) < p-C,H&H3 
(-0.31). This order is typical of electrophilic substitution and cleavage reac- 
tions. Although p cannot be calculated as accurately as desirable from these 
data, it appears to be approximately -5.4. 

The cleavage of r?‘-CjHjFe(CO)&Hj by CHC12C02H at 25°C was also studied 
in CH,ClCH,Ciand C,H,. The appropriate rate data are given in Table 5. A com- 
parison of the values of kObS obtained at comparable concentrations of the acid 
reveals that the reaction is somewhat faster in CH,C12 and CH,CICH2Cl than in 

WL- 

Discussion 

The observed first- and second-order dependence of the reaction of TJ’-C,H,F~- 
(CO)$H, with CF3COzH on the monomer acid concentration, at high (20.1 M) 
and low [CF,COIH],, respectively, may be explained by the scheme in equa- 
tion 7. 

$-CSHjFe(CO),CHr) + CF,COzH s k, q5-C5H5Fe(CO),CH, - CF,C02H 
k”J.CF3C02H 

$-C,HjFe(CO),0C(0)CF3 + CH, + CF,CO,H 

(7) 

By assuming a steady-state concentration of the adduct q5-CjHjFe(CO),CH3 - 
CF3C02H, the rate expression in equation 8 is derived. 

- d[q5-CjHgFe(C0)2CH3] ~ kk”[$-C,H,Fe(CO),CHJICF,COtH]& 
dt k’ f k”[ CF,C02HlM (8) 

An examination of this rate law at the extremes of the acid concentration leads 
to the following limiting rate expressions. At high [CF,CO,H],, 



Iz”[CF,CO~H]~ >> k’, and hence 

_d[v”-C,HSFe(CO),CH,l 
dr 

= k[n5-CSH,Fe(CO)2CH3][CFsCOZH]~~ 

At low [CF,CO,H]M, h’ >> h”[CF&02H]M, leading to 

d[q’-C,H,Fe(CO),CH,] kk” - 
dt 

~7 [n5-CjHjFe(CO),CHI] [CF,CO,H]$ 

373 

(9) 

A crucial test of the validity of the mechanism in equation 7 is based on a 
graphical representation of the equation 

k 
I&“[ CF,COzH]& 

Ohs = k’ + k”[CF,CO,H],l 

which combines equations 2 (R = CH,) and 8. This equation may also be 
written in the form 

[CFJCWJIM = I k’ 

k obs k + kk”[CF,CO,H]M 

(11) 

Hence a plot of 
CCF&C JAM 

k vs- ]CF,C1O,H],, 
should yield a straight line 

ohs 

whose slope and intercept are equal to k’/kk” and l/k, respectively. 
Figure 4 shows such a plot. The value of k derived therefrom is 1.9 X lo-” 

M-l set-‘, and may be compared with a rate constant of 1.39 X IO-’ W’ see-’ 
obtained from the plot in Figure 2 (Table 2). The agreement is fair if one takes 
into account some scatter of the data points in Figures 2 and 4. By using 
k = 1.9 X lo-* M-l see-’ in conjunction with the slope of the line in Figure 4, 
the ratio k’/k” comes out to be 4.9 X lo-* M. 

A sequence of reactions similar to that in equation 7 may be invoked to 
account for the observed kinetic behavior toward CF,CO,H of the complexes 
n5-CjHjFe(C0)1C2H, and q’-C,H,Fe(CO),CH,Si(CH,),, studied in less detail 
than the methyl analogue. The cleavage of the other alkyl complexes was 
examined only at the higher acid concentrations (20.1 M) and accordingly 
exhibited first-order dependence on [CF3COIHlM. In the absence of any evi- 
dence to the contrary, we assume that the alkyl complexes q’-CSHjFe(CO),R 
react uniformly as shown in equation 7 for n”-CSH,Fe(CO),CH,. 

The second-order rate constants, k2, listed in Table 2 for the cleavage of the 
various alkyl complexes q5-CjHjFe(C0)2R, are also those designated as k in 
equation 9. They refer to the bimolecular interaction between q5-C5H5Fe(C0)2R 
and CF,C02H given as part of equation 7. 

These data show that the reactivity of CF,CO,H toward q5-CjHjFe(CO),R 
follows the order R = C,Hj > CH2Si(CH,), (>llO) > CH, (32) > n-C& (15) > 
CzHj (11) > CH,C(CH,), (6.2) > CHlCH2C,Hj (5.3) > CH(CH3)CjHS (-1.2) Z 
CH,C,H, (1.0) > CH(CH,),, the relative values of the rate constant being 
enclosed in parentheses. In general, when R is an alkyl group, the range of the 
relative reactivity is not wide. Moreover, both electronic factors, e.g., R = CH,Si- 
(CH,), > CH3 or CH2C(CH,),, and stezic factors, e.g., CH, > CH(CH,), or CH,C- 
(CH,),, as well as frans-4-C,H,&H, > ci.s-4-CgH10CH3, obtained by Rogers and 



I 

LcF3Co*Hl M 

Fig. 4. Cleavage of sS-C5H5Fe(CO)$H3 by a tenfold excess of CFyZO,H in CH2CIZ at 2S°C. The data are 
those csed in Figure 2. 

Baird [12], appear to influence the propensity of rlS-C,HjFe(C0)2R to undergo 
cleavage. Except when R = C,H,-, the foregoing pattern parallels the order of 
reactivity toward q5-C,H,Fe(CO),R of HgCI,, where direct interaction between 
iron and mercury has been proposed [ 51. However, it differs noticeably from 
the rate profile for the reaction of q5-C,H,Fe(CO),R with SO,, which is thought 

to involve backside interaction of SO1 with R [ 121. Thus it would appear that 
the acid cleavage of the alkyl complexes proceeds by an electrophilic attack of 
CF,CO,H at the metal. 

Central to any discussion of mechanistic details of the cleavage process in equa- 
tion 7 (for R = alkyl in general) is the nature of the proposed l/l adduct. A reason- 
able structure of this intermediate, I, along with a sequence of steps thought to 
comprise the scission reaction, is depicted in Scheme 1. 

Intermediate I may be regarded as a low-concentration species in which hy- 
drogen has not been transferred completely from the acid to the metal, but 
instead bridges the two moieties. Stable hydrogen-bridged structures are known 
in organo-transition metal chemistry, and include those with metal-hydrogen- 
silicon bonds 1311 and metal-hydrogen-metal bonds in general 1321. Moreover, 
such structures are amply precedented in the behavior of carboxylic acids 
toward bases’[33]. For example, carboxylic acids readily hydrogen-bond to the 
amines with varying degrees of proton transfer depending on the strength of 
the acid and the base [34,35]. An alternative structural assignment to the ini- 
tial l/l adduct, that of a tight ion pair similar to III in Scheme 1, seems un- 
likely. This is because the rate of the cleavage reaction of the methyl complex 
is virtually unaffected by the nature of the solvent, and changes little on addi- 
tion of a salt. Unless the presence of ca. 0.2 M CF,CO,H exerts a leveling effect 
on the reaction medium for CH&12, CH&lCH&l and C,H,, these results would 
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seem to rule out any substantial increase in the separation of charge during the 
formation of the intermediate qS-C5H,Fe(CO),R - CF,CO,H (h-step, equation 7). 
The observed isotope effect, k&n = 4.7, for the cleavage of q5-C5HiFe- 
(CO)&H, with CF,CO,H and CF,CO,D indicates a considerable degree of bond 
breaking of the O-H and O-D in the transition state for the first step of the 
cleavage, and appears to be in accord with the proposed structure of I. Likewise, 
the large negative value of AS’ and the relatively small value of A@ are consis- 
tent with the suggested bimolecular interaction between q5-C,H5Fe(CO),R and 
CF&OIH. 

The role of a second molecule of CF,CO,H in the cleavage is not fully under- 
stood. However, a reasonable postulate would be that this molecule assists in 
the dissociation of the hydrogen bridge in I to furnish III by stabilizing the inci- 
pient acetate anion through hydrogen-bonding as shown in II. Carboxylic acids 
commonly engage in hydrogen-bonding with polar substances, including CHCl, 
and CH,Cll [33]. Since it is not possible to determine the value of k" (equation 
7) for the different alkyl complexes from the data on hand, little else can be 
said about this step of the reaction. It may be added, however, that second- 
order dependence on the concentration of the organic reactant has been ob- 
served for the amines interacting with cationic manganese and rhenium car- 
bonyls [ 361, (methoxycarbene)pentacarbonylchromium [ 371 or organic esters 
[38]. As in this study, it has been ascribed to hydrogen-bonding_ Completing the 
cleavage in Scheme 1 is reductive elimination of RH from III followed by coor- 
dination of the acetate anion to iron to afford the isolable product, q5-C5H5Fe- 
(CO),OC(O)CF,. 

An attempt was made at detection of species III when investigating the com- 
plex with R = C(CH&. It was thought that this tertiary alkyl group would not 
readily engage in reductive elimination with hydrogen to give CH(CH3)3, thus 
conferring some stability on III. Although the infrared spectrum of a solution 
containing q5-C5H5Fe(CO),C(CH,), and CF,CO,H showed two v(C=O) bands in 
the region expected for a cationic $-C,H,Fe(CO),(R)H+, further efforts at 
characterization of this species proved unsuccessful. 



376 

The reacticn of $-C5HSFe(C0)2CH2C2HS with CF,CO,D according to equa- 
tion 1 is accompanied by the deuteriation of the phenyl ring. The latter process, 
which proceeds more rapidly than the cleavage, has been reported independently 
by Setkina [39,40] for both q5-C5HSFe(CO)&HzGHs and q’-CjHjFe(CO)&H- 
(CH,)C,H,. Since the mechanism of the deuterium exchange and the cleavage in 
the system ~5-CjHjFe(CO),CH7_C=6H7CF,C02D is presently under examination 
by Johnson [41], no detailed investigation was conducted in this laboratory. 

The mechanism in Scheme 1 is in full accord with the recently reported 
stereochemical outcome at iron and at cy carbon for the acid cleavage of the op- 
tically active ~5-C;HjFe(CO)[P(C,H~)1]R (R = CH, and C,H,) [7] and of q5- 
CSHSFe(C0)2(cis- and trans-4-C,H,,CH,) 1121, respectively. In the first study, 
partial racemization of unreacted q5-CjH5Fe(CO)[P(C,H,),]R may result from a 
fluxional behavior of an intermediate analogous to I (or III or both). The 
depicted pathway would also allow for the observed partial loss of stereochemis- 
try at metal in the formation of ~5-CSH,Fe(CO)[P(C,HS),]OC(0)CF,. In the 
second study, retention of configuration at the a-carbon atom of 4-C6H,&H3 
may be rationalized by reductive coupling of the cycloalkyl group and deuteri- 
urn (from CF3C02D) to eliminate 4-C6H10DCH3. 

Mechanisms involving protonation at the metal center have been proposed for 
the cieavage of transition metal-carbon 0 bonds by HCl in coordinatively un- 
saturated square-planar platinum(II) alkyls and aryls [42-441 and in dialkyl- 
-aurates(I) 1451. Although protonation of the metal is a common behavior of 
low-valent coordinatively saturated transition metal compIexes [ 32,461, such 
a pathway for the scission of metal--alkyl bonds had not been fully documented 
prior to the present mechanistic study. 

By way of contrast, the aryl complexes v’-C,H~F~(CO)~R appear to react 
with acetic acids via a mechanism different from that proposed for the alkyl 
complexes based on the following observations. First, as shown in Table 2, the 
cleavage of q15-CSHjFe(C0)2C,Hj by CF&02H is much faster than that of any 
alkyl complex investigated here. Moreover, the order q ‘-C jH,Fe( CO) &HS > 
q’-C,HSFe(CO),CH, holds for the reaction with CHCl,CO,H. The reactivity 
pattern, R = aryl > alkyl, was previously noted for the acid cleavage of HgRz 
[47] and has been ascribed to proton attack at the Q! carbon of the phenyl ring. 
Second, the approximate p value of -5.4 for the scission of the aryls qs-C,HjFe- 
(CO)?R by CHCl,CO,H indicates a considerable sensitivity of the reaction to 
substituent effects. It may be compared with p = -4.3 and -1.2 for the SO, 
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insertion Cl] and the HgCl, cleavage ]5], respectiveiy, of the same q5-CjHSFe- 
(C0)2R aryl complexes. These reactions were proposed to proceed by electro- 
philic attack of SO, at the phenyl ring and of HgCl, at the metal. A comparison 
of the three p values would seem to suggest that the acetic acids interact with 
the a-carbon atom as shown in IV. Unfortunately, further details of the mecha- 
nism could not be elucidated because of lack of data on the nature of 
CHClzCOIH in the chlorinated hydrocarbons used in this work. 

Acknowledgement 

We gratefully acknowledge support of this investigation by the National 
Science Foundation through Grant CHE-7911882 to A.W. 

References 

9 
10 
11 
12 
13 
14 
15 

16 
17 
18 
19 

20 
21 
22 

23 
24 
25 

26 
27 

S.E. Jacobson and A. Wojcicki. J. Amer. Chem. Sot.. 95 (1973) 6962. 
SE. Jacobson and A. Wojcicki. Inorg. Chim. Acta. 10 (1974) 223. 
P. Reich-Robrwig and A. Wojcicki. Inorg. Chem., 13 (1974) 2457. 
T.G. Attig, R.G. Teller. S.-M. Wu. R. Bau and A. Wojcicki. J. Amer. Chem. Sec.. 101 (1979) 619. 
LJ. Dizikes and A. Wojcicki. J. Amer. Chem. Sot.. 99 (1977) 5295. 
S.L. MiIes. D.L. Miles. R. Bau and TX. Flood. J. Amer. Chem. Sot.. 100 (1978) 7278. 
T.C. Flood and D.L. hliles. J. Organometal. Chem.. 127 (1977) 33. 
P.L. Bock. DJ. Boschetto. J.R. Rasmussen. J.P. Demers and G.M. Wbitesides. J. Amer. Chem. Sot.. 
96 (1974; 2814. 

D. Dong. D.A. Slack and M.C. Baird. J. Organometal. Chem.. 153 (1978) 219. 
K. SMey and M.C. Baird. J. Amer. Chem. Sot.. 99 (1977) 1808. 
D. Dong. D.A. Slack and M.C. Baird. Inorg. Chem.. 18 (1979) 188. 
W-N. Rogers and M.C. Baird. J. Organometal. Chem.. 182 (1979) C65. 
T.S. Piper and G. Wilkinson. J. Inorg. Nucl. Chem.. 3 (1956) 104. 
J.P. Bibler and A. Wojcicki, J. Amer. Chem. Sot.. 88 (1966) 4862. 
J.J. Alexander and A. Wojcicki. Inorg. Chim. Acta. 5 (1971) 655. 

M.L.H. Green and P-L-1. Nagy. J. OrganometaI. Chem., 1 (1963) 58. 
W.P. Giering and h¶. Rosenblum. J. Organometal. Chem.. 25 (1970) C71. 
R-B. King and M-B. Biiette. J. OrganometaI. Chem.. 2 (1964) 15. 
S.E. Jacobson, P. Reich-Rohrwig and A. Wojcicki. Inorg. Chem.. 12 (1973) 717. 

R.P. Stewart and P.M. Treichel. J. Amer. Chem. Sot.. 32 (1970) 2710. 
R.B. IGig and R.N. Kapoor. J. OrganometaI. Chem.. 15 (1968) 457. 
A. Seidell. SolubiIities of Organic Compounds. Vol. IL-Van Nostrand. New York. 1941. pp_ 38-41. 
F. CaIderazzo and F.A. Cotton. Inorg. Chem., 1 (1962) 30. 
R.F. Heck. J. Amer. Chem. Sot.. 85 (1963) 651. 
A-A. Iogansoz quoted <ref. 16) in A-N. Nesmeyanov. L-G. Makarova. N-A. Ustynyuk. B.A. Kvasov 

and L-V. Bogatyreva. J. Organometal. Chem.. 34 (1972) 185. 
S.D. Christian and T.L. Stevens, J. Phys. Chem., 76 (1972) 2039. 
J.A. Riddick and W-B. Bunger. Organic Solvents. 3rd ed.. Wiley-Interscience. New York, 1970. pp. 
349 and 356. 

28 G. Kortum. W. Vogel and K. Andrussow. Dissociation Constants of Organic Acids in Aqueous Solution. 
Butterworths. London. 1961. 

29 
30 
31 
32 
33 

J. Steigman and W. Cronkright. Spectrochim. Acta A. 26 (1970) 1805. 
CD. Ritcbie and W.F. Sager, Progr. Phys. Org. Chem.. 2 (1964) 323. 

M. Elder. Inorg. Chem.. 9 (1970) 762. 
H.D. Kaesz and R.B. SaiIIant. Chem. Rev.. 72 (1972) 231. 
hi&L Davis. Acid-Base Behavior in Aprotic Organic Solvents. U.S. National Bureau of Standards mono- 

graph lQ5. 
34 D.B. Cook, Ph.D. Thesis. University of California. Davis. 1965; Dissertation Abstr.. 26 (1966) 4260. 

35 G-h%. Barrow. J. Amer. Chem. Sot.. 78 (1956) 5802. 
36 R-3. Angelici a;ld R-W. E%rink. Inorg. Chem.. 12 (1973) 1067. 
37 H. Werner. E-0. Fischer. B. HeckI and C.G. Kreiter. J. Organometal. Chem.. 28 (1971) 367. 
38 F.M. Menger and J.H. Smith. J. Amer. Chem. Sot.. 94 (1972) 3824. 



378 

39 V.N. Setkina. T. Yu. Orlova and D-N. Ktusan ov. Abstracts. VIIIth International Conference on Orga- 
nometallic Chemistry. Kyoto. Japan. September 1977. p. 132 @aper 2B 09). 

40 T.Yu. Orlova. V.N. Setkina and D.N. Kursanov. J. Organometal. Chem.. 136 (1977) 371. 
41 M.D. Johnson. personaI communication. 
42 U_ Bdluco. M. Giustiniani and M. Graziani. J. Amer. Chem. Sot.. 89 (1967) 6494. 
43 U. BeIIuco. U_ Croatto. P_ Uguagliati and R. Pietropaolo. Inorg. Chem., 6 (1967) 718. 
44 R. Romeo, D. h5irmiti. S. Ianra. P. Uguagliati and U. BeIIuco, Inorg. Chim. Acta. 19 (1976) L55. 
45 A. Tam&i and J-K. Kocbi. J. Cbem. 8oc.. Dalton Trans.. (1973) 2620. 
46 T.C. Flood. E. Rosenberg and A. Sarbangi. J. Amer. Chem. Sot.. 99 (1977) 4334. and references 

therein. 
47 F-R. Jensen and B. Rickbom, EIectropbiIic Substitution of Organomercurials. McGraw-HiII. New York. 

1968. Cbapt. 3. 
48 R.W. Taft, Jr. in MS. Newman (Ed.). Steric Effects in Organic Chemistry, Wiley. New York. 1956. 

chap. 13. 


