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Reactions of Fe(COj and Fe(CO), with C,Cl4 in the Gas Phase Monitored by Transient
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Complexes Resulting from the Oxidative Addition of GCl4
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The gas-phase reactions of Fe(g@@nd Fe(COywith perchloroethylene (£1,) have been investigated using
transient infrared spectroscopy. The addition gEigto Fe(CO) produces Fe(CQ)C,Cl,) with a rate constant

of (3.0£ 0.8) x 107 cm® molecule® s™1. A second olefin can add to Fe(C{J.Cl,) with a rate constant

of (1.9+ 0.3) x 10 ¥ cm® molecule* s™* to form the novel bisolefin complex Fe(C§g.Cl,),. Absorptions

of this complex were identified at 2084 and 2057 ¢éntC,Cl, reacts with Fe(CQ)with a rate constant of
(1.2+ 0.3) x 10 3 cm® molecule* s™1 to produce Fe(CQJC,Cls), which is identified by its absorptions at
2125, 2069, and 2039 crh This product isomerizes to a novel chloride complex via an oxidative addition
process, with Arrhenius parametéts= 21 + 2 kcal/mol and InA = 28 & 2 in the 297315 K temperature
range. The chloride complex is best assigned as ClFg(C&@)ls), and possible mechanisms for this
isomerization reaction are discussed. CIFe({fQ)Cls) can also be produced by the photolysis of Fe(£0)
(C.Cly), and a mechanism for this process is proposed. Absorptions of CIF&OI) were identified at
2166, 2109, and 2089 crh Where possible, the measured rate constants and the observed infrared absorptions
are compared to those for analogousiCand GF, complexes. Finally, simulations of a “global” mechanism
for the kinetics of this system are in good agreement with experimental data. From these simulGidms,

the isomerization of Fe(C@)C.Cl,) to CIFe(CO)(C.Cls) is estimated to be-4 kcal/mol at 297 K.

I. Introduction infrared laser spectroscopy (TIL%S) by probing the CO
stretching modes of a coordinatively unsaturated metal carbonyl
and/or the product of such a reaction. These modes are very
sensitive to the electronic environment around the metal. TILS
and/or FTIR [or time-resolved FTIR (TRFTIR)] spectroscopy
complexes play an important role in the product distribution are methods Fhat can be used tp monitor the dISS.OCIf’:ltIOI"I of
suitable resulting 18-electron olefin complexes. Monitoring the

and yields of such chemical proces8&onth the physical and : -~ L2 . o

. - dissociation kinetics under appropriate conditions can lead to a
chemical properties of these complexes are dependent on s ) .
. - . determination of the bond dissociation energy (BDE) for the
ligand—metal interactions. For alkenes, these can depend on

the nature of the substituents around the double bond. In thecomplex under study.

Transition metal carbonyls with olefins as ligands are crucial
intermediates in catalytic cycles for processes such as olefin
isomerization, hydrogenation, hydrosilation, and hydroform-
ylation™* The stability and reactivity of metal carbonyl

context of the DewatChatt-Duncanson modél? the olefin ‘House and Weit? estimated the BDE for bisethylene
donates electron density from itsorbital, while the metal is tricarbonyl iron and established lower limits for BDE's in the
able to back-donate electron density into the emptyrbital monoethylene and both corresponding tetrafluoroethylene com-

of the olefin. Thus, the stability of 18-electron olefin complexes Plexes. DFT calculation’ indicate that the BDE for the
is related to the ability of the olefin to donate electron density Monoolefin complexes of ethylene and tetrafluoroethylene
to the metal along with its ability to accept electron density Should be larger than the BDE for the perchloroethylene
from the metal. Other bound ligands can have an effect on the Monoolefin analogue. Although the stronger back electron
availability and apportioning of electron density from olefins. donation from the metal to the ligand, relative to that for
Additionally, strong electron-withdrawing substituents such as €thylene, should be the dominant stabilizing effect for haloole-
the ha|ogens or the cyano moiety can lead to a decrease in théins, the deformation of the halogenated olefins and the iron
electron density available from an olefin fordonation. In this ~ tetracarbonyl fragment, possibly because of larger substitutent
case, there is a concomitant decrease in electron density availabl@toms on the olefin, could make the haloolefin complexes less
for back-bonding. However, the indicated substituents make the stable relative to the ethylene complex.
olefin a better electron acceptor. Interactions of this type would  House and Weit? also observed that the rate constants for
be expected to have an effect on the meligland bond energy.  the addition of ethylene to both iron tetracarbonyl and iron
Mono and bis metal carbonyblefin complexes can be tricarbonyl are larger than the corresponding rate constants for
generated in the gas phase by the addition of an alkene to athe addition of tetrafluoroethylene. An increase in the size of
coordinatively unsaturated species that has been produced byhe substituents around the double bond could lead to unfavor-
the photolytic loss of CO from a metal carbonyl precursor. able steric effects on the rate constant for the binding of a ligand
Rate constants for the addition of olefins to coordinatively to a metal carbonyl complex. Such steric effects could be further
unsaturated metal carbonyls can be measured using transienaccentuated when a second perchloroethylene adds to a mo-
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noolefin tricarbonyl iron complex, especially when the mo- Time-resolved infrared spectra can be constructed from the
noolefin has very large substituent atoms, as does perchloro-individual time traces taken over the desired probe frequency
ethylene. Chlorination of a metal as a result of the reaction of range. When a computer is used to connect a point from each
chloroethylenes with transition metal complexes has been transient at a common time delay, a spectrum at that time delay
reported for platinum213manganesé&, and irori>-2° complexes is generated. This procedure can be repeated for subsequent time
in solution. Hazseldine and co-work&rs'” reported the forma-  points to produce a set of spectra that allow the time evolution
tion of a variety of monohaloethylene iron tetracarbonyl of a reacting system to be followed.

compounds as well as a qualitative determination of their ~For experiments above room temperature, the cell was
stability. A discussion of possible decomposition paths for these wrapped with heating tape and insulated with fiberglass batting.
complexes in solution is also provided. On the basis of mass Temperature control was achieved through a variable voltage
spectrometric data they suggest that insertion of the metal into transformer, while the temperature was monitored by the three
the C-X (X = Cl or Br) bond is occurring. Grevels and co- chromel-alumel thermocouples attached to the outside of the
workerd® reported the reaction of 1,2-dichloroethylene and cell. For temperatures below room temperature, a 42-cm water-
nonacarbony! diiron in solution to yield a diiron product jacketed cell was used. A thermostated chiller cooled water to
containing a chlorine bridging the two metal atoms. They the desired temperature, which was monitored using a precision
proposed a mechanism for the formation of this product in which thermometer£0.05°C). The temperature at the cell wag.5—

there is migration of a chlorine from the olefin to the metal. 1.0°C above the water bath temperature, as indicated by three
However, they did not provide kinetic data related to the chromel-alumel thermocouples attached to the external wall
formation of such a product. Sloan and co-work&rsport a of the cooling jacket.

similar process taking place as a result of the reaction of TILS experiments were performed over acquisitions times
nonacarbonyl diiron with 2,3-dichlorobutadiene. A plausible of 500 ms or less. The products of association reactions of
explanation for the observed final reaction products involves unsaturated iron carbonyl species that yielded relatively stable
an insertion of Fe(CQjinto a C-Cl bond after the formation  products were studied using a FTIR spectrophotometer (Mattson,
of the Fe(CO)(n>diene) complex. A similar reaction has been RS1) operating in the “GC” mode. In this mode, spectra of the

reported by Lowe et af which leads to CIFe(CQ)P(OMe)]- cell contents could be acquired during and/or after photolysis
[C=CCH(O(CH)30)], in which CIC=CCH(O(CH)30): is the at predetermined time intervals. Using this method, spectra were
species undergoing oxidative addition. obtained in the 19082200 cn1! region at 4 cm? resolution.

In this paper, the reactions of tetrachloroethylene with Inthese experiments, gas mixtures were allowed to equilibrate
unsaturated metal carbonyls have been studied with the objectivefor 30 min before excimer laser photolysis, typically using a
of obtaining a better understanding of how the substituents on 5-Hz pulse rate and 15800 laser pulses.
the olefin affect the bonding and the stability of olefimetal Rate constants for ligand association reactions were measured
complexes. Rate constants for addition of perchloroethylene to under the following conditions in a static cell: for Fe(G®)
Fe(CO}, Fe(CO), and Fe(COYC.Cls) were determined using  C,Cly, 0.080-0.090 Torr of Fe(CQ) 0.00-2.00 Torr of G-

TILS and compared to those obtained for the respective additionCl,; for Fe(CO), + C,Cls; 0.080-0.085 Torr of Fe(CQ) 4.00
reactions of ethylene and tetrafluoroethyléh@ne of the most Torr of CO, 0.06-4.00 Torr of GClg; for Fe(CO}(C,Cly) +
interesting observations is that the monoolefin products, Fe- C,Cly; 0.080-0.085 Torr of Fe(CQ) 0.00-4.00 Torr of G-
(CON(CoClg) (n = 3 or 4) undergo oxidative addition of the  Cl,; and for Fe(CO)C,Cl,) + CO; 0.086-0.085 Torr of Fe-
olefin to form their respective chloride vinyl isomers CIFe(GO)  (CO), 4.00 Torr of GCls, 0.00-0.80 Torr of CO. Enough
(CoClg), in which an olefinic CG-Cl bond has been activated. helium was added to attain a total pressure of at least 30 Torr.
Kinetic and spectroscopic evidence for-Cl bond activation Experiments were performed to ensure that this corresponded
is presented in the context of a mechanism that is consistentto the high-pressure limit for these reactidrigrrors reported

with all of the experimental results. in the determination of rate constants ar2o and are based
solely on precision.
Il. Experimental Section For FTIR experiments 0.040.05 Torr of Fe(CQy), 2.5-5.0

Torr of C,Cly, and various amounts of CO (6-@0.0 Torr) were
bsed to adjust the CO{Cl, ratio in the mixture. When
necessary, helium was added to ensure that the total pressure
was no less than-40 Torr.

Fe(CO} was obtained from Aldrich and subjected to a series
of freeze-pump—thaw cycles before use. At the beginning of
each day, the iron pentacarbonyl was briefly freegemp—
thawed to remove any CO and/or other volatile material that
might be present because of decomposition. Tetrachloroethylene
(99.9%) was purchased from Aldrich and, before use, was
subjected to a series of three freepamp—thaw cycles. Carbon

onoxide (Matheson, 99.995%) and helium (Linde or Air

roducts, 99.999%) were used as received.

The apparatus used to monitor the species formed as a resul
of the interaction of @Cl, with unsaturated iron carbonyl species
has been described previou&ylron pentacarbonyl was pho-
tolyzed with the unfocused beam of a XeCl excimer laser
(Questek, 308 nm). The output power of the laser wasmJ/
cn¥ at the cell window and was delivered at a frequency of 1
Hz unless otherwise stated. Photolysis at 308 nm produces
Fe(CO} as the only detectable prodifét.

The infrared beam from a tunable diode laser (Laser Photo-
nics), which was passed twice through a 42-cm cell that was
terminated with Cajwindows was used to probe the kinetics
of the association reactions. The IR laser beam was detecte
with a fast InSb detector (EG&G-Judsony,, ~ 70 ns), the
output of which was sent to either a PerxyL00 amplifier for
the fastest transients or to a variable gain and variable bandwidth
amplifier (SRS 560). The amplified signals were sentto a digital ~ A. Reaction of Fe(CO} and the Fe(CO} Perchloroethyl-
storage oscilloscope (Lecroy 9400) that averagedevents. ene Adduct with C,Cl4. Figure 1 shows time-resolved spectra
The averaged signal was sent via a GPIB interface to a computerobtained in the 20562100 cnt! region at 4 cm! intervals
for further analysis. Rate constants were obtained from the slopefrom the photolysis of 0.08 Torr of Fe(C®and 3.5 Torr of
of a plot of the rate of reaction versus ligand pressure. C.Cl, in the absence of added CO. It is clear that there is a

I1l. Results
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Figure 1. Time-resolved IR difference spectra produced following 308- Time (us)

nm laser photolysis of 85 mTorr of Fe(G03.5 Torr of GCl, and 21 Figure 2. Transient signals showing the depletion (lower trace, inverted

Torr of He. The spectra shown correspond to the BBOus time range . 1

after photolysis and are displayed in 38 intervals. The spectrum  [OF Comparison) of Fe(CQ)alt 2000 cnr* and growth (upper trace) of
. Fe(CO)(C:Cls) at 2072 cm? obtained following 308-nm photolysis

obtained at 1@s has been subtracted from each spectrum to compensa'[eOf 85 mTor Fe(CQ} 4 Torr of GCla, 10 Torr of CO, and 15 Torr of

for the effect of parent depletion. The solid line marks the first time o '

increment. The down arrow indicates the depletion of intermedigte (

and the up arrow indicates the growth of produt). . - . .
P g P 3 at 2076 cm? is within experimental error of that determined

species being depleted a2076 cnt! while another species  from measurements at 1950 ch

with absorptions around 2084 and 2057 éngrows in. An Bands at 2084 and 2057 cfhgrow at the expense of the
isobestic point between the 2076 and 2084 thands suggests ~ absorption at 2076 cm. This behavior implies that these bands
that the change in absorbance of the bands belonging to thesdelong to a new specie | that is the product of the addition
species is the result of a common chemical process. The rate oft second olefin molecule to speclesSpecies| could be either
addition of GCl, to Fe(CO} was monitored using the Fe(CQ)  Fe(CO}(CzCls), or CIFe(CO)(C:Cls)(C2Cls), depending on the
absorption band at 1950 crh?! Following the very rapid identity of specie$. Any other bands that might be in the region
photo|ytic formation of Fe(CQ) a decay that depends on-C between~2036 and 2000 cmi would be convoluted with bands
Cl, pressure is observed. The absence of added CO and thdrom parent and polynuclear species in this region, making their

dependence of this decay on@ly pressure suggests that the identification and assignment difficult. Because the diode laser
reaction that is occurring is used in these experiments did not produce useful output above

2120 cntl, any absorption(s) above this frequency could not
Fe(CO)+ C,Cl,— Fe(CO)(C,Cl,) 1) be probed. The rate constant for addition of perchloroethylene
to species was determined to be (1.2 0.3) x 107 cm?
and thus the species that has an absorption at 2076 ism  molecule’! s™1 at 24 °C by monitoring the decay of its 2076
Fe(COX(C.Cly). However, as discussed in more detail in section cm™ absorption. The rise of the product absorption at 2084
IV.D, it is conceivable that this complex, which we designate cm™! yielded a rate constant of (1.8 0.6) x 107 cm?
as species, is an isomer of Fe(CQ(C,Cly) that can result from molecule! s71, giving an error-weighted average rate constant
a rapid chlorine atom transfer to the metal atom, as shown in of (1.9 4 0.3) x 10712 cm® molecule’* s™*. This rate constant
eq 2. is temperature-independent within experimental error in the
4—37 °C range. The CO pressure dependence of the rate of
Fe(CO)(C,Cl,) = CIFe(CO)(C.Cl,) (2) loss of species at 2076 cm! yielded a rate constant of (24
0.7) x 10712 cm?® molecule® st at 24°C for addition of CO
To our knowledge, there are no literature reports of the spectrato this unsaturated species.
for either of these two species, so the identity of the spdcies B. Reaction of Fe(CO) with C,Cl, Although laser pho-
cannot be assigned without further analysis of the kinetic and tolysis of Fe(COj at 308 nm vyields Fe(CQ)as the only
spectroscopic dataiifle infra). detectable produét in the presence of sufficient CO, Fe(GO)
A plot of the rate of addition of €Cl, to Fe(CO) versus the can add COK= 2.2 x 10711 cm?® molecule’® s7%) to produce
pressure of gCl, yields a rate constant of (38 0.8) x 10711 Fe(CO). When this occurs in the presence ofdL;, the GCly
cm® molecule'l s~ at 24°C. This rate constant is temperature- can add to Fe(CQ)to yield a saturated 18-electron complex.

independent (within experimental error) in the 37 °C range. Figure 2 shows typical transient signals for this process. The
The rate of rise ol at 2076 cm? vs olefin pressure gives a  lower trace, which has been inverted for comparison purposes,
rate constant of (2 1) x 10711 cm?® molecule’? s71. Rates for is due to the depletion of Fe(CQRs a result of the reaction of

formation of species, probed at 2076 cnt, were difficult to Fe(CO) and GCl,4 to form an adduct designated as spetiles
measure, as this band is convoluted with the fast photolytic The rising portion of this trace (before inversion) is due to the
decay of Fe(CQ) which has an absorption in this region. formation of Fe(CQ) from Fe(CO} + CO, while the initial
Nevertheless, the rate constant determined from measurementsery fast depletion (before inversion), which precedes the rise,
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Figure 3. Time-resolved IR difference spectra produced following 308-
nm laser photolysis of 90 mTorr of Fe(COR.2 Torr of GCls, 10
Torr of CO, and 15 Torr of He. The spectra are shown iséntervals
over the 4-34 us time range after photolysis. The spectrum obtained

at 2us has been subtracted from each spectrum to compensate for parent

depletion. The solid line marks the first time increment. The arrow
indicates the growth of an Fe(C{J.Cl.) absorption. Asterisks denote
absorptions bands of polynuclear products.

is due to photolytic depletion of Fe(COand/or Fe(CQO)[an
absorption of Fe(CQ)overlaps the 2000 cm Fe(CO) absorp-
tion]. The upper trace shows the growth of spediesnonitored

at 2072 cml. From the figure, it is obvious that, as expected,
the rates for these processes agree.

Figure 3 shows time-resolved spectra obtained in the 2050
2100 cntt region, at 4 cm! intervals, after photolysis of 0.09
Torr of Fe(COy, 2.2 Torr of GCls, and 10 Torr of CO.
Absorptions that appear in the 2052064 cnT? region have
been previously identified as belonging to polynuclear species
that are formed by the reaction of unsaturated iron species and
parent??2 The band at 2052 cri is due to Fg(CO)s, while the
band at 2066 cm! belongs to F€CO).?2 The band growing
in at~2070 cnT! corresponds to a new specils, which lives
for more than 500 ms. No other absorptions of speltiehave

been detected using the diode laser probe. However, as discussed

below two other absorptions were observed for spddiessing
the FTIR. One of these is at 2125 chwhich is out of the

range of operation of the diode laser used in these studies and

the other is at 2039 cm. This latter absorption both is weaker
than the absorption that was monitored with the diode laser at
2069 cnt! and overlaps a region of the spectrum where Fe-
(CO)s absorbs.

A plot of the rate of loss of iron tetracarbonyl vs perchloro-
ethylene pressure, monitored at 2000 ¢énis shown in Figure
4 and yields a rate constant of (12 0.2) x 10713 cm?
molecule’! s71. The plot of the rise of the product absorption
at 2072 cmit vs GCl4 pressure gives a rate constant of (&8
0.5) x 10" cm? molecule! s™1 at 24°C. These measurements
yield an error-weighted average rate constant of f1.@2.3) x
10712 cm?® molecule® s71. This rate constant is temperature-
independent within experimental error in the 37 °C range.

As indicated below, speciedl was also observed using
TRFTIR. Post-photolysis FTIR spectra in the 19@®200 cnt?!

Cedé and Weitz
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Figure 5. FTIR spectra acquired after 300 laser pulses (308 nm), which
photolyzed (a) a mixture containing 50 mTorr of Fe(g@)8 Torr of
C,Cls, 9.8 Torr of CO, and 24 Torr of He and (b) a mixture containing
40 mTorr of Fe(CQy, 4.9 Torr of GCls, and 35 Torr of CO. A scaled
spectrum of Fe(CQ)has been added to each of the spectra to account
for parent depletion that occurs as a result of photolysis.

ligand with electron-withdrawing substituents. Figure 5a shows
a typical FTIR spectrum obtained after photolysis of 0.05 Torr
of Fe(COj}, 4.8 Torr of GCls, and 9.8 Torr of CO. Three bands
belonging to speciedl were observed at 2039, 2069, and 2125
cm1, with relative peak intensities of approximately 0.73, 1.00,
and 0.45, respectively. Specikis can be assigned as Fe(GO)

region reveal the presence of product absorptions at frequenciegC,Cls) on the basis of the previously reported spectra for this

above the parent region, as would be expected for an olefin

compound obtained by Haszeldine et@With bands at 2004
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Figure 6. Decay of Fe(CQ)C.Cl,) as a function of the ratio of £Cl,

to CO at 315 K: (a) &Cl/CO = 28 and (b) GC/CO = 2.0. 21+ 2 kcal mof™. The change in the appearance of the decay
(w), 2040 (s), 2072 (vs), and 2134 (s) chwith hexanes as  with both temperature and CO pressure indicates that the
the solvent. The 2004 cm band overlaps the parent region mechanism for decomposition of Fe(G(D.Cls) can involve
and was not observed in the present study, even after subtractiommultiple pathways. These pathways will be discussed in more
of the parent absorption. This is presumably due to the fact thatdetail in section IV.G.
the 2004 cm! absorption is the weakest of the reported Interestingly, the FTIR spectrum changes appearance as a
absorptions for this compound and that the signal-to-noise level function of the amount of added CO. When 35.0 Torr of CO is
in these experiments is degraded as a result of subtraction. Aspresent in the photolysis cell (Figure 5b), a new set of
expected, the intensity of this set of bands increases if eitherabsorptions appears in addition to those for Fe(@QXLl,).
the CO or the ligand pressure is increased with the other beingThese new absorptions consist of a broad feature, which is the
held constant, at least for CO pressure® Torr and ligand convolution of two absorptions centered~a2089 and~2109
pressures 1 Torr. Fe(CO)(C,Cly) is fairly stable, decomposing  c¢cm™?, along with a band at 2166 crh This second set of
on a time scale of approximageB h atroom temperature.  absorptions decays much faster than those of the Fg{CO)
However, there is no FTIR evidence for gas-phase product(s) (C.Cls). The intensity of the second set of bands, at 2089 (0.8),
growing in on this time scale. 2109 (1.0), and 2166 (0.2) cth increases with increasing CO
The dependence of the rate of decay of the absorption bandpressure, suggesting that this spec{p$ comes from the
at 2069 cm?! on different CO/GCly ratios was probed using  addition of CO to an unsaturated intermediate. Because the
FTIR to determine whether a dissociative mechanism for loss photolysis experiments are conducted in a static cell, it is also
of olefin was the dominant path for decomposition of Fe(£0) possible that specieB/ forms as a result of photolysis of
(CCly). The decay of Fe(CQ|C.Cl,) is single-exponential Fe(CO)(C.Cly). This possibility will be discussed further in
except at low CO/ECl, pressure ratio<2) and at temperatures  section IV.C. The absorbance of the bands assigned to species
below 304 K, where the decay becomes biexponential. The IV increases when the photolysis time is increased. FTIR spectra
amplitude of the fast component in the biexponential decay taken during photolysis show that spedi¢sonly starts to form
decreases as either the temperature or the gQ/Qressure after some Fe(CQJC.Cls) has been formed. There is an
ratio is increased. Fits of the biexponential signals at different induction period of approximately 20 photolysis shots that is
COIGCl, ratios gave rates for the fast decay in the-{3) x independent of the laser repetition rate (056Hz). Diode laser
103 s ! range. However, the error in these fits is in the-20  experiments that probed the 2089 and 2109 tabsorptions
70% range, with the largest errors being for those rates measureatonfirmed the formation of specid¥ when more than~10
at larges CO/€Cl, ratios and higher temperatures. The mag- Torr of CO was present in the photolysis cell. Both the intensity
nitude of the uncertainty in the rate of the fast decay precluded and rate of growth of the signal increased with an increase in
an accurate determination of the dependence of the fast decayhe CO pressure above 10 Torr.
on the CO/GCl, ratio and on the temperature. On the other  The carbonyl stretching bands of spedi¢sare displaced to
hand, both the rate for the slow component of the biexponential higher energy relative to those of Fe(G@.Cls). As will be
decay of Fe(CQJC,Cl,) and the rate of the single-exponential discussed in more detail in section IV.C, there is evidence
decay observed at higher CQ@3, ratios (- 2) and temperatures  suggesting that speciéé is a chloride complex, probably ClFe-
are independent of the CO, olefin, and parent presswigsin (CON(CCl3). To our knowledge, this compound has not been
experimental error (Figure 6). However, they are temperature- previously reported and thus there is no spectroscopic data
dependent and give a linear Arrhenius plot (Figure 7) in the available for it.
297—-315 K range. Treating this decay process as an elementary Although, in principle, specie$V could be the bisolefin
first-order reaction, the data in Figure 7 lead to a preexponential product, Fe(CQ)C,Cl,),, its formation would then expected
factor, INnA =284 2 (Ain s71) and an activation energf, = to becomdess faorableat high CO pressure, contrary to what
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is observed. The concentration of any species containing two C. Polynuclear Formation. As seen in Figure 3, reactions
haloolefin units should decrease as the CO pressure is increasedf unsaturated species with parent to form polynuclear species
because CO will compete for addition to the unsaturated compete with the addition of ligands to unsaturated species.
precursor formed by the addition of,Cl, to Fe(CO). Ryther and WeitZ established that the reaction of Fe(G@)th
Another possibility is that specid¥ is cis-Fe(CO)(Cl),, Fe(CO} has a rate constant that is near gas kinetic and results
which absorbs at 2164 (0.19), 2124 (1.00), 2108(0.77), and 2084in Fe(CO)s, which absorbs at 2052 crh In the absence of
(0.85) cntlin a tetrachloroethylene soluti@AThis compound olefin, this polynuclear species decays slowly. The rate of decay
could be formed if the first chlorine atom transfer reaction is of Fe(CO)s increases with the tetrachloroethylene pressure, as
followed by another chlorine atom transfer process that occurs would be expected for an addition reaction. Although we cannot

in concert with the elimination of dichloroacetylene. eliminate the possibility that the addition of a ligand is followed
by an elimination reaction, prior studies suggest that an adduct
Fe(CO)(C,Cl,) — CIFe(CO)(C.Cl,) 3) with the formula Fg(CO)(C,Cls) is most likely?? The rate

constant for this addition reaction is (444 2.5) x 1014 cm?
CIFe(CO)(C.Cly) — Fe(CO)(Cl), + C,LCl, 4) molecule’? s71 at 24°C. As expected, the addition of olefin

decreases the intensity of the polynuclear signal because both
A similar reaction has been observed by Amouri et al. for an the olefin and the parent compete for the available Fe¢CO)
iridium complex?* The main difference between Fe(G@I). Thus, a large excess of olefin will inhibit the formation of
and CIFe(CQO)YC:Cly) is that, in the dichloride a chlorine ligand  polynuclear product. However, the vapor pressureafigimits
replaces the trichlorovinyl ligand. It is not implausible that the jts maximum pressure te'5 Torr near room temperature.
effect of two chlorine ligands would result in a shift in the Fe(CO)(C,Cly), obtained upon addition of olefin to Fe(Cf)
carbonyl stretching frequency similar to that caused by a chlorine also reacts with Fe(C@)This reaction occurs in competition
plus a highly chlorinated vinyl ligand. However, if specids with the reaction of specidswith C,Cls. The rate constant for
is the cis dichloride, we would anticipate, on the basis of its the reaction of parent with speciésan be determined from
solution spectrum, that it should have a strong absorption in the intercept of the &I, pressure-dependent plot for the decay
the gas phase near 2125 tmEven though this absorption  of specied. For an Fe(CQ)concentration of 0.0% 0.01 Torr,
overlaps the absorptions of the monoolefin adduct, we would the intercept of (2.2- 0.2) x 102 us ! leads to a rate constant

anticipate that it would be detectable, as it is expected to decay(kp) for the reaction of parent with specie®f (9.7 + 3.5) x
on a different time scale than the monoolefin. However, there 10-12 ¢ molecule’! s1 at 24°C.

was no obvious change in shape of bands in the 2125'cm
region when specieB/ was present versus when it was not |v. Discussion
present. Traces in the 2125 chregion were carefully examined .
to determine whether they contained a more rapidly decaying = A- The Thermal Decay of Fe(CO)(C2Cls): An Oxida-
component that could be attributed to spediés Neither a tive Addition Reaction. The shape of the decay signal for
change in shape nor a more rapidly decaying component wasm€(CO}CzCls) depends on the temperature and the GOIE
observed. These observations mitigate against the productionPréssure ratio. When the CO/, ratio is above 2, the decay
of iron tetracarbonyldichloride. Conceivably, the relative in- 1S @ Single exponential over the temperature range studied and,
tensity of the absorption bands in the gas phase versus solutiorS €an be seen in Figure 6, within experimental error, this single-
could change, but there is no obvious reason for a dramatic @Ponential decay ratéd, is independent of the CO£Cls
change in intensity to occur. However, the iron carbonyl halides Préessure ratios in the 228 range. _
are photolabil@3225isomerizing to the trans isomer and then  An obvious possibility for the decay of Fe(CJ.Cls) is
decomposing through the loss of CO. Therefore, it is possible ligand loss or substitution. As has been shown in past studies
that, under the conditions that lead to the production of speciesOf the determination of the BDE of ligands undergoing
IV, a mixture of both dichloride isomers is present. If a mixture dissociative loss from metal carbonyl complexes, the observed
were present, the intensity pattern could be different than that 'até of loss of the .complex Is dependent on the COl/ligand
reported for the cis dichloride. Howevea, priori one would ~ atio%2® When olefin tetracarbonyl iron complexes undergo
anticipate that the lifetime of these two dichloride isomers would dissociative olefin loss and excess CO is present in the reaction
be different, leading to a time-dependent change in the intensity Mixture, CO can add to the vacant coordination site.
of their absorptions. This was not observed. Judging from these
observations, we do not believe the dichloride is produced in Fe(CO)L — Fe(CO) +L (ky ()
these experiments. However, we do not feel we can completely
rule out the possibility of its production. Fe(CO) + L —~Fe(CO)L (k) (6)
Spe_cieslv survive_s for a shorter.time than Fe(C@D.Cly), Fe(CO) + CO— Fe(CO} (Kco) @)
decaying thermally in about 10 min at room temperature. No
bands were detected that grow at the rate of decay of specie
IV. An Arrhenius plot of the temperature dependence of this
rate gives a preexponential factor sa= 7.1 + 3.4 and an
activation energye, = 7.2+ 2.0 kcal mof. Such small values
for the preexponential factor and activation energy for this Kobs = (Kakco CON/(K [L] + keo[COI) (8)
reaction suggest that the disappearance of spé¥iesould
involve a multiple-step pathway or heterogeneous processes orThus, if dissociative ligand loss were occurring from Fe(§0)
the cell walls. There is no indication that the decay is pressure- (C,Cly), larger CO/GCl, ratios would increase the decay rate
dependent, at least at CO pressures larger than 25 Torr, wheref Fe(CO)(C.Cl,), which, at sufficiently large ratios, would
the error in the determination of the decay rate is minimized. approach the rate constant for dissociatlgnin the mechanism
Section IV.C provides a further discussion of spedésand shown in reactions-57, kqps Will appear to be independent of
concludes that it is, indeed, most likely CIFe(G@):Cls). changes in the ligand/CO ratio or ligand and CO pressumgs

SUsing the steady-state approximation for the Fe(@@grmedi-
ate, the decay rate for such a process has been showr to be
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if keo[CO] > k_[L]. In that case, eq 8 will reduce tigps = Kq.
Judging from eq 8, a change in the CQQL, ratio from 2.0 to

28 would lead to a change ks from 0.87kg to 0.49ky. NO
change irkopswas seen when the COJCl, ratio was changed
over this range. Furthermore, if dissociative loss of olefin were
taking place to produce Fe(C&gnd free olefin, parent would  The oxidative addition of olefins has also been reported.
be recovered from the reaction of excess CO and the resultingStoutland and Bergmai,as well as Baker and Fiefd,have
Fe(CO). However, no regeneration of parent was observed in studied the reaction of ethylene with unsaturated iron, iridium,
these experiments. These observations lead to the conclusiorand rhenium complexes [M]. In all cases, both tjfeolefin
that dissociative loss of olefin is not the main pathway for and the vinyl hydride complexes were detected.
decomposition of Fe(CQ(C,Cl4) for CO/GCl4 pressure ratios
above 2.0.

The Fe-CO bond in an olefin iron carbonyl complex is often
stronger than the Feolefin bond® To our knowledge, dissocia-
tive loss of CO has not been previously reported as a primary . ) o
thermal process in compounds of this type. However, dissocia- BOth groups report that the vinyl hydride complex is kinetically
tive loss of CO can be described by a modification of eq 8 in favored, but the olefin adduct is thermodynamically more stable.

which G,Cls is the adduct (in eqs-57 it is CO) and CO is the Both studies conclude that, even though both products are the
species lost (in eqs-57 it is L). This gives result of the addition of ethylene to the metal center, the two

products are produced through different transition states. This
Kobs = (K oK' [LD/(K[L] + K co[CO) 9) implies that the;?-olefin complex is not an intermediate along
the reaction coordinate that leads to the formation of the hydride
From eq 9, for 5 Torr of olefin, a change kg,sfrom 0.0056 g complex and that, instead, an intermediate involving an agostic
to 0.03&'4 should be observed in going from 70 to 10 Torr of metal—hydrogen bond is required. As mentioned in the Intro-
CO. Therefore, CO dissociation does not explain the indepen- duction, the oxidative addition of chloroethylene ligands to metal
dence ofkops On the CO/GCl4 pressure ratio, in the 228 complexes is also known; therefore, it is plausible that a reaction
range. (see eq 12) involving the activation of the-Cl bond could
In principle, an associative mechanism leading to the disap- take place in the tetrachloroethylene iron tetracarbonyl complex.
earance of Fe(CQ(C.Cly) is possible. However, such a process
zhould exhibit s(orﬁgpregsufe dependence, and a rela[t)ively hinge(CO)l + C,Cl, — Fe(CO)(CLL) —
activation energy would be anticipated because the association ClIFe(CO)(C,Cly) (12)
step would be expected to go through an intermediate with more
than 18 electron¥’ The activation parameters obtained for the loss of Fef(CO)
Because, at high COACI, ratios, there is no dependence of (C:Cls) are Es = 21 kcal/mol andA = 1 x 10'2 s™%. The
kobs ON the pressure of CO,5Cls, or parent, we conclude that ~measured\ factor is reasonable for a unimolecular process with
a unimolecular process, such as an isomerization, is the mosta tight transition staté® Kemmitt and co-workers obtained
probable transformation leading to the loss of Fe(§{CyCls). similar activation parameters for the isomerization of (§£h
A number of such transformations are plausible. One is ligand Pt(C:Cls) to (PPh)2(Cl)Pt(CIC=CCl) in solution3*
site exchange. The perchloroethylene ligand that is in the The major difference between the tetrachloroethylene and the
equatorial plane of the molecule could exchange with one of ethylene oxidative addition reactions is that data imply that
the axial CO ligands. However, electronic factors mitigate chloride formation is thermodynamically favored relative to the
against this possibility. Olefins donate electrons to the metal hydride formation. An estimate of the enthalpy differences
center from ar orbital, and such ligands prefer to bond in the between these two oxidative addition processes supports this
equatorial plane of the iron because the metal molecular orbitalsconclusion. The following thermodynamic cycle can be used
that are most favorable for overlap with the electron-donating to estimate the enthalpy difference for the isomerization of
7 orbital(s) are located in this plad@An isomer with an axial ~ Fe(CO}(C:Cls) to CIFe(CO)(CoCls).
perchloroethylene ligand would have an olefin trans to a CO,

procesg327 Such a reaction is illustrated in eq 10.

Fe(CO), + X, — Fe(CO)(X,) —
Fe(CO)(X), (X = H, CI, Br, and I) (10)

[M] + H,C=CH, — [M](#*-C,H,) (11a)
—>H[Me](CH=CH2) (11b)

which will compete with the olefin for back-donation of Fe(CO)(CCl,) — Fe(CO) + CLl, (13
electrons from the metal. This would be expected to make the C.Cl.— C.Cl. + Cl (14)
equatoriat-axial transformation thermodynamically unfavorable. z=a 273

Such differences in stability have been observed for bisethylene Cl + C,Cl; + Fe(CO), — CIFe(CO)(C,Cly)  (15)

complexes of the group VI metals (Cr, Mo, W), in which the
complex with two olefins trans to each other is more stable From this cycleAH = —[D(Fe-Cl) + D(Fe—C.Cl3)] +

than that with both olefin ligands cf8. Furthermore, low-
temperature NMR studies on Berry pseudorotations for certain
Fe(CO)(olefin) complexes do not show exchange of an axial
CO with an equatorial olefin, meaning that the barrier for such
process is relatively high=30 kcal/mol)3° Indeed, there are
no reports in the literature that we are aware of in which this
type of isomerization takes place.

Another possibility is an intramolecular rearrangement in
which a chlorine migrates to iron, which can be described as
an oxidative addition procedg’ Oxidative addition involving
reactions of molecular hydrogen, chlorine, bromine, and iodine
with iron tetracarbonyl are well-known examples of such

[D(CI—C,Cl3) + D(Fe—CCly)]. The BDE for a C-Cl bond in
tetrachloroethylene is 93 3 kcal/mol3® The BDE for per-
chloroethylene bound to iron tetracarbonyl was calculéted
using two DFT methods to be between 24 and 30 kcal/mol.
The Fe-Cl bond energy is reported as 292 kcal/mol3® and
by scaling the known iridiumethenyl bond energ¥, based
on a comparison of iridium and iron complexes’ BDE's, the
iron—vinyl bond can be estimated to be55 kcal/mol. Using
these values, the enthalpy for the isomerization is estimated to
be —14 £ 12 kcal/mol.

The same cycle can be applied to ethylendi = —[D(Fe—
H) + D(Fe—CyH3)] + [D(H—C,H3) + D(Fe—CyH,)] for the
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reaction Fe(DMPE)C;H,) — HFe(DMPEX(C;H3). Using 62 calculations support such a conclusion regarding the magnitude
+ 2 kcal/mol for D(Fe—H),8 60 kcal/mol forD(Fe—C;H3),%” of the BDE for Fe(CQ)YC,Cly).1t

106 £ 3 kcal/mol forD(H—C;H3),3! and 36+ 4 kcal/mol for For CO/GCl, ratios below 2 and temperatures below 304
D(Fe—CyHy),%° a value of AH = 420 + 12 kcal/mol is K, the decay of Fe(CQJC,Cls) becomes biexponential. The
estimated. Even though there are large error brackets andexperimental data do not show evidence of a strong dependence
uncertainties in some of the estimated bond energies, theof the decay rates on the CQ/Q, ratio, although the error
estimate forAH for the transformation supports experimental brackets in the determination of the rates are large, especially
evidence that the isomerization of the monoethylene complex for the rate of the fast component. On the basis of a proposed
to the hydride is endothermic and that the analogous transforma-global mechanism, which will be discussed in section IV.G,
tion for the perchloroethylene complex is thermodynamically the fast decay should have a weak dependence on the,€O/C
more favorable. Clearly, the energy necessary to break the iron Cl, ratio under these experimental conditions. However, the
ethylene bond added to the energy necessary to break-the C predicted change in the rates are of the order of the experimental
bond is larger than the sum of the energies for breaking the error. Also, the fast decay could be associated with establishment
C—Cl bond and the irorperchloroethylene bonds. On the other of a preequilibrium involving Fe(CQ|C,Cl;) and Fe(COy

side of the equation, although the formation of a etheirgn (C4Cly),, prior to the isomerization reaction (slow component),
bond might be slightly favored over the bonding of the which is the rate-limiting decomposition path.
perchloroethenyl moiety to iron, the formation of an-& bond B. Mechanism for the Thermal Isomerization of Fe(CO)-

is energetically more favorable than the formation of ar-He (C.Cly). A priori there are at least four obvious possible
bond. It should also be mentioned that, as shown by Wrighton mechanisms for the thermal isomerization of the monoolefin
and co-workers in their matrix experiments, although the complex (see Scheme 1;-d). Mechanisms a and b, which

addition of GH4 to Fe(DMPE) yields HFe(DMPE)(CyH3), involve ligand dissociation, can be ruled out on the basis of the
there is no evidence that the same process takes place on théact that the isomerization rate does not depend on ligand or
addition of GH,4 to Fe(CO).4° CO pressure. Note that mechanism b is intended as a generic

The facts that the isomerization of Fe(G@)xCl,) takes place mechanism for a stepwise rearrangement of the initial monoole-
with a barrier of 21 kcal/mol and that there is no evidence of fin complex. The formation of a 19-electron complex, as in d,
olefin dissociation imply that the barrier for olefin dissociation involves the placement of an electron in an antibonding metal
is above the barrier for isomerization, particularly because a orbital, which is energetically unfavorable. Although a 19-
dissociative process would be expected to have a largerelectron intermediate resulting from the transfer of a chlorine
preexponential factor than that measured for the isomerization prior to the formation of the ironvinyl bond is possible, it
pathway. Because there is no observed temperature dependenagould be quite surprising if the activation barrier for formation
for the rate constant for addition of Cl4 ligand to Fe(CQy, of such a species were not larger than the measured value of
the activation energy for the dissociative loss @CG can be ~21 kcal/mol. Thus, mechanism c, involving concerted chorine
directly related to the bond enthalpy.Even though these  atom transfer and iron vinyl bond formation in a “metallocycle-
measurements are made in the presence of olefin, one of theike” transition state seems most likely. In fact, an analogous
olefin/CO ratios that was employed was such thgi= 0.87y. metallocycle intermediate has been proposed by Stoutland and
Thus, the BDE for the irorrperchloroethylene bond in Fe(CQ) Bergman to explain the isomerization of H}FCp)(PMe)-
(C.Cly) is expected to be greater thar21 kcal/mol. Prior DFT (CoHs) to its (7>-Cp)(PMe)lr(2-CoHy) isomerdt
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Note that formation of a metallocycle transition state involves Additional evidence for the photolytic growth of the chloride
a change in the binding of the olefin at the iron center from a comes from an analysis of FTIR spectra taken during photolysis.
configuration involving coordination of ligand electrons to In a manner consistent with the proposed mechanism the growth
one involving two Fe-C ¢ bonds. Indeed, the bonding of of the perchlorovinyl iron tetracarbonyl chloride product exhibits
haloalkenes in metal complexes seems to have some metalloan induction time; that is, it only starts growing after some Fe-
cycle character rather than pure coordination through the double(COu(C,Cl4) has been formed. Further evidence for the mech-
bond?15 Strongly electron-withdrawing substituents around the anism in egs 1619 comes from diode laser experiments at 2089
double bond increase the propensity for back-donation of and 2109 cm!. In these experiments perchlorovinyl iron
electron density. In such complexes, back-donation is more tetracarbonyl chloride was observed to grow as a result of
important if the metal is relatively electron rich, as is iron(0). photolysis only when the CO pressure exceedé@ Torr, and
Because back electron donation involves ttteantibonding the intensity of the signal increased with increasing CO pressure.
orbital of the olefin, the bond order of the<€TC bond decreases  Although photolytic loss of olefin rather than CO seems more
and attains more of a single-bond character. The result istypical in the metat-olefin complexes that have been studied,
elongation of the carboncarbon bond and bending of the the mechanism in egs 3d9 only requires that CO loss is a
substituents away from the metal, as the carbon atoms havenonnegligible photolytic pathwadf:29:40.44
more sp character. This effect has been confirmed by gas-phase Baker and Fieléf reported that photolysis of Fe(DMPE)
electron diffraction structures of Fe(C{¢.H4) and Fe(COy (CzH,) vyields the vinyl Fe(DMPE) hydride complex HFe-
(CoF4).4243DFT calculations predict the same behavior in the (DMPE)(C,H3), but they did not present a mechanism for its
tetrachloroethylene complék.Although there are no experi- formation. We hypothesize that formation of this hydride
mental geometrical parameters for Fe(@{O)Cly), DFT results complex is likely to involve breaking of the Felefin bond
for the geometry of Fe(CQ(C.Cls) more closely resemble the  and subsequent formation of an intermediate with an agostic
geometry of Fe(CQJC,F,) than that of Fe(CQJCyHy).1 This H—Fe bond.
is consistent with a concerted oxidative addition process CIlFe(CO}(C.Cls) decays in about 10 min at room temper-
involving the formation of a metallocycle-like transition state ature, with no measurable dependence on ligand pressure. The
being more favorable in the perchloroethylene complex than in Arrhenius parameters for its disappearance Bye= 7 kcal/
the analogous ethylene complex. mol andA = 10° s™1. The very small preexponential factor

C. Formation and Decay of CIFe(CO)(C,Cl3). As dis- virtually precludes a direct elementary dissociative step leading
cussed in the Results section and shown in Figure 5b, when ato decay of CIFe(CQJC.Cls). These parameters suggest that
mixture of ~50 mTorr of Fe(CQ), ~5 Torr of GCls, and more the disappearance of this product involves a heterogeneous
than 10 Torr of CO is photolyzed, a new set of bands (2089, pathway and/or a complex decomposition process for which the
2109, and 2166 cni) grows in during photolysis. These bands observed rate constant is actually a phenomenological rate
are assigned to speciBg, which is sufficiently stable that the  constant that is potentially the quotient and/or product of
bands can be observed in FTIR spectra. The blue shifting of microscopic rate constants. Such a process can be represented
the absorptions of speci®¢ with respect to absorptions of the  generically in eqs 20622.
monoolefin complex is consistent with specl¥sbeing ClFe- .
(COM(CLCl3). A mechanism to explain the growth of CIFe(GO) CIFe(CO)(C,Cl,) = ClFe(CO)(C,Cl,) + CO (20)
(C,Cls) during photolysis and its dependence on CO pressure ke
is shown in eqs 1619. K,

Photolysis of Fe(CQJC,Cls) can lead to loss of CO to  CIFe(CO)(C,Cl) —

produce Fe(CQJC,Cly). This is followed by the oxidative wall reactions and other processes (21)
addition of GCl, to yield a 16-electron chloride vinyl complex, K,
which can then add CO to form the 18-electron perchlorovinyl CIFe(CO)(C,Cl,) — other products (22)

iron tetracarbonyl chloride complex.
This mechanism yieldslapsthat is equal toKyko[CO] + kiko)/
Fe(CO), + C,Cl, — Fe(CO)(C,Cl,) (16) (k[COD. S .
Note that, if CO dissociation were considered (eq 20), there
Fe(CO)(C,Cl,) LS Fe(CO)(C,Cl,) + CO (17) would be a CO-dependent 9qui|ib_rium involved in the kinetics.
However, the accuracy with which the decay rates can be
Fe(CO)(C,Cl,) = CIFe(CO)(C,Cly) (18) determined for CIFe(CQ)C.Cls) degrades at low CO pressures
because of the limited signal-to-noise ratio at these pressures.
CIFe(COY(C,Cly) + CO== CIFe(CO)(C,Cly) (19) For larger CO pressures, for which the rate can be measured
more accurately, there is no evidence of a CO dependence.
The increase in the peak absorbance of the CIFe{@a013) However, this is not incompatible with the mechanism indicated
absorption bands with increasing photolysis time is consistent above. At high CO pressure, the equilibrium in eq 20 is
with this mechanism. At a CO pressure of 10 Torr the ratio of displaced to the left, and therefore, the dominant decomposition
the peak of the absorption band of the monoolefin to that of path is the reaction of the product on the cell walls. When the
the chloride product decreased from 19:2 after 150 shots to 8:2CO pressure is sufficiently high thak;[CO] > kik,, the
after 300 shots. When the CO pressure is 70 Torr, the observed rate constant would then be equal to the decay rate
monoolefin-to-chloride ratio does not change significantly after for wall reactions and/or other decay processes. Under these
~1 min of photolysis at 5 Hz, suggesting that a photostationary conditions, the preexponential factor could be for wall reactions,
state is reached in the presence of a large excess of CO. Withor it could be a phenomenological preexponential factor resulting
enough CO present, CIFe(C403.Cls) can be trapped as ClFe- from a weighted sum of decay channels. The decay products
(COu(C,Cl3) before it has a chance to revert to Fe(6(G)- could remain on the cell walls or precipitate out of the gas phase,
Cly). Thus, the rate of growth of ClFe(C&E.Cls) increases explaining why we do not directly observe decomposition
as more CO is added in the 435 Torr pressure range. products in the gas phase.
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D. Oxidative Addition in the 16-Electron Complex: Fe- divided by the equilibrium constant, then a change in temper-
(CO)3(C2Cly). Equations 16-19 provide a mechanism for the  ature would be expected to lead to a change in the observed
formation of CIFe(CO)C,Cl,) as a result of photolysis of Fe-  rate. As a general rule, the rate constants for addition of olefins
(CO)(C.Cly) and explain the lack of an observable dependence to unsaturated metal carbonyls are temperature-indepéfident
on the pressure of CO present in the reaction mixture. This however, as long as\G is not zero, there should be a
mechanism implies that the oxidative addition of theCG temperature dependence to the equilibrium constant. As men-
ligand that occurs in the 16-electron Fe(G@)Cls) complex tioned previously, within the experimental error, the rate constant
to form CIFe(COyY(C.Cls) is considerably more facile than the for formation of CIFe(CO)YC,Cly) is independent of temper-

corresponding process in Fe(G@@.Cl,). A more facile oxida- ature. This temperature independence implies that the equilib-
tive addition reaction in Fe(CQ@(C.Cl,) relative to Fe(CQy rium favors the monoolefin and that the observed intermediate
(CoCly) is certainly plausible considering that the open coordi- | is the unsaturated monoolefin carbonyl, Fe(gO)Cl,).

nation site in the 16-electron species could facilitate the Additional evidence to support this conclusion is found in the
formation of an agostic chlorireiron bond, which is necessary  FTIR spectra of samples containing very low CO pressures. In
for the proposed transition state. the presence of a small amount of CO, both species in the
Oxidative addition in 16-electron irerolefin complexes has  equilibrium in eq 23 will compete for CO. If CIFe(C&lL,Cls)
been observed before, with tffeatom transfer process having is favored by the equilibrium, then CIFe(Cg.Cls) should
been studied in the most det&d?”4>For example, Fe(C@) be the main CO addition product. However, spectra of a mixture
(n*-CsHe) reacts to form the allyl hydride complex HFe(GO)  containing 0.5 Torr of CO revealed mostly Fe(G@Cls),
(17%-C3Hs). The gas-phase reaction is very fastlQ' s™%) and which is formed as a result of the addition of CO to Fe(¢0)
probably unactivated<(3.5 kcal/mol)*¢ Similarly, the photolysis (C,Cly). It should also be noted that once spediés assigned
of Fe(COj with CH;=CH—CHCl in pentane yields a relatively  as Fe(COYC,Cl,), it is clear that specids is Fe(CO}(CxCly),.

stable allyl iron chloride complex, CIFe(C&)*-CsHs).*’ With a large quantity of CO present, the dominant pathway
o-atom transfer reactions, as part of oxidative addition processes o production of monoolefin is addition of Cls to Fe(CO)
have also been reported in 16-electron compléxés:®The and as shown previously, the dominant channel for production

oxidative addition reaction in the (PBPt(GCls) complex to of CIFe(CO)(C,Cls) is via photolysis of Fe(CQJC,Cla). When
form (PPR),CIPt(C,Cls) is one examplé! Another example is  high pressures of CO are present, the unsaturated chloride
the conversion of f-HBPf3)|I’(CO)(7’/2-C2H4) to its vinyl complex [CIFe(COYC,Cls)] can be trapped as CIFe(C{T,-
hydride isomer as a result of the oxidative addition gHg*® Cly). Although CIFe(COYC,Cls) can isomerize to Fe(C@)
In the absence of added CO, the decay of Fe(EXly) is (C,Cly), this latter species could add CO to produce Fe(€O)
governed by the rate law for the following processes: (C5Cly), which could then be photolyzed, lose CO to produce a
K 16-electron species, which could then isomerize. This cycle is
Fe(CO)(C,Cl,) f CIFe(COYCLCly) (Keg=kik)  (23) repeated with each photolysis pulse, providing a means for ClFe-
(CON(CCl3) to accumulate.
ke The results discussed above on the formation of the unsatur-
Fe(COYCLL) + C,Cl, — Fe(CONCLL),  (24) ated chloride, CIFe(CQ)CCls), from the 16-electron monoo-
elefin, Fe(COY(C,Cly), imply that this oxidative addition process
must be rapid enough to compete with the addition of CO to
Fe(CO)}(C,Cl,) to re-form Fe(COYCyCly). Thus, itis clear that
isomerization is faster than the addition of ligand, placing the
_ rate of isomerization as6 x 10° s~1. An estimate of the rate
Koo = ek, [CCL K + KA [CLLD (25) for the reverse reaction in eq 23 can be made from the relative
a Yields of Fe(COYC:Cls) and CIFe(CO)CCly) after photolysis.

The value ofK¢q determines which of two rate expressions are
observed. Itks > k;, the chloride isomer is favored, and the
rate of rise of the bisolefin is given By

Assuming that the isomerization is faster than the addition of ! S
second olefin, that ig¢ > k+[C,Cla], thenkopsis approximately ~ ASSuming that tﬂe ratcizfor addition Oflc_? to ClFe(G@}-
equal tok+[CoCla)/Keq The rise of bisolefin product would be Cly) is n the 10 _10__ cm® mc_)lecule S -range, a simple .
dependent on the pressure of olefin, as is observed. However Potolytic model predicts that in order to obtain the experi-
the implication of this expression is that, when the rate of rise mentally observed relative yields, the rate for the reverse reaction

of olefin is plotted against the olefin pressure, the slope should MUst be on the order of 2871, using a value fok; in eq 23 of

be equal to the addition rate constakt)(divided by the ~ © X 10°s™
equilibrium constant for eq 23. On the other handkif> ki, E. Addition Rate Constants. Table 1 contains the rate
the monoolefin is favored, and the observed rate for the rise of constants for the additions 0b&4, C;F4, and GCl, to Fe(CO},
product is simply Fe(CO), and Fe(CO)olefin). Available data indicate that, in
general, the rate constant for addition of a ligand to Fe¢@®©)
Kops = K [C,Cl,] (26) ~10? times faster than the corresponding rate constant for

addition to Fe(CQ)*° Fe(CO} has been predicted to have a
and the slope of the rate of rise of product versus olefin pressuretriplet ground state, and thus, addition of a ligand) tb form
is simply the addition rate constant. As will be discussed in a triplet Fe(COJL' complex is expected to be spin-conserv-
section IV.E, the rate constant for addition of a second ing.8°% Because Fe(CQ)has been reported to have a triplet
tetrachloroethylene ligand to Fe(CfJ.Cl;) seems to be  ground stat# and available evidence indicates that, at least for
“abnormally” low when it is compared to the rate constants for weakly bound ligands, Fe(Cgy complexes have triplet ground
addition of other olefins to analogous unsaturated Fe¢CO) states'® addition of a singlet ground-state ligand to Fe(¢O)
(C2X4) complexes. This observation could imply that what has requires a spin change. This necessity for an intersystem-
been measured Is/Keq and not simplyky. This would further crossing process, which involves accessing a restricted region
imply that species is the chloride, rather than the monoolefin.  of phase space, leads to a relatively small addition rate constant
However, if the measured rate is the addition rate constantcompared to the rate constant for the addition of the corre-
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TABLE 1: Rate Constants® for Addition of Some Olefins to Unsaturated Iron Carbonyls

L= C2H4b L= C2F4b L= C2C|4C
Fe(CO)+ L (22+2)x 101 (3.3+£1.2)x 101 (3.040.8) x 1011
Fe(CO)+ L (1.74+0.2)x 10713 (0.18+ 0.05) x 10713 (1.2+£0.3) x 10713
Fe(CO)L + L (11+3) x 1012 (5.4+1.7)x 1012 (0.19+ 0.04) x 10712
Fe(CO)L + CO (4.3+£0.7)x 10722 - (2.4+0.6) x 10712

aRate constants are in émolecule® s ® From refs 10 and 49.This work

TABLE 2: Carbonyl Stretch IR Absorptions for Some

sponding ligand to Fe(C@®)for which this constraint is not Olefin Iron Carbonyl Complexes

expected to be operative. Larger rate constants for addition of —
a ligand, L, have generally been observed when one CO is conditions

i 1yi
replaced by another ligand'jlto produce an Fe(CGl)' species. Species () frequency (e

: : : . Fe(CO)(CaHq)? gas (298) 2095 (0.11), 2024 (0.74), 2020 (1.00),
Possible reasons for this are discussed in ref 49. 2t 2007 (0.50), 2002 (0.75)

The rate constants for the addition 0§@, to unsaturated Fe(CO)(CoFs)P gas (297) 2135 (0.04), 2074 (1.00), 2043 (0.78)
iron carbonyls follow the general trend outlined above. The rate Fe(COXCCla®  gas (297) 2125 (0.45), 2069 (1.00), 2039 (0.73)

i ; ; Fe(COMC,Cly)d  hex(298) 2134 (s), 2072 (vs), 2040 (s), 2004 (w)
constant for addition of Q;L; to FQ(CO} is 250 times Igrger Fe(CO)l(CECI:Fz)‘—‘ hex (208) 2126 (m). 2063 (5) 2032 (s)
than the rate constant for its addition to Fe(G.(Replacing a Fe(COMCoHa)»*  gas(298) 2069 (0.07), 2001 (0.80), 1997 (1.00)
CO ligand by tetrachloroethylene increases the rate constant forre(CO}C,F.),>  gas (297) 2147 (0.08), 2091(1.00), 2068 (0.60)
C.Cl, addition, although not by much. The rate constant for Fe(CO}(CxCls):* gas(297) 2084 (1.0), 2057 (0.4)
addition of GCl, to Fe(CO)(C,Cly) is only 1.6 times larger Fe(ggﬁ(ggf)fc MCHZ(SO) 220(;116(0-& 1963 (0.8), 1957 (1.0)
than the rate constant for its addition to Fe(G@)iso, the rate (Fjleée(cié)‘(zcz[glg)c SZZ 529;; 2126 (0.2), 2109 (1.0), 2089 (0.8)
constant for addition of €1, to Fe(CO)(C,Cl,) is small relative CIFe(CO)CIo TCE (298) 2164 (0_19’), 2124 (1_0'0)‘ 2108 (0.77),

to the rate constants for the addition of ethylene and tetrafluo- 2084 (0.85)
roethylene to their respective olefin tricarbonyl iron complexes.  aelier, B. H.: Miller, M. E.: Grant, E. RJ. Am. Chem. Sod987,
The relatively small rate constant for the addition of a second 109 352.° House, P. G.; Weitz, El. Phys. Chem. A997 101, 2988.
C.Cl4 ligand could be the result of steric factors. The binding °This work.?Fields, R.; Godwin, G. L.; Haszeldine, R. N.
of a second olefin is preferred in the equatorial plane of the Organomet. Chem1971, 26, C70.°Fields, R.; Germain, M. M.;
molecule?® Thus, there could be greater steric hindrance in its vésgsrﬂg% ?g I\B’Yiig%i“s'cpé w'v(\:/nembﬁol\(;l' /é?o?rq %’f:r}:g%‘#
approach to the Fe(CEI>X,) moiety if the olefin has large o "2 ST0 = P A ooy 000 16 Taay. gas= gas
sgbstltuents ground the double bond. This picture is consistent;ase “hex= hexanes solution, MCH= methylcyclohexane matrix,
with the relative magnitudes of the rate constants for addition and TCE = tetrachloroethylene solutiohRelative intensities in
of CO and GCl, to Fe(CO)(C,Cly), for which the former is parentheses.
~12 times larger than the latter. Molecular mechanics calcula-
tions using the Tripos force field, available in the Sybyl constant for the addition of Fe(C&Xp Fe(CO)(C,H,), which
molecular mechanics prograthywere employed to qualitatively  is equal to (4+ 2) x 1011 cnm® molecule? s at 24°C8 As
compare the effect of the substituent around the double bondpointed out by Ryther and Weit2 the rearrangements necessary
on the steric repulsive term of the van der Waals energy whento produce products in some polynuclear-species-forming reac-
a GX4 ligand approaches an unsaturated Fe@@@Xa,) frag- tions do not have a major influence on the rate constants for
ment. In all cases, the approaching olefin was the same as thehese processes. This was attributed to the fact that, on
bound olefin. The steric repulsive contribution to the overall complexation, the energy released into the internal degrees of
energy is much larger for tetrachloroethylene than for both freedom of the association complex can facilitate the geometrical
ethylene and tetrafluoroethylene. To minimize the repulsive rearrangement required to produce a stable species. Although
interaction, the incoming ligand must rotate slightly so that the the rate constant for addition of perchloroethylene tg(E@)s
incoming olefin is not parallel to the bound ligand. At the same is much smaller, (4.4- 2.5) x 1074 cm? molecule! st at 24
time, the iron carbonyl fragment, which was assumed to be of °C, than the rate constant for reaction of Fe(€@ith Fe(CO}-
Cz, symmetry}* must deform by bending the axial carbonyl (C,Cly), it is ~6 times larger than the rate constant reported by
ligands away from the incoming ligand. Ryther and Weit? for the addition of CO to F£€CO). This

The rate constant for addition of tetrachloroethylene to Fe- difference in magnitude for perchloethylene and CO reacting
(CO) is slightly smaller than that for the corresponding process with Fe(CO)g is comparable to that observed for the rates of
for ethylene but larger than that for perfluoroethylene. Interest- addition of GCls and CO to Fe(CQ)
ingly, these results follow the pattern associated with changes F. Carbonyl Stretching Frequencies. Table 2 lists the
in electron-donating character of the incoming ligangHgis carbonyl stretching frequencies for the species detected in this
a better electron donor than@ls, and GCls is better than eF,. work, along with relevant frequencies for related olefin iron
The electron-donating character of the olefin could affect the carbonyl complexes. A comparison of the frequencies for the
rate constant if it leads to a longer-lived complex on the triplet monoolefin tetracarbonyl complexes reveals that, as expected,

potential energy surfacé. the halogenated olefin ligands shift the carbonyl absorptions
The rate of formation of a polynuclear complex from the toward higher frequency with respect to those of ethylene
reaction of Fe(CQ)with Fe(CO}(C,Cly) is equal to (9.7 because the halogen substituents on the olefin make these

3.5) x 1072 cm® molecule! s71 at 24°C. Although there is molecules more electron-withdrawing than ethylene. Electron-
no definitive evidence as to the nature of this complex, prior withdrawing ligands remove electron density from the metal,
studie$*indicate that such reactions are typically association making it less available for back-bonding to the carbonyl
processes, which, in this case, would lead to formation of ligands. As a consequence of this thef&0 bond distance

Fe(CO)(C,Cly). The rate constant for the reaction of Fe(§0O) increases, while the €0 bond distance decreases, generally
with Fe(CO}(C,Cly) is very similar in magnitude to the rate leading to a shift in the CO stretching mode(s) to higher
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SCHEME 2
Polynuclear
+CO T +L
Fe(CO) = Fe(C0), === Fe(CO)L === CIFe(CO)L' —> Walnds,
|
o |+co +COo||-co +Co|| -co
Fe(CO); — Fe(CO);L === CIFe(CO),L' —= Polynuclear

S A s

Polynuclear
Fe(CO),L, CIFe(CO),L'L —> Wali xns,
L=C,Cly decomposition

L' = C,Cl,

Wall rxns,
decomposition

frequency. DFT calculatioA5of bond distances are consistent A mechanism that is consistent with all of the observations
with results from electron diffraction studiés3both of which discussed in this work is shown in Scheme 2. Photolysis of
support this picture. In a manner consistent with this picture Fe(CO} at 308 nm generates Fe(GQyhich can add either
the absorptions bands of the tetrafluoroethylene complex areCO or GCl, or both. At low CO pressures, the initial formation
slightly blue-shifted relative to those of the tetrachloroethylene of Fe(CO}(C.Cl,) is favored (Figure 1). Fe(C@(C.Cls) can
complex as a result of the stronger electron-withdrawing effect undergo an oxidative addition reaction to form ClFe(gO)
of the fluorine atoms as compared to that of the chlorine atoms. (C,Cls). This process is reversible and an equilibrium is
The same trend is observed for the bisolefins. The relative established between these species (eq 23). AlthouGhy Can
intensities and the frequency separation of the bands that wereadd to either of these species, the bisolefin, Fe¢GRTl).,
detected support the correspondence of the 2084 and 2057 cm is the primary product, as the equilibrium between Fe(O)
bands of the bistetrachloroethylene complex with the 2091 and (C.Cls) and CIFe(COXC:Cls) significantly favors the 16-
2068 cnt! bands in its tetrafluoroethylene analogue. On the electron monoolefin complex. The bisolefin lives for longer than
basis of the bistetrafluoroethylene spectra, an absorption for the500 ms, but it was difficult to detect this species using FTIR
bistetrachloroethylene at a still higher energy would be pre- spectroscopy or the diode laser. The optimum conditions for
dicted. However, the range of operation of the diode laser usedobserving the bisolefin with either the FTIR or the diode laser
in these experiments precluded operation in the region wherewere those in which the pressure of CO were mininsdl {Torr).
this absorption would be expected (near 2140 &m However, even under those conditions, the limited signal-to-
A comparison of the shifts in the absorption of the bisolefin noise levels of the bisolefin signals makes the analysis of the
Comp|exes relative to those in their monoolefin ana]ogues can bisolefin behavior difficult and is consistent with the species
be made with the assumption that both the mono- and bisolefin being present at low concentration.
complexes haveC,, symmetry?6 For ethylene, the bisolefin Under conditions such that the CQ@, pressure ratio is
absorptions are red-shifted with respect to the correspondinghigh, the addition of CO to Fe(C®@}o yield Fe(CQO) is the
monoolefin absorptions. However, in the case of the bis halo- dominant initial process. Addition of olefin to Fe(Croduces
genated olefin complexes, they are blue-shifted, with a larger Fe(CO)(C,Cls), which when photolyzed can produce ClFe-
blue shift for the fluorine relative to the chlorine-containing (CO)y(C,Cls) via addition of CO to CIFe(CQJC,Cl3), which
complex. The addition of an electron-withdrawing ligand leads is present because of the Fe(G@)Cl,)—CIFe(CO}(C,Cls)
to a decrease in the electron density available for back-bonding.equilibrium. Because this equilibrium favors Fe(G@yCls),
This weakens the FeCO bond and leads to a stronger CO bond CIFe(CO}(C,Cls) is not directly observed but, rather, serves
relative to the monoolefin. However, when bound to an iron as an intermediate in the generation of CIFe(§O)Cls). In
tetra- or tricarbonyl, ethylene is a better electron donor than principle, olefin could also add to CIFe(C£.Cls). However,
electron acceptor.An extra ethylene leads to more electron we found no evidence for the anticipated ClFe(g{O)Cls)-
density around the metal which is then available for back- (C,Cls) product. This could be for a number of reasons. For
donation to the carbonyl, decreasing the-E¥O bond distance  example, CIFe(CQJC.Cls)(C,Cly) could very unstable to ligand
and elongating the CO bond. loss and/or rearrangement and/or it could be very photolabile
Through analogous reasoning, a perchlorovinyl chloride is with respect to 308-nm radiation. Additionally, the @,
expected to withdraw more electron density than an olefin. The pressure was limited te-5 Torr, so even if it forms, it would
positions of the iron tetracarbonyl dichloride absorption bands be expected to be present at low concentration.
support this expectation. Thus, a chloride perchlorovinyl tetra- ~ As discussed in section 111.B, the absorptions observed for
carbonyl complex should have CO absorptions bands that arespecied!l match up very well with those reported by Haszel-
blue-shifted with respect to the monoolefin and bisolefin dine and co-workers for a compound they identified as Fe4CO)
complexes, as is the case for the monochloride species reportedC,Cl,).1® However, because there has been no determination
in this work. of the structure of this compound, it is, at least in principle,
G. Overall Mechanism for Addition of Perchloroethylene possible that this compound is actually CIFe(GG)Cls). In
to Unsaturated Iron Carbonyls and Kinetics Simulations. this case, specid¥ would be Fe(CQ)C,Cls). However, this
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Figure 8. Plots of experimentally obtained signals for the loss of Fe(@DTIl,) (solid circles) that are compared to simulations (solid lines)
based on Scheme 2: (a) 297 K and C&@z = 0.5, (b) 297 K and CO/€Cl, = 14, (c) 315 K and CO/&l, = 0.5, and (d) 315 K and CO/Cl,

= 14. In each case, the olefin pressure was 5 Torr.

possibility can be excluded on the basis of the kinetics observedof Fe(CO)(C,Cl,s) to ClIFe(CO)(C.Cls), which then decays

in the present study. For specidis to be CIFe(CO)C.Cly), it
would have to be formed from Fe(C{Z.Cl,) via a very rapid
oxidative addition process. Additionally, ClFe(C@D.Cls) and
Fe(CO)(C,Cly) would exchange places in Scheme 2. However,
if the first species observed is CIFe(G@,Cls), then we would

sufficiently rapidly that it is effectively a steady-state intermedi-
ate that is present at low concentration. The more rapid decay
of the chloride than of Fe(CQ(C.Cl,) is consistent with direct
measurements of the lifetime of CIFe(C@).Cl3) when, as
discussed above, it is produced by photolysis of Fe((l,).

not observe a second species as a result of isomerization of CIFefor low CO/GCl, pressure ratios{2) and measurements made

(CO)(C,Cl3) to Fe(CO)(C.Cly), as this latter species would
rapidly convert to CIFe(CQJC,Cls). This is inconsistent with
observations and confirms our assignment of spdtlieas Fe-
(COu(CyCly). By implication it also confirms Haszeldine’s
assignment of this species.

Fe(CO)(C.Cl,) exhibits a single-exponential decay at high
COIGCl, pressure ratios>(2). The rate of this decay does not

at temperatures below 304 K, the decay curve for Fe{CO)
(C.Cly) is a double exponential. Under such conditions, the
isomerization of this species to ClFe(G(,Cls) is not the only
process relevant to the disappearance of Fef@2¢l,). To
understand these observations, simulations of the kinetics of
the mechanism in Scheme 2 were performed using a program
developed by IBM* As shown in Figure 8, very good

depend on ligand or parent pressure. From this behavior andsimulations of the experimental signals could be achieved for
the Arrhenius parameters for the process, we conclude that theFe(CO)(C,Cl;). The simulations show that the double-
decomposition pathway for this species involves isomerization exponential decay that is observed with the FTIR for Fe(€O)
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energies for CO dissociation from Fe(G@@.Cl,) and olefin
from Fe(CO)(C.Cly), are ~21 kcal/mol and~22 kcal/mol,
respectively. Fe(CQJC.Cls) is produced via the CO loss
process. This unsaturated complex can add an olefin to yield
bisolefin or can isomerize to the chloride. However, the bisolefin
can lose an olefin, and the chloride can isomerize back to Fe-
(CO)(C.Cly). Given these multiple channels, the fast decay rate
is a phenomenological rate due to a combination of the
microscopic kinetic processes and/or equilibria for these pro-
cesses. For sufficiently low CO4Cl, pressure ratios (Figure
8a), a relatively fast equilibrium is established between the
mono- and bisolefin species through Fe(g(G)Cly), while Fe-
(CON(CxCly) is slowly decaying to its chloride isomer.

0.75 8
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o
wn
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0001 CIFe(CO)(C,Cly) ~— Fe(CONCLL) =5
' ' ' ' ' k,[L]
¢ x e m A T Fe(CO)(C,Cl,) <.— Fe(CO}(C,Cly), (27)
Time (min) L

Figure 9. Plot of the results of the simulations based on Scheme 2 jnder these conditions, an approximate analytical solution can

showing the effect of the rate constant for CO dissociatl@f) {rom : . . ) . .
Fe(CO)NC:Cls) and olefin lossK_.) from Fe(CO}C,Cl), on the decay be obtained by invoking the steady-state approximation for the

of Fe(CO)(C:Cly). The signals shown were obtained at room temper- F€(CO}(C2Cls) intermediate. Using this approximation gives
ature for a CO/GCl, pressure ratio= 0.5. Open circles are the  €0s 28 and 29, where the rates for the disappearance of Fe-

corresponding experimental signal. The solid line is Hgr= 1.8 x (CO)(CoCly) (called M) and Fe(CQJC,Cly), (called B) are
102andk-_ = 3.5 x 10 %s%, the dashed line is fdty = 1.8 x 1072
andk = 9.6 x 103 s7%, and the dotted line is fdty = 9.6 x 1072 —d[MJ/dt = (Kg, + Ka)[IM] — kg[B] (28)

andk_. =3.5x 103s™.,

(C.Cly) at room temperature and low CO pressure is linked
principally to three processes. One of them is the equilibrium , _ ,
between Fe(CQJC,Cls) and CIFe(CO)C:Cls). To reproduce whereks = (k‘d'k+[|,‘])/ (K+[L] + keo'[CO)) andke = (k-Lkeo'-

the experimental data at room temperature the equilibrium rate [CO])/(k+[L] + keo[CO)). . . .

: ; lution for these equations can be obtained using Laplace
constantKeq must be<1073. This value agrees well with the Aso & S€ eqL . : g -ap
estimates made in section IV.D. Itis also consistent with kinetic transforms® to obtain a biexponential function of the form
and spectroscopic data which indicate that this equilibrium is
significantly biased toward the monoolefin species. An equi-
librium constant of this magnitude translates into a value for
AG of =4 kcal/mol for the isomerization of the 16-electron
species, Fe(CQ)C.Cly), to CIFe(CO)(C.Cls). The other two _1 _ 2 _ 1/
processes that can be associated with the fast decay of the 18-S T (Ko + Kn + ko) = [(kiso F ki + ko)™ — Akacka] )
electron species, Fe(C&E.Cl,), are the loss of CO from Fe- =1 s s 2 _ Ak u
(CO)(C;Cls) and the loss of &1, from the bisolefin, Fe(CQ) U=l (keo K + ko) + [(kso ke + o) — Akl
(CoCls)2. The outcome of the simulations was very sensitive to  C = (kg — M] )/(U — § andD = (U[M], — kg)/(U — S
both the magnitude of the individual rate constants for these
processes and the ratio of these rate constants. This dependendgsing the experimental values fk¢o', ki, andkiso, as well as
is shown in Figure 9. the ky' and k- values from the simulation, it can be shown

Although it was found that there are at least two local minima that the slow decay rat& converges tdis, when the CO/&
on the multidimensional parameter surface for which the Cl ratio is increased. Also, the fast decay ralt, is ap-
simulations fit the data at low CO pressure and 297 K, variations proximately equal to the sum &f andkg over the entire range
in the CO pressure as well as the temperature produced dataf CO/GCl, pressure ratios from 0.5 to 28, convergingkto
that did not match the experimental data for one of these at the high end of this range. Thus, it would, in principle, be
minima. The best fit to experimental data, with 2.5 Torr of CO possible to obtairk- directly from the rate of the fast decay.
and 5 Torr of olefin, corresponds to rate constants for loss of However, this proved to be difficult because increasing the CO/
CO (k') from Fe(CO)(C,Cly) in the (9-35) x 103 s 1range, C.Cl, ratio increases the ratio (C/D) of the amplitude of the
provided that the rate of loss for olefin (K) from Fe(CO}- slow component relative to that of the fast one. Both the
(C,Cly)2 is 5—6 times slowerlf the rate for loss of olefin in simulation and the analytical solution indicate that the fast decay
the bisolefin product is faster than the rate of CO loss, the initial should have some dependence on the GOloressure ratio.
fast decay of Fe(CQC,Cl,) is no longer evident, even forlow A decrease in the rate of the fast decay~df9% at 304 K and
COIGCl, pressure ratios and for higher temperatures. On the 25% at 294 K is predicted in going from a CO(@, pressure
other hand, if the rate of loss of CO from Fe(G@Cly) is ratio of 0.5 to a ratio of 2. As previously mentioned, the error
much larger than the rate of loss of olefin from Fe(g{O)Cl,)2, in the determination of the rate for the fast decay is about 20
the initial decay of monoolefin has a larger relative amplitude 30% for such a ratio, with errors becoming larger as the CO
and is faster than is experimentally observed. On the basis ofpressure is increased, because the amplitude of the fast
these simulations, it is clear that the monoolefin iron tetracar- component decreases. Given that the experimental error in the
bonyl product preferentially losses CO. If a preexponential factor determination is of the same magnitude as the predicted change,
of 5 x 10 s71 is assumed for this process, the activation it is not surprising that it was not possible to accurately

—d[B)/dt = —k,[M] + kg[B] (29)

[M] = Ce S'+ De™™ (30)

where
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determine the CO dependence of the fast component. For the
same reason, the temperature dependence of the fast decay could a)
not be determined. According to the simulation and analytical °

results, a temperature dependence is expected because the decay ° 0©

depends oiky' andk-, which are expected to be temperature-
dependent. As the temperature decreases, the amplitude of the
fast decay becomes larger because the isomerization reaction
slows, and the monoolefirbisolefin preequilibrium dominates

the decay. At higher temperatures, the isomerization rate
becomes comparable to the rate of establishment of the
equilibrium, and as can be seen in Figure 8c, the fast decay is
no longer observable. . ‘ i

When a relatively high pressure of CO is present, Fe¢gcO) 0 5 10 15 20
(CLCly) can add CO fast enough that the CO addition/
dissociation equilibrium is pushed toward formation of Fe-
(CON(C,Cly), making the effect of the CO dissociation process
insignificant. When this occurs, only a single decay is observed,
and this decay of Fe(C@{C.Cly) effectively corresponds to
isomerization (Figure 8b and 8d), as indicated by the simulations
as well as the analytical solutio® converges tdise).

The range of the parameters in the simulations that lead to
the best fit to experimental data indicate that at room temper-
ature, Fe(CQJC,Cly), has an intrinsic lifetime of~2—9 min.
However, because the bisolefin is involved in an equilibrium
with the monoolefin, its actual lifetime under experimental
conditions is longer, and because of the equilibrium between
the bis- and monoolefins, the decay of Fe(g{0)Cl4), should Time (min)
match the decay of the monoolefin. The simulations also indicate Figure 10. Data for the time evolution of (a) Fe(C§T:Cls). and (b)
that the post-photolysis concentration of bisolefin at CI¢ Fe(CO)}C:Cly) without added CO. Open circles are experimental data,
ratios >0.2 is at least 5 times smaller than that of the and the lines are the result of a simulation udtag = 0.07 Torr [from
monoolefin. This predicted behavior helps explain the difficulty F&(CO} photolysis] and 5.0 Torr of olefin.
in detecting the bisolefin at CO4Cl, ratios >0.2. The more

intense bands of Fe(C@T,Cls) overlap those of Fe(CG(C,- more favorable in Fe(CQ)C.Cls) than for the corresponding
Cls), while both compounds decay at the same rate. The ethylene and perfluoroethylene complexes. However, ClFe-

optimum conditions for observing Fe(C{F:Cls); is for CO/ _(CO)4((_:ZCI_3) is not directly obser_ved when produced via this
C,Cl, ratios of<0.2. Under these conditions, the bisolefin grows 1S0merization pathway because it decays faster than Fe{CO)
to a maximum and then decays slowly, while the monoolefin (C2Cla) isomerizes to CIFe(CQIC:Cls). _

rapidly decays to a lower concentration. However, even under When a sample of Fe(Coand GCls is photolyzed in a large
these conditions, the maximum concentration of Fe@QT) excess of addeql CO, a species with apsorptlons at 2089, 2109,
Cl)2 is not predicted to be large. Data in Figure 10 are taken @1d 2166 cm' is detected. This species is formed by rear-
for CO/G,Cl, ratios <0.2. Given the constraints imposed by ~rangement of Fe(CQIC2Cly), which is formed by photolytic

the limited signal-to-noise levels, the ability of simulations to 0SS of & CO from Fe(CQIC:Cly). The species thus formed is

reproduce the experiment is considered satisfactory. best identified as CIFe(CGQC:Cls), which is also the product
of the isomerization of Fe(CQ(C,Cl,) discussed above. To our

knowledge, CIFe(CQJC,Cls) has not been previously reported.
However, we cannot completely exclude the possibility that
The rate constants for the addition 0§, to Fe(CO) and the observed compountl() is Fe(CO)(Cl),, which would have

Fe(CO} have been measured as (#20.3) x 1073 and (3.0 CIFe(CO}(C,Cl3) as a precursor and form as a result of a second

-
s

Rel. Intensity
o
o

(o]
o
(o]

o]

(o]

Rel. Intensity

V. Conclusions

+ 0.8) x 10711 cm® molecule® s71, respectively, at 25C. chlorine transfer reaction followed by elimination of dichloro-
These rate constants are smaller than those for the correspondingcetylene. CO addition could occur either before or after the
addition reactions with ethylene as the adddcthe Fe(COy second chlorine transfer process antCly elimination. Direct

(C.Cly) monoolefin complex is formed by the addition of observation of the chloride complex demonstrates that, as
tetrachloroethylene to iron tetracarbonyl. Gas-phase absorptionsexpected, it decays much faster than Fe({{Q)Cls) by what

for this complex have been observed at 2039, 2069, and 2125are likely heterogeneous reactions taking place at the cell walls.
cm~1and correspond well with those observed for this species  Irrespective of the identity of the chloride, its formation is
in solution1® Fe(CO)(C,Cl,) can isomerize to a perchlorovinyl — explained only if an oxidative addition reaction involving
iron tetracarbonyl chloride complex [CIFe(CfJ.Cls)] via an chlorine migration occurs in the unsaturated Fe(§Cy)Cls)
oxidative addition process. The energy of activation and complex with a rate that is at least comparable to that for
preexponential factor for the isomerization involving the Fe- addition of any ligand. This placeslawer limit on the rate of
(CO)(C,Cls) monoolefin complex are consistent with those this process of 6< 1° s71. The rate constants for addition of
previously reported for an analogous reaction in a platinum(0) CO and GCl, to Fe(CO}(C,Cly4), which has an absorption at
complex3* Analogous oxidative addition processes have also 2076 cnt?, are (2.44 0.7) x 102 and (1.9+ 0.3) x 10713
been previously observed in some manganese and ironcm?® molecule! s71, respectively, at 24C. The rate constant
complexes#—20 Using known and estimated bond energies, we for addition of GCl, to Fe(CO)(C,Cly), which is “abnormally”
conclude that this type of transformation is thermodynamically small when compared to the rate constant for addition of CO
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and of other @X4 (X = H, F) species to Fe(Cg(C2X4), could
be the result of the equatorially bound, sterically hindering
the approach of another,Cl, ligand. To our knowledge, Fe-
(CO)(C2Cly)2, which has absorptions at 2057 and 2084 ¢m
has not been previously observed.
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