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The photochemical reaction of ($-C5H5)Fe(C0)2Me with E(C6H5)3 (E = P, 
As, Sb) has been studied quantitatively in situ by NMR spectroscopy and the 
rate of reaction, as monitored by $-&Kc and Me resonances, determined as a 
function of ligand, ligand concentration, solvent, wavelength and likely compet- 
ing reactions. The product at temperatures above 27°C was found to be ($- 
C,K,)Fe(CO)(Me)E(C,HS); in all cases and rate plots showed that the rate-deter- 
mining step did not involve the ligand E(C,H,), and also that an acetyl complex 
was not involved as an intermediate. The photoreaction may be considered as: 

($-CsH5)Fe(CO)zMe 2 [($-C5H5)Fe(CO)2Me] * 
I-CO V 

(~5-CSH,)Fe(CO)(Me)E(C6H,), fEo3 [($-C,H,)Fe(CO)Me] 

Qualitative NMR studies showed that CSHIN, (C2K5)2S, and o-phenylenebis(di- 
methylarsine) gave products of the type ($-C5H5)Fe(CO)(Me)L in photochemi- 
cal reactions. 

Introduction 

Thermal reactions of ($-CsH5)Fe(CO)zR (R = alkyl, aryl) with ligands (L) 
have been extensively studied in recent years [l]. At lower temperatures a car- 
bony1 insertion product is formed (eq. l) which, at highe- temperatures and 
especially in polar solvents, decarbonylates (eq. 2). 

(~5-C5K,)Fe(CO)2R + L zN (~5-C,H5)Fe(CO)(COR)L 

* Present ad&es: Department of Chemistry. The University. Hull. HU6 7RX (Great Britin). 
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(qs-CSHs)Fe(CO)(COR)L s ($-C,H5)Fe(CO)(R)L + CO (2) 

The photochemical reaction of ($-CjHS)Fe(C0)2Me with P(C6Hs)J has been 
found to yield the alkyl complex (~S-CsHs)Fe(CO)(Me)P(C,H,), directly (eq. 3) 
with no intermediate formation of an acetyl [2]. 

($-CSHS)Fe(CO)lMe + P(CsH& L 
hydrocarbon 

30-35” c . solvent 

($-CSH,)Fe(CO)(Me)P(C,H,), + CO (3) 

However at eievated temperatures an acetyl is formed in the photochemical re- 
action [3] but this is thought [2] to occur via a competing thermal process (eq. 
4). 

(~5-CsH,)Fe(CO)(Me)P(C6H5)~ + CO 2 (~5-CsHs)Fe(CO)(COMe)P(C,H,), (4) 

Many transition metal compounds react with a wide range of L, e.g. phosphites. 
phosphines, arsines, stibines, organic sulphides, organic amines, iodide and CO, 
to yield the acyl complex as in eq. 1. Other compounds, notably ($-CsH5)Mo- 
(C0)3R [4] and ($-CsHS)Fe(C0)2R [5] display a marked selectivity towards L 
and phosphines, which are good nucleophiles, are the only generally successful 
ligand. We demonstrated recently that As(C6H& could react with ($-C5Hs)Mo- 
(CG)lMe under carefully controlled temperature conditions [6] and with ($- 
C5H5)Fe(C0)2Me under mild photolysis 173 to yield M(COCH3)As(C6HS)~ com- 
plexes, contrary to previous reports. In the Fe case the result was surprising be- 
cause an alkyd complex was expected cf. eq. 3. We report here a detailed in situ 
NMR study of the photocheinical reaction between ($-CsHS)Fe(C0)2Me and 
ligands E(C6Hs)3 (E = P, As, Sb) and an investigation of the reactions with organ- 
ic sulphides and organic amines. 

Results 

The effects of wavelength of irradiation, intensity of light, solvent, ligand and 
ligand concentration on the rate of the photochemical reactions of (q5-C5HS)Fe- 

TABLE 3. 

NMR DATA (r Scale. ppm) FOR (+CSH~)F~<CO)(M~)L COhiPLEXES 

L 9S-C5H5 Me +Z5H5 Me 9s+Bs Me 
Lsolvent <Sc!vent (Solvent 
CD3CN) CbHsCN) c6=6) 

- co 5.17 9.88 5.36 9.83 5.90 9.65 
p<C$j)3 5.75 10.10 = 5.80 10.02 = 5.82 9.65 = 
h(CcjHS)S 5.64 10.15 5.66 9.92 5.77 9.59 
Sb<C6+)3 5.48 10.19 5.51 9.94 5.67 9.62 
S(CZHd3 5.64 b - - - - 
CgHgN 5.63 9.73 - - - - 

DiZSC 5.76 10.18 

a Doublet. J(?H) 6 Hz. b Partial reaction, s&al obscured. cDia.rs (o-phenylenebis(dimethylarsine)) acting 

es a monodentate Ligand because product showed terminal CO l&and <u(m) 1900 cm-*) 
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(C0)2Me with P(C6H5)3, As(C6H5)3 and Sb(C6H,)3 were studied by following the 
course of each reaction via the NMR signals of the reactants and products. The 
NMR method was used in preference to the more usual infrared method [4,8] 
because the terminal CO-stretching bands of the compounds concerned were 
found to overlap, which precluded a detailed study. NMR gave a much clearer 
picture of exactly which compounds were being formed (Table 1) and integra- 
tion of signals, particularly for the ($-C5H5) resonances was used as a measure 
of the concentration of reactants and products during the reactions. A similar 
NMR method was used to study the decarbonylation of ($-CsH5)Mo(CO),- 
(COMe)L (L = tertiary phosphine) complexes 191. The factors affecting the rate 
of reaction were evaluated from plots of ln[a/(a -x)] versus time, where a = con- 
centration of starting complex (usually ($-C5Hs)Fe(C0)2Me) at t = 0 and (a--~) 
= concentration of that complex at some later time t, and also In x versus time; 
where x = concentration of product when only one product was formed. 

Discussion 

Linear plots (e.g. Fig. 1) of ln(a/(a -x)) versus time (slope expressed as a rate 
constant, Table 2) were obtained in all three solvents for all excess ligand con- 
centrations even down to quite small excess, e.g. Sb(C6H5)J($-C5H5)Fe(CO)&HB 
of l-31/3. in &H&N. This implied that the rate-determining step in the photore- 
action did not involve the ligand L (eq. 4). The rate constant (Table 2) was found 
to be dependent on the substituting ligand and on ligand concentration with 
ligands in the order of decreasing nucleophilicity, P(C6H5)3 > As(&H~)~ > 
Sb(&Hs),. This result is similar to that observed for the thermal insertion reactions 
of ($-C5HS)Fe(C0)2Me with ligands [ 81. For the photochemical reaction to pro- 
ceed to the alkyl via the acetyl, the photochemical decarbonylation of ($-CsH5)- 
Fe(CO)(COMe)E(C,H,), must be fast but this is not the case for E = P. The observa- 
tion may be explained by Scheme 1. An alternative to nucleophilicity to explain 

SCHEME 1 

($-C5H,)Fe(C0)2Me ieaczVatio; [(v’- GWFe(CO)Wel * + [(r15-C5HS)WCOWel 
by collision 
with solvent 

/ALI/ solvZ%ge 

I 
($-C,-H5)Fe(C0)2Me ($-CsHs)Fe(C&~Me)L 

the order P > As > Sb is the rate of diffusion of the ligand which is related to 
bulkiness, an explanation which finds support from the fact that reactions went 
slowest in the most viscous solvent &H&N. 

The electronic spectrum of (q5-C5H5)Fe(CO),Me and the likely reaction prod- 
ucts for P(C6H5)3, ($-C,H,)Fe(CO)(COMe)P(C,H,), and (~S-C,H,)Fe(CO)(Me)P- 
(C6H&, all showed intense charge transfer absorptions in the 215-350 nm re- 
gion with pronounced weaker absorption at 344,330 and 338 nm, respectively. 
Photoreactions in the quartz (X > 200 nm) and ordinary (X > 300 nm) NMR 
tubes gave the same product ($-C5H,)Fe(CO)(Me)E(C,H5)3 with similar values 
of k for each ligand (Table 2) which indicates that the photoreactions for both 
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Ma/a-x) 0.6 

time c&Q 
Fig. 1. Plot of ~n(e/(o -x)) YC~- time for the reaction of (&CsHs)Fe(CO)$Ie with L (e = P(CeH&. 
o = _4s(C6Hs)3. A = Sb(CeHs)$ in CDgCN at 30°C. Figures in parentheses refer to the excess I&and con- 

centration. i_e_ 2.99 ~orr~onds to 2.99 times the theoretical amount of P(C&5)3 necessary. 

irradiating wavelengths involve the breaking of a metal-terminal CO bond. This 
is consistent with the study of the photochemical decarbonylation of ($- 
C,-HS)Fe(C0)2(‘3COMe) where the 13C label was retained entirely in the product 
[lo]. As would be expected, the rate of reaction decreased with decreasing light 
Intensity (increasing distance in Table 2) with no change in the product. 

The study of the photoreaction of ($-C,I-&)Fe(CO)&~e (eq. 5) versus decar- 
bonylation of (~5-CsH,)Fe(CO)(COMe)P(CJ3S)3 (eq. 6) showed that reaction 
proceeded considerably faster than decarbonylation and furthermore that decar- 
bonylation was unaffected by the presence of excess P(C&l~)~. 

TABLE 2 

RATE CONSTANT D_4TAa FOR THE REACTION (+-CsHs)Fe(CO)2Me + L 
____-.~-- - 

L Excess CL] k Solvent Distance c Wavelength Temperature d k X 10’ 

(cm) (nm) (“Cl _ (set-‘) 
____-__-I_--- 

P(CeBsI3 2.‘,9 CD$N 3 >300 27 12.6 
-b(s<C6HS)3 2.76 CD3CN 3 >300 27 8.2 
SW&jHsI3 3.50 CD3CN 3 >300 27 6.8 

P(C6Hj13 6.15 CeHsCN 3 >300 27 9.6 
-4s(CeH5)3 6.50 CeHsCN 3 >300 27 8.3 
Sb(CeHg13 6.50 C6HsCN 3 >300 27 7.4 

P(CsHj)3 7.98 C6H6 3 >300 30 11.8 
As(C.f,H+ 7.35 C6H6 3 >300 30 9.8 
sMC6rJ5~3 8.20 C6H6 3 >300 30 6.1 

P(CeIW3 2.23 CDsCN 3 >200 27 12.5 
~(C&s)3 1.66 CD&N 3 >200 27 9.1 
=GgHs)3 1.64 CD3CN 3 >200 27 5.9 

-b(C6HS)3 standard solution CDgCN 3 >300 27 3.8 
A=.(CgHs)3 standard solution CD3CN 6 >300 27 2.3 
As(C6HS 13 standard solution CD&N 8.8 >3qo 27 1.3 

USlope ofIn<al(a-x))M~timeplots~pressedas k X lo4 set -1. o Abe number of times the theoretical 
number of moles of L which were used. c Distance of the NWR tubes from the Iamp. o Ambient Laboratom 

temperature. 
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t$-W-b)FdCO)&Je + PtWW3 A% ($-C,H,)Fe(CO)(Me)P(&H5)3 + CO 

(5) 

(r15-GH,)Fe(CO)(COMe)P(C,H,), Z-- (q5-C,H,)Fe(CO)(Me)P(C,H;), + CO 

(6) 

The effect of temperature was not studied in detail. It is worth noting that 
the reactions with As(&H~)~ and Sb(C6H& which resulted in the formation of 
significant amounts of acetyl were carried out at 20°C (winter ambient tempera- 
ture) [7] whereas the present work at 30°C (summer ambient temperature) gave 
mainly the alkyl compound with very little acetyl. It would appear that the ex- 
tra energy available in photolysis reactions at higher temperatures is sufficient 
to eject the labifised CO from the solvent cage. At lower temperature, CO re- 
maining in the solvent cage [ 111 might promote the secondary formation of the 
acetyl especially if high dilutions were used. 

The possible reaction of (qS-CSHS)Fe(C0)2Me with other ligands was investi- 
gated by irradiating solutions in CD&N in ordinary NMR tubes. A photoreac- 
tion occurred for CSHSN, (C2HS)*S and o-phenylenebis(dimethylarsine) (Table I), 
although the reactions with C5HsN and (CZH5)$ were very far from complete. 
It is interesting to note that the bidentate arsenic ligand did not replace both 
terminal CO groups but acted as a monodentate ligand as shown by infrared 
spectroscopy. 

Conclusion 

The major and in many cases the only product in the photoreaction between 
(qs-CSHS)Fe(C0)2Me and ligand L at temperatures at or above 27°C is the sub- 
stitution product ($-CsHS)Fe(CO)(Me)L with no involvement of an acetyl com- 
plex as an intermediate. Acetyls can be formed under conditions of lower tem- 
perature, low excess ligand concentration and with dilute solutions probably via 
a competing photochemical process rather than a competing thermal process, as 
has been suggested by other workers [2,3]. 

Experimental 

All operations were carried out under an atmosphere of “white spot” grade 
nitrogen (B.O.C. Ltd). Acetonitrile (A-R.), benzonitrile (A-R.), benzene (A-R.) 
and deuterioacetonitrile (99% D) were purchased from the Aldrich Chemical 
Company Limited and used without further purification. Standard literature 
methods were used to prepare ($-CsHS)Fe(CO)zMe 1121, (q’-C5Hs)Fe(CO)- 
(COMe)PPh3 [5] and ($-CsHS)Fe(CO)(Me)PPh, 121. Photolysis reactions used a 
Philips HPK-125 W medium pressure Hg arc lamp. Infrared spectra were recorded 
on a Unicam SP 200 spectrometer and were calibrated with a polystyrene refer- 
ence. Electronic spectra were recorded on a Unicam SP800 spectrometer. NMR 
spectra were obtained on a Ferkin-Elmer R12 spectrometer (probe temperature 
35°C). Examples of procedures utilised are given below. 
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Kinetic studies of the photochemical reactions of ($-C5H5)Fe(CU),Me with 

PGH5A, AsGHA and SbGHA 

(a) Effect of ligand and Ii&and concentration. The reactions were carried out in 
ordinary NMR tubes (X > 300 nm) placed at a distance of 3 cm from the light 
source. Solutions were prepared by weighing the complex and the iigand direct- 
ly into the NMR tube and then adding a known amount of solvent (hy syringe) 
sufficient to dissolve both of the reactants. (This procedure was considered pre- 
ferential to preparing standard solutions of the reactants and then using varying 
amounts of these solutions because solutions of (q5-C5HS)Fe(C0)2Me decom- 
posed slowly, giving pammagnetic species, even under a nitrogen atmosphere). 
Nitrogen was blown into the tube and the tube stoppered. Irradiation was carried 
out on several solutions simultaneously so as to minimize variations in lamp in- 
tensity and ambient laboratory temperature. The effect of ligand on the rate of 
reaction was observed by preparing three solutions, one containing each ligand 
and then irradiating the tubes simultaneously. The effect of ligand concentration 
was similarly observed by preparing three solutions containing the same ligand 
but different excess ligand concentrations (1.5 to 8 times more than the theoret- 
ical amount necessary for one mole of Fe compound reacting with one mole of 
ligand) and then irradiating the tubes simultaneously. Initial rates of reaction 
were measured by recording the cyclopentadienyl signals of the reactant and 
product(s) every two minutes for a total irradiation time of 15 minutes. The 
cyclopentadienyl signals in all instances were sufficiently far apart to give reason- 
ably accurate integrations (Table 1) whereas the methyl signals were sometimes 
ve,ry close so that accurate integration was impossible. In general the total integral 
of reactant and product(s) remained constant over the 15 minute period of irra- 
diation. 

(b) Effect of solvent. Reactions were carried out in C6H6, &H&N and CH,CN, 
varying L and the concentration of L. C6H6 and &H&N did not obscure the cy- 
clopentadienyl and methyl resonances of reactants or product(s). However, inte- 
gration was sometimes difficult because of the closeness of the solvent resonan- 
ces to the cyclopentadienyl resonance_ CD&N was used for obvious reasons in 
preference to CH&N. 

(c) Light intensity_ For one reaction of ($-C5HS)Fe(CO)2Me with As(C~H~)~ 
in CD&N the effect of intensity was observed by placing the NMR tubes at vary- 
ing distances from the source. 

cd) Wavelength. Ordinq NMR tubes only transmitted light above 300 nm 
and in order to study the effect of shorter wavelength radiation three quartz 
NMR tubes were made and reactions of (r15-C5HS)Fe(C0)2Me with the three li- 
gands in CD&N were followed as outlined above and also the reaction with 
P(C&I& in C6H6_ 

Relative kinetics of photochemical reactions 
The reactions (eqns. 5 and 6 in C&CN were compared under as near as possi- 

ble identical conditions hy preparing sets of three tubes, e.g.: 
tube I: 10.9 mg (q5-CsHS)Fe(C0)2Me + 42.5 mg P(CbH5)3, i.e. 2.86 time the 

theoretical amount; 
tube 2: 9.0 mg (q5-CSH5)Fe(CO)(COMe)P(C6H5)3 + 14.3 mg P(C6H5)3, i.e. corre- 
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sponds to 3.75 times the amount of P(C,H,), required if the reaction were to 
follow Equation (5); 

tube 3: 10.1 mg ($-CSHS)Fe(CO)(COMe)P(C6HS)3r and adding 0.5 ml of CD&N 
to each. The tubes were irradiated simultaneously at the same distance from the 
light source. The NMR tubes were calibrated for their light transmitting proper- 
ties by observing the reactions of the same standard solution of ($-CsHs)Fe- 
(CO),Me and P(C6H5)3 in CD&N in each tube and the tubes irradiated simultane- 
ously. 
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