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I\letal carbonyls 

Simple carbonyls and carbonylate anions 
LIV photolysis of Fe(CO)j in an argon matrix at low temperatures gave 

Fe(CO); and CO [l]. Recombination to give Fe(CO)j occurred if the irradia- 
tion time was short but if prolonged, formation of the tetracarbonyl was ir- 

reversible since CO diffused through the matrix The Fe(CO), formed had C,,, 
symmetw since there was apparently Jahn-Teller distortion of the ideal&d 
tetrahedral geometry. An ion-cyclotron resonance study of ion-molecule re- 
actions of Fe(CO), has been carried out [ 21. The most abundant primary ion 
was [ Fe(CO),]-, although some [ Fe(CO),]- was also detected. The major pro- 
duct observed was [Fe,(CO),]-, apparently formed in the reaction 1. 

[ Fe(CO)3]- f Fe(CO)j + [ Fe2(CO),] ’ - + X0 (1) 

[ Fe(CO)4] - did not appear to undergo any condensation reactions. 
By electrolysis of Fe(acac), in pyridine or dimethylsulfoside under CO 

(1 atm) a series of carbonyk and carbonylate ions was prepared [ 31. Thus, in 
pyridine at low current, Fe(CO)j and FeJ(CO), 2 were produced, whereas at 
h&her currents [Fe(C0)4]2-and [Fe4(CO),J]‘- were formed. In dimethylsulf- 
oxide, [Fez(CO),]*- and [Fe, (CO),3 I*- were produced. 

The structure [4] of [ Fe(CO),H]-, as the [(Ph,P),N] * salt, is that of a 
distorted trigonal bipyramid (l)*, m which the Fe-H distance is 1.57 A; the 

co 

* ThrougbouL *Qus at-txle compounds are mdicated by bold arabic numerals: references ye as usual 
in square brackets. 
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angles between the apical and the equatorial CO groups are 96.9,98.4 and 101.9”. 
The most stable species present when Fe(CO)S was dissolved in methanol under CO 
pressure below 150”, in the presence of water and tertiary amine, was [ Fe(CO),- 
H] - [ 51. The concentration of this hydride decreased with increasing tempera- 
ture until the only species at 150” was Fe(CO)j. At 170”, when hydrogen was 
also present, complete conversion of Fe(CO)j to [Fe(CO),H]- occurred in 10 
hours. The mechanism of reaction appeared to involve prior dissociation of CO, 
giving Fe(CO)A, which underwent osidative addition with H, giving Fe(COLH,, 
and, in the presence of NRa, proton abstraction from this acidic hydride gave 
[ Fe(CO),H] -. 

Reduction of OS,(CO),~ with sodium in liquid ammonia afforded [6] a 
cream solid which may have contained [OS(CO)~H]-. Acidification gave Os- 
(CO)JH,, and with [Ni(bipy),]“, [Ni(bipy)J] [Os(CO),] was precipitated. 
Treatment of the cream solid with RX (R = Me, GeH,, SnPh,, Au(PPh,) gave 
cis-Os(CO),XI (X = halide) and only small amounts of Os(CO),HX; with SnCl>- 
Me?, [Os(CO)SnMez], was formed. 

Addltron of acetlc formic anhydrlde to Na?[Fe(CO),] in THF at 25O gave 
[7] [ Fe(CO)J(CHO)] - , isolated as the [ N(PPh,):] * salt. This formyl derivative 
slowly decarbonylated giving [ Fe(CO)JH] -, but the reverse process, CO inser- 
tion into the Fe-H bond, did not occur. Reaction of [ Fe(CO):(CHO)]- with 
acid gave formaldehyde, and with 0: performic acid may have been formed; 
with octyliodide, octane and traces of nonanal were produced. 

hlonomeric species con taming Group V donor atoms 
The structure of the compound prepared [8] by treating Fe?(CO), with 

3,3-bis(methosycarbonyl)-4-phenyl-1-pyrazoline (3) has been determined. The 
N atom adjacent to the di-substituted methylene group was bonded to the metal 
atom in an apical position. 

Reaction of Naz[Fe(CO)J] with QPh&l (Q = P or As) afforded [9] [Fe- 
(CO),QPh, ] - (apical Q). Treatment of this with RX (R = Me, Q = P; R = CH?- 
C(Me)=CH?, CH,Ph, CH,CO,Et, CHJZCH, GePh3, Fe(C0)2(r-C5H5), Q = As) 
gave Fe(CO)JQPhzR, and with Q’Ph&l, Fe(C0)?Q(Phz)Q’Ph2 (Fe-Q bonded), 
was isolated. Fe(CO)j reacted with P(CH,SiMeJ), (siphos) giving [lo] Fe(COL- 
(siphos) and trans-Fe(CO)3(siphos)2; Hg[Fe(CO)3(NO)]2 afforded Hg[Fe(CO)?- 
(NO)(siphos)] ?. An X-ray crystallographic structural determination [ 111 of 
Fe(CO)~[PCl((OCH2),CMe,I] revealed that the dioxaphosphorane ring had a 
“chair” structure and that the Fe atom was attached to an equatorial position. 
A similar study of Fe(C0)JPh,PCH,PPh2) established [ 121 that the coordina- 
tion geometry was an intermediate between trigonal bipyramidal and square 
pyramidal. It was observed that this would lead to the expectation of very ra- 
pid site exchange of the CO groups on the ’ 3C NMR time scale. The structure 
of a complex (3) obtained [ 131 by treating 2-vinylphenyldiphenylphosphine 
with iron car-bony1 has been determined [ 141. The molecule has approximate 
trigonal bipyramidal geometry and the Fe-P distance (2.21 A) associated with 
the chelated ligand is significantly shorter than that associated with the uniden- 
tak ligand (2.24 A). The n-bonded vinyl group is symmetrically bonded to the 
iron atom. 

Room temperature Massbauer spectral parameters for a series of tertiary 
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(21 (3) 

phosphine and phosphite complexes, Fe(CO)3L and Fe(CO),L2, have been 
measured [ 151. The trend in isomer shift values was interpreted in terms of a 
dominant o-interaction backed up by x-bonding due to the synergic effect. 
From a study of MGssbauer spectral measurements of the asymmetry parame- 
ter of the electric field gradient and the sign of the “lm Fe quadrupole splitting, 
it was shown [ 151 that, in Fe(CO);, Fe(CO),(PPh3), Fe(CO),(PPh,), , Fe,(CO)8. 
(diphos) and Fe(CO),(diphos) (diphos = Ph2PCH2CH2PPh2), a lack of axial 
symmetry could he detected, but no more detailed stereochemical informa- 
tion could be obtained. 

Photolysis of Fe(C0)3[P@-MeC,H4)3]2 in the presence of CO, and in a 
matrix or in solution, led [16] to the formation of Fe(CO),[P@-lMeC,HJ)3]. 
In the absence of CO, the reaction was reversible. Similar treatment of (n- 
CJH,)Fe(C0)3, in the absence of CO, led only to the formation of (TT-C,H,)- 
Fe(CO)? , and there was no evidence for the release of cyclobutadiene. 

Treatment of Fe(C0)JPF2Br) with 4 gave [17] 5 but no 6, and with 
Na[OC(CF,)2(CN)] the volatile Fe(CO),[PF, {O(CF,)2(CN))] was formed. 
With an excess of Na[OC(CF,),(CN)] the last afforded 7. 

(OC),FecPF2-0 ICF,), 

(6) 

Bimetallic species 

(7) 

Treatment of Fe2(C0)9 with Na2[Cr(CO),] gave [18] Na,[(OC),CrFe- 
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t-h 

\ 

t- Bu 

(8) 

(CO),]. A resonance Raman spectral study of Fe,(CO)q(C7-t-Bu2)1 (8) affor- 
ded 1191 the stretching force constant for the Fe-Fe bond (3.0 f 0.4 mdyn 
/I%) which was roughly twice that expected for an Fe-Fe single bond. 

Reaction of Fe2(C0)9 with N-trimethylsilyl-benzophenonimine gave 
[20] 9, in which the inequivalence of the iron atoms could be detected by 
Mijssbauer spectroscopy. Phthalazine reacted with iron carbonyls giving [ 211 
a series of binuclear phthalazine-containing species, as indicated in Scheme 1. 

SCHEME 1 

I heat 

=gH6 

Displacement of CO occurred when Fe,(CO)6(C, *HaNI) (C, ?HsNz = benzo[c] - 
cinnohne) was treated [22] with tertiary phosphines, AsPh3, phosphites, or 
CNGH I I , and Fe2(CO)5L(CI ,H,N2) and FeJCO),L,(C, *HsN2) were formed. 
Spectral studies indicated that substitution occurred preferentially at a site or 
sites tmns to the Fe-Fe bond, viz. 10 and 11, although, occasionally, another 
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(10) (11) (12) 

isomer, possibly 12, was detected. This behaviour was very similar to that of 
Fe2(CO),(SR)z _ The Fe-Fe distance in Fel(C0)6[S(NH)C,H4] (13), determined 
crystallographically [ 231, is 2.41 A. 

(14) (15) 

The species obtained by treating (n-CSHj)Ni(p-CO)(pc-PPh,)Fe(CO), with 
PhC=CPh, originally formulated [24] as 14, has been shown by X-ray crystal- 
lography [ 251, to be 15. The iron atom has a distorted octahedral geometry and 
the Ni--Fe distance is 2.44 A, in good agreement with that found in (OC),Fe- 
(MeC&Me),Ni(n-&Mea) [26]. The P atom interacts only with the iron atom, 
and is attached to “C(5)” which is effectively inserted into the original Ni-P 
bond. The Ni-Fe bond is bridged asymmetrically by C(4) and the important 
bond distances are Ni-C(4) 1.90, Ni-C(S) 2.00, Fe-G(4) 2.00, Ni-P 2.78 
(non-bridging), Fe-P 2.20 and C(4)-C(5) 1.45 A. Reaction of PhzPC=CPh 
with Fe2(C0)9 afforded [27] Fez(CO)JPhlPC,Ph) (16). The acetylide group 
functions as a one-electron donor to one iron atom via a o-bond (Fe-C 1.89 
A) and as a two-electron donor to the other via a n-bond (Fe-C 2.13 and 
2.30 A). The Fe-Fe and C-C (acetylide) distances are 2.58 and 1.23 A, re- 
spectively (GC is 1.20 A). Reaction of C,HsFe(CO), with Ph,PC=CCFJ(L) 
gave Fe(CO)AL and Fe(CO)JL2. 

bll 
(16) 
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Reaction of Fe(CO),[Pb-MeC,H,),H] with Li-n-Bu in THF then with 
FeAC0)9 gave, inter alia, a species initially formulated 1283 as Fe,(CO),- 

F3C 
/p-p\cF 

3 
(oc ),Fe, je(CO), 

(18) (19) t2eo,, 

(20) 

F3= CF3 

\n’ F3CAr, “FF3 

i \ 
(oC13Fe, je(CO), 

ifi 
(COLy 

(OC13Fe- FeKO), 

(22) 

(21) 

[ P(p-MeC,Ha)z] H. X-ray crystallographic studies 1291, however, have es- 
tablished that this species contains a bridging OH group, v1z. 17; the Fe-Fe 
distance is 2.51 A. Treatment of Fe2(C0)9 with the cyclic diphosphine 18 
gave [30] 19 and 20 (an alternative formulation of the latter is 21). With 
[P(CF,),],, however, Fel(C0)9 gave only 22. 

F 

F2 (241 

UV irradiation of Fel(CO),(f,asp) (f,asp = 23) gave Fez(CO)J(fJasp)2, 
the structure of which, 24, has been determined [ 311. One iron atom ( FeA), 
has an approximate distorted octahedral geometry while the other is in an 
approximately trigonal bipyramidal environment; the Fe,-Fea distance is 
2.87 A. The two diastereomers of 25 (L-L) reacted [32] with Fe(CO)s giv- 
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F3C CF3 

H 
MePhAs AsPhMe 

(25) 

(OC) CF, 

(26) 

(28) 
P’h 

(27) 

ing Fe(CO)J(L-L) and Fe,(C0)6(L-L). Two of the three possible geometric 
isomers of the latter were obtained, and their properties permitted an assign- 
ment of the configuration of (L-L). These isomers are probably 26 and 27. 
Minor amounts of symmetric and asymmetric forms of [ Fe(CO),AsMePhl? 
were also detected. 

UV irradiation of (OC)JFe(p-AsMe:,)Mn(CO)j afforded 28 [33], in which 
each metal atom has an octahedral geometry and the Fe-Mn distance is 2.85 A 

Thiocyanogen reacted with Fe(CO)j giving [34] the polymeric [ Fe(COb 
(SCN)2]n. The kinetics and mechanism of CO substitution by tertiary phos- 
pb&e, phosphite or AsPh 3 in Fe2(CO),(S2C,H3Me) and Fez(C0)&%C2H4) 
have been studied [ 351. In these species, the bridging sulfur atoms are held 
in a rigid organic framework, and the reactions obeyed a second order rate 
Iaw, being first order in each reagent and independent of CO concentration. 
With the species Fe,(CO),(SR)2 (where the SR groups are not joined) syn- 
anti isomerism (with respect to the orientation of the Fe(@R)zFe system) 
is possible, and syn- and anti-isomers interconverted at rate comparable to 
those of the CO substitution reactions. These geometric isomers underwent 
CO substitution at different rates while obeying the same basic rate law. It 

_ 

s-s, al cc CO 
I 
\ 

s ‘1 / 
““;;co 

I \ , / 
e 
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TABLE 1 

METAL-METAL BOND LENGTHS AND METAGBRIDGE-METAL BOND ANGLES IN IRON AND 
OSMIUM CARBONYL AND RELATED COMPLEXES 

Compound nf-hi’ (A) M-X-M e, Nature of bndge 

Fe2(C0)6(SEt)2 2.54 68.0 Fe-S-Fe 

Fe2(SR)2G2CR)4 2.61 72.3 Fe-S-Fe 

Fe2WO)dSEt)Z 2.72 
t(nC5Hj)Fe(COSMel 1+ 

74.0 Fe-S-Fe 

2.93 82 0 F@-S-Fe 

[(n-C5H5)Fe(CO)SPb] 2 3.39 98.0 Fe-S-Fe 
t Fe(CO)JPdCI(PPhll)l 2 2.59 72.3 FeP-Pd 

Fe2(CO~#hle2)212 3.59 102.4 Fe-P-Fe 

OS~(CO)BQP~Z)P~(PP~C~HJ) 3.10 84.1 OSC-OS 
2.80 
2.99 1 73.5 ] 

76.5 Os?P-os 

HOS~(CO)~(PP~~)(PP~~)(C~H~) 2.89 75.0 

OS3(C0)8(PPb2)8b)(ePhC6H~) 3.11 82.8 

was proposed that substitution occurred via an SN 2 or I, process, via a 7- 
coordinate activated intermediate (Fig. 1). 

The geometries and bonding of bi- and tri-nuclear iron and osmium car- 
bony1 species containing bridging mercaptide, phosphide and benzyne ligands 
have been discussed [36]. A list of intermetallic bond distances and M-X-M’ 
bond angles (X = bridging group) is collected in Table 1. For ciosely re- 
lated bridged species with the same formal bond order, the m&xl-metal dis- 
tance is very dependent on the nature of the bridging group. Thus, the M-M 
distance decreases as the electronegativity of the bridging group also decreases. 

UV irradiation of a mivture of the 1,2-dithiolato-1,2-ciithioether com- 
plex Ni[(MeS),C,R,][S,C,R,] (R = Ph or p-MeOC,H,) and Fe(CO)j afforded 

SCHEME 2 

Iye Me 

R 

x 
I 

R 

Fe(CO& hv 

/ 

heat 

30 

CIS- 31 

Fe,(CO), 

29 
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R R - ‘r( 
TX! R 

KO),Fe - FetCO), 

Rx+Fefcoj3 y>Fk;yJ, ,x$ 
(CO)3 

s 
(29) (30) (32) 

(31) 

1371 free (MeS)&R2, 29 and 30 (Q = S). The last was also produced in low 
yield by similar treatment of mixtures containing Ni(L-L)(S,C2R2) (L-L = 
diphos or o-phen). The mechanistic pathway whereby these various species 
were thought to be produced is outlined in Scheme 2. The species 31, which 
contains t-runs-CO groups, was also isolated_ Thio- or seleno-keto carbene com- 
plexes analogous to 30 (Q = S or Se), could also be obtained by thermolysis 
or irradiation of 32 (R = H or Ph) in the presence of iron carbonyls. Some 
reactions of 30 (Q = S) are summarised in Scheme 3. 

SCHEBlE 3 

(PhCH,! + Na[FeKO&H] + FeS (PhCH,)2 + H,S + Fe2++ CO 

kaoH H/L 
(03% 

/(R=Ph) 
heat 

/ 
\ 

\ Fe + CO + 

[ Ph2C:, FeS] 

(Ph,C,S)Fe,(C0)5(PPhj) 

I 

PPh 3 

1 Ph,C,S) Fe,(CO),tPPh$~ L 

When o-ethylthiobenzoate reacted 1381 with Fe,(C0)9, a series of organo- 
sulfur-containing compounds, together with Fe,(CO)&, were produced (see 

Ph c 

Ph 
\ 

c=s- 

(OC)$e 
/ 

Fe (CO), 

Fe(COl3 Me,N 
(34) (35) 
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SCHEME 4 

Fe,KOIS + PhC( = SlOEt 

(33) 

Ce*+ 1 
OEt 

H-L-S 

Ph, ~7’. 
C 7 FeK013 - 
1 2, 

(OC),Fe - C,ph 

Ph 

acidic 
alumina 

Ph 

L bh 

Scheme 4). When the OEt group was replaced by NMe,, FeJCO)&, 34 and 
35 were formed. it would appear that the N atom, being a better donor than 
the 0 atom, inhibited benzene ring ortho-metallation. However, in turn, the 
0 atom is a more effective donor than the benzene ring itself, and so donor 
ligand atom complexation predominated over ring metallation. Reaction of 
thiobenzophenones with Fe,(C0)9 gave the o-metallated product 36, together 

A’ 
(R’= F?=H,OM~.NMQ. 

R’=OMe.$=H; 

R’ = H, ti=OMe; 

R’ = H, ti=CF,) 

(36) 

(,$=R*= H; 

R’ = H, R”= OMe) 

(37) 

References P. 372 

(R’= R2= H) 

(36) 
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SCHE?dE 5 

dimer 

I 

oxidation 

H(D) 

CMe 

H 

(36) 

I Br,/CCl, 

(R’ = R”= H 1 

g++ p 

/ 

EtOH 

8r2/CC14 

( R1= R*= OMe) 

+ [Fe(C0)36r212 

(R’= R2 =H,OMe; 

R’= OMe, R’= H; 

R’= H. R2= CF, ) 

- 

- 

OMe 

OMe 

Me0 

HCSBI- 

Oble 

with 37,38, and Fe,(CO)&. Some reactions of 36 are given in Scheme 5. 
Treatment of C,D,C(=S)(p-MeOC,HJ) with Fez(C0)9 gave 39 and 40, and 
bromination of the former afforded 41 proving that cyclisation occurred onto 
the ring previously bound to the metal. Reaction of 38 with LiAIDJ gave A.r7_- 
CD(SH), which subsequently dimerised. However, similar treatment of 42 gave 
43. When thiobenzophenones containing blocked aryl groups were used, the 

Me0 

OMe 

(39) 
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(421 (43) 

Ph\ /‘-‘\ iPh 
p”/c \s hPh 

(46) 

reaction products obtained with Fez(CO), were different. Thus (C,H?Me&CS 
gave FeJ CO)&, 44 and 45. ‘Fhe compounds (R’ R2CS)2 did not react with Fe,- 
(CO),, but with 46 afforded Fe,(C0)9S2, and species of the type 36,37 and 38. This 
paper [ 391 was an extremely useful source of references to o-metallation reac- 
tions (see also page 366). 

Trimetallic and other metal atom cluster compounds 
Reaction of Fe,(CO),? with Me,AsCXYCFzAsMez (X = Y = H; X = H, 

Y = F; X = F, Y = CF,) afforded [40] Fe(CO),(MezAsCXYCF,AsMe2) (X = 
F, Y = CF3), Fe2(C0),JAsMe2)2 and 47. The Mijssbauer spectra of these 
complexes, together with those of FeJ(C0)9 derivatives of 23, were also 
reported. Fe(CO)j reacted with AsF3 in benzene at 120° to give [41] Fe3- 
(CO)&sz (48). The mean Fe-Fe distance, 2.62 i$ compared favorably with that in 

As-CF2 

co 
Me Me 

(48) 
(47) 

Fe3(C0),2 (2.63 A) [42] and [Fe,(CO),,H]- (2.62 X) [43]. Both arsenic 
atoms were bonded equally to the Fe, triangle (Fe-As 2.33 A). It was sug- 
gested that in the pammagnetic Fel(CO), ,As? (obtained [44] from AsCI~ 
and [ Fe(CO)A]2 - ) two additional CO groups might be inserted into either 
terminal or bridging positions in the Fe3(CO)+Isz cluster. 

A kinetic study has been made [45] of tbe reactions of Ru,(CO)~, with 
QR3 (Q = P or As) in decalin. From the activation parameters and dependence 
of the rate constants on the nature of the phosphine and arsine ligands, it was 
suggested that there we an exceptionally high degree of bond-making in the 
transition state. The first stage of the reaction involved reversible dissociation of CO, 
and it was observed that CO competed slightly more successfully for [RUG, ,] 
than did P(OPh)s. RuJCO),~, when treated with either PhNO, or PhNH?, af- 
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Ph 

Ph 

H\ 8” 
RuiC013 

(O=l$f/&, 
RuK013 

H 

(51) (52) 

forded [46] Ru,(CO),,(NPh) (49), Ru3(C0)9(NPh)2 (SO), Ru,(CO),,H(NHPh) 
(51 or 52), and Ru,(CO),H,(NPh). With PhNCO, Ru3(CO)iz gave 49 and traces 
of 50, but with PI-AC, rubber-like metal carbonyl species were obtained. Treat- 
ment of 49 with an excess of PhNO? in boiling benzene gave 50 and hydrogen- 
ation (20 atm, S5”, benzene) afforded Ru,(C0)9H,(NPh) and RuJ(CO)izHA. The 
structure of 49 is analogous to that of Fe,(CO),O(NSiMe,) [47] and 50 has ho- 
mologues containing iron [48]. Of the two alternative structures for Ru,(CO),,- 
H(NHPh) (51 or 52), the former is analogous to M,(CO),,H(SR) [49]. It ap- 
peared that Ru,(CO),H,(NPh) could not be obtained directly from Ru,(CO),, 
(perhaps it was produced via 49), and may have a structure analogous to Ru3- 
(CO),H,Q (Q = S, Se or CCH, groups) [ 501. With triarylphosphites under 
mild conditions, RuJCO),~ afforded [51] Ru~(CO),~-, [P(OR),], (R = Ph, n 
= 2 or 3; R = p-tolyl, n = 3), but in refluxing decalin, o-metallation of the x--l 

(CO,, L 

(54) 

(531 
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.“-A0 / ;--‘-y, 

-y\oJp‘_-*~, \ 
8 - 

-RH ’ ‘0 Ru-Ru 

\/ 
p\ 

’ ‘0 

FIN. 2. 

rings occurred. Thus Ru(CO)~[P(OC,H,R)(OC,H,R),] 2 (R = H, two isomers; 
R = Me, one isomer), and Ru,(CO)~H[P(OC~H~R)(OC~H~R)~][OP(OC,H~R)~ ] 
(R = H or Me) (53), together with Rua(C0)9[P(OPh)J]3HA (54, L = P(OPhJ) 
were produced. The first is probably an octahedral derivative of Ru” with CLS- 
CO groups. The structure of 53 has been established crystallographically and 
a possible mode of formation is outlined in Fig. 2. The mechanism of reaction 
may involve initial transfer of a P(OPh), group from one metal to another in 
the symmetrical Ru,(CO),[P(OPh),] 3; such a reaction is known [ 521 and 
could give rise to Ru(CO),[P(OC,H3R)(OC,H~R)~]~ and 53, suggesting that 
o-metallation of P(OPh)3 is concomitant with, or closely re!ated to, the for- 
mation of the diarylphosphonate ligand. 

OS~(CO),~ reacted in refluGng xylene with PPh, to give [ 531 OSLO- 
(PPhJ)3, but when heated in the absence of solvent (in a l/2 molar ratio), 
OS~(CO),~ ,.,(PPh3), (n = 1. 2 or 3) and seven other remarkable products, iden- 
tified crystallographically [ 541, were produced. These were 0s3(CO),(PPh,)- 
(Ph)(PPhC,H,) (55), OsJCO),(PPh,),(C,H,) (56), Os3(CO)J“(PPh3)(PPh~)“, 
which was somewhat similar to 55 and 56 except that o-hydrogen atoms in 
some of the phenyl rings may have been eliminated, 0sJ(CO)b(PPh3)H(PPh,- 
W-L) (57), Os,(CO),(PPh,)H(PPh,C,H,) (53), Os,(CO),(PPh,)H(PPh,)(C,H,) 
(59), and 0s3(CO),H(PPhz)(PPh,C,H,C,H,) (60). The presence of hydride Ii- 
gands was estabhshed by ‘H NMR spectroscopy, but although tentatively 

(oc~iIi-!~2 phg$j$J=;co) 
3 

2 
OS(OC), (OC)3Os 3 

(55) (56) 
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‘O>,C PPh,) 

(60) 

placed as shown in 57,58 and 59, their exact location is not known with cer- 
tainty. By heating OSAKA tith P@-MeC,H,),, OsJ(C0)12.,(PR& (n = 1 or 
2) and 0sJ(CO)8jP(C,hLMe),] (C,&Me)[P(C&Me)(C,H,Me)] were pre- 
pared, and under similar conditions with AsPhJ, 0sa(CO),(AsPh),(CbH4) and 
0s3(CO)IO(AsPh3)2 were produced. Protonation of 0ss(CO)g(PPh3)3 with 
HBr in reflurring chloroform afforded [Os3(CO)9(PPhl),H]Br. When the 
trialkylphosphine complexes OS~(CO),~_~(PR~), (R = Me or Et, n = 1 
or 2) were heated in refluxing n-nonane, the species OSJCO)~H~(R~- 
PCX) and OS~(CO)~(PR~)H~(R~PCX) (X = H or Me) (63) were formed 
[55]. The R?PCX group bridges the three osmium atoms and in the 
fit species there is rapid site exchange between the R and H groups. Of the 
two possible structures proposed for OS~(CO)~H~(R,PCX) (viz. 61 and 62), 
the former is favored, and in the iatter species, 63, it seems that the PMe, 
group occupies position A, B or C. The products of the reaction between 
OsJCO),z and o-C,J%XY (X =Y=H;X=Y=A_sMe2;X=H,Y=PMe20r 
AsMe?), may be general&d [56] as the “benzyne”-containing species OS,- 
(CO),XY(C,H,) (X = Y = H, n = 9; X = Y = AsMe,. n = ‘7; X = H, Y = PMe, 

(61) (62) 
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(63) 

or AsMe?, n = 9). The following observations could also be made: (i) cleavage 
of both C-H bonds ortho to a C-P or C-As bond, and of the C-P or C-As 
bond occurred, and no species was obtained as a result of C-H cleavage alone 
(cf. reactions of Os,(CO),? with PPh3): it may be noted also that both OsJ- 
(CO),XY(C,H,), X = H, Y = PMe, or AsMe?, and Os,(CO)b(PMe,Ph)H(PMez)- 
(C&H,) are different to 59, but that Os,(CO),XY(C,H,), X = Y = AsMe,, is 
similar to 0s3 (C0),(PPhl)a(C6HJ) [53]; (ii) in the thennolysis of 0s3(CO),,- 

(PMe:Ph) and Os,(CO),.(PMe,Ph), , alI of the original P atoms were retained, 
and only on prolonged heating did Os,(CO), ,(PMe,Ph) give 0s3(C0)7(PMe2)2- 
(C,H;); the corresponding arsine compounds gave significant yields of pro- 
ducts with one less arsenic atom per cluster than the starting material; (iii) 
there was no evidence for the production of dimeric species on the pyrolysis 
of PMe?Ph-containing clusters, but complexes containing AsMe?Ph afforded 
0s2(C0)6(AsMe2),(C,HJ) and 0sz(CO)sH(AsMe2)(C,Hd) (generalised as OS?- 
(CO),XY(C,H,) (64). When Os,(CO),(PMe,),(C,H,) was refluxed under CO 
in n-nonane, 0sz(CO),(PMe,)(PMe2C,H,) (65) was formed. The species Os3- 

(64) (65) 

(CO),XY(C,HJ) (X = Y = PMe, or AsMe,) were fluxional (Fig. 3). Exchange 
of the X and Y environments could occur, without C,/C& (“benzyne” ring) 
exchange, via pathway I, whereas simuitaneous X/Y and CJC,, exchange 
could occur via pathway 2; the two processes actually took place and the com- 
bination of both led to an effective rotation of the “benzyne” ring about the 
trimetallic cluster [ 531. 

In a structural study of RuJ(C0)9H,(CMe) by nematic-phase NMR spec- 
troscopy it was assumed [57] that the Ru-H-Ru bridges were symmetrical. 
The Ru-H bond length and Ru-H-Ru bridge angles were calculated to be 
1.90 A and 101” respectively. Reaction of Osl(CO), z with ethylene afforded 
[58] OS~(CO)~H~(CCH,), in which both methylene protons and hydride li- 
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Pathway 1 

Pathway 2 

CCO), 

FIN. 3. 

gands underwent site exchange. Two possible structures, relating to the location 
of the H ligands, are possible, viz. 66 and 67; the Os( l)-Os( 2), Os( 1 )-Os( 3) 
and Os(2)-Os(3) bond lengths are 2.89, 2.80 and 2.92 A, respectively, while 
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(CO)3 (CO)3 

(66) (67) 

the Os(l)-C(l), Os(2)--C(l) and Os(3)-C(2) distances are 2.05,2.04 and 2.29 
A, respectively; the C(l)-C(2) distance is 1.33 A and the bond angles defined 
by Os(3)-C(2)-C(l) and Os(2)-C(l)--C(2) are 138 and 124”, respectively. 
The H&I, exchange (E, = 20.4 kcal/moIe) was faster than hydride ligand ex- 
change and it was proposed that, starting with 66, one hydrogen atom could 
move to an unprotonated metal-metal bond, causing HJHd exchange, without sim. 
ultaneous hydride ligand exchange. In refiuxing heptane, OS~(CO)~H~(CCH~) reac- 
ted with hydrogen giving 0sJCO)gH3(CMe), analogous to its ruthenium counter- 
part [59]; deuteration afforded OS~(CO)&~H~D~ in which D2 may have been 
initially incorporated into the methylene group, intermolecular exchange per- 
haps leading to H/D exchange of the hydridic ligands. 
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Reaction of l,5- or 1,3-cyclooctadiene with ~~-RLL~CO),~H,, or of the 1,5- 
diene with a-Ru,(CO), 3HI, gave [60] Ru3(C0)9H2(CsH12) (68), RudCO)&- 

(C&H,,) (69 or 70), Ru,(CO), ,(C,H,o), Ru,(CO),~(CsHroL Ru&O),dCsH,z) 

H 

(69) 

(72) 

and Ru(CO)~(C~H,~) (from Ru~(CO),~H~). With cyclooctene, ~~-Ru~(CO),~H~ 
gave 68, Ru~(CO),~ and ~-Ru~(CO),~H~, while Ru,(CO),~ reacted with 1,3- 
cyclooctadiene affording Ru,(CO)~H,(C~H,~) (72), as well as 68-71, Ru(CO)Y 
(C,H, ?) and the other abovementioned RuJ species. Reaction of M,(CO), 2 
(M = Ru or OS) with cyclooctene gave M3(C0)9Hz(CsH12), viz. 68. It is highly 
probable that 68 is similar to Ru,(CO),H,(C,H,) [Sl] and is fluxional, under- 

References p. 372 



going a flipping process, associated with the CsHI 2 ring, which is independent of 
the metal (Fig. 4). A second intramolecular process appears to cause rotation of the 
CBH12groupaboutthe bl, triangle.Thecomplex Ru,(C0)9H(GH,,) may have 
the structure 69 or 70, and is similar to Ru,(CO)~H(C, zHI j) and Ru,(C0)9H- 
(CIzH1,) [ 621; it reacted with hydrogen at SO-90°C in hesane giving 68. The 
structure of 71 has been established crystallographically [63] and while the 
precise geometries of Ru,(CO), J&H,,) and Ru,(CO), ,(GH, ?) are not known, 
they are likely to be slmllar to that of 71, the double bond in the former being 
uncoordinated_ 71 and Ru,(CO), ?(CsH, ?) reacted with hydrogen at 80-90” in 
toluene giving 68 and a-RuJCO), ?HJ, whereas, under identical conditions in 
hesane, Ru~(CO),~(C~H,,,) afforded only the latter hydride. The results of this 
work were explained in terms of an ovidative addition of the appropriate ole- 
fin across the Ru, cluster. 

From the structural parameters obtained [ 641 from 73, it appears that 
the acetylenic bagment is bonded to the RUG triangle in a way similar to that 
in Fe,(CO),(C,Ph), [65]. Thus there is a three-centre p-type bond between 
Ru(2) and Ru(3) and the (acetylenic) C(lO)-C(ll) group, and a u-bond be- 
tween Ru(1) and C(10). The himetallic system forms an equilateral triangle 
(Ru-Ru 2.78-2.79 A) and the C(lO)-C( 11) distance is 1.29 A. The main 
differences between the Fe and Ru structures are shortenings of the C(lO)- 
M( 1) and C( lO)-C( 11) bonds. Reaction of the osmacyclopentadienyl com- 
plex Os,(CO),(ac), (74), (ac = PhG, b-CIC,H,),C, or (p-MeC,H,),C2) with 
a further mole of acetylene gave [66] OsJ(CO),(ac), which, with further ac 
after 10 h, gave Os,(CO),(ac), and a benzene derivative based on cyclisation 
of the acetylene groups (e.g. 0s3(C0)7(C2Ph2)3 afforded Osa(CO),(C,Ph,)S 
and C,Ph,). After 48 h, the products were Os,(CO),(ac), , Os(CO),(ac), and 
the appropriate benzene. The structure of OsJ(CO),(Ph,C,)(PhACa) (75), 
(derived [66] from 74 (ac = Ph&) and CzPh2) has been established crystal- 
lographically [67]. The three metal atoms form a nearly equilateral triangle 
(Os(l)--Os(2) 2.68,Os(l)-Os(3) 2.74 and Os(2)-Os(3) 2.81 A), chelation 
occurring between the Ph& group and the cluster via two o-bonds to one 
metal atom (Os( 1)) and an interaction between the sr-electrons of the 
osmacyclopentadiene fragment and the adjacent OS(~)(CO)~ group. The addi- 
tional acetylenic fragment appears to function as a four-electron donor to the 
whole cluster. There is no apparent interaction between the phenyl group (as 
illustrated) and the OS(~) atom, unlike the situation in 74 (ac = C2Ph2) [68]. 
The C--C bond of the unique acetylenic group is roughly parallel to the OS(~)- 
Os(2) bond and its mid-point is nearly above the “centre of gravity” of the OsJ 
cluster. 
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Ph 

Ph 

( 75) 

Reaction of Irans-PtCll(py)-, wth Na,Fe(CO)4 afforded 1691, after re- 
fluxing in methanol/THF, &uns-Fe(CO),[PtCl(py)~]z, in which there are two 
Pt-Fe bonds somewhat ionic in character (Pt?-Fe6 - ). Treatment of Fe,(CO),? 
with SiHCl[Mn(CO)S][Co(CO)J] gave [70] Fe(CO)~[SiC1{Mn(CO)S}],[Co~(CO),] 
(76). 

The products of reaction of M,(CO),, (111 = Ru or OS) with water were [71], 
respectively, a-RuA(CO), *Hq and wRuJCO), ,H2, and OS~(CO),~H(OH), OS,- 
(CO)IjH?, OSJ(CO)~~H-J, Osj(CO),,H?, Osi(CO)ljH,, Os,(CO),,H, and OS,(CO),~- 
H&. From the simplicity of the IR spectra of these species it seemed that mole- 
cular symmetries were high. There were no CO groups bridging two metal atoms, 
but the presence of carbonyl groups bridging three metal atoms could not be es- 
eluded. Treatment of ~-Ru~(CO),~H, with ethylene (lo-12 atm, 130”) gave [72] 
eight products, including Ru,(CO),~C and Ru,(CO),,C. The structure of the for- 
mer, on the basis of IR spectra, is analogous to that of OS~(CO),~C (prepared by 
pyrolysis of OS~(CO),~ or OS~(CO),~ [73] in vacua at 255”) and Fej(CO),$ 
[74]. It seemed quite likely that the ethylene played no part in the formation 

0 (77) 
(76) 
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of Mj(CO), SC, and when M = OS the precursor of the appropriate carbide is pro- 
bably Oq,(CO) 18. The structure of the hexanuclear species, 77, is derived [75] 
from a bicapped tetrahedron. The intermetaIlic distances Os( l)-Os(2) and OS(~) 
-OS(~) are short (2.73 and 2.76 A ), while Os( l)-Os(3), Os( l)+%(4) and the 
comparable bond lengths involving OS(~) and all those connecting OS(~) and 
OS(~) to the cluster, are in the range 2.78-2.84 A. The short me&I-metal con- 
tacts were consistent with distances connecting OS’ atoms. It was suggested 
that Os,(CO),, and Os,(CO),, might have capped octahedral structures. 

Metal-metal bonded species involving Group IV atoms 
It has been established [76] that a five-coordinate intermediate is involved 

in the CO-exchange reactions [77] of cls-Ru(CO)J(SiCIJ), (Scheme 6). By UV 
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irradiation of a mixture of Fe(CO)j and Sil,, Fe,(CO),(SiI,) (78), was formed 
[78]. Reaction of Fe(CO)j with an excess of Si&,, however, afforded [Fe- 
(CO),SiCl,lz, perhaps via Fe(CO)JSiC13)z as an intermediate [79]. From kine- 
tic studies of the reaction of [ Ru(CO),(SiMe,)], with PPhJ, which gave Ru- 
(CO),(PPh,), and Ru(C0)2(PPh,)z(SiMe3)2, it was shown [ 801 that the initial 
reaction rate changed steadily from first order towards an order of W (in terms 
of the starting complex) as the concentration of the precursor was increased. 
Reaction of the sibyl complex with CC&Br afforded initially Ru(CO),Br(SiMe,), 
and the results suggested prior homolytic fission of [Ru(CO)a(SiMe,)] :. How- 
ever, the reaction overall was considerably more complex. 

(OC) 

(78) 

(79) 

The species formulated [81] as [ Fe(CO),(SiMe,),], , obtained from the 
reaction of Na?[ Fe(CO)J] with SiIMeJ, contained anomalous mass spectral 
features. Thus, the ions [ Fe2(CO)g(SiMeS)q] + and [ Fe,(CO),O(SiMe,),]‘, were 
detected [81]. The species has been resynthesised (using SiBrMe,) and has been 
identified [82] as a ferracyclopentadienyl derivative, 79. 

The binuclear species [ Fe(CO),MRz]2 (M = Ge, Sn, Pb; R = Me, Bu, Ph) 
reacted 183 j with relatively weak Lewis bases (L) giving Fe(CO),MR,L (L = 
pyridine, acetone, THF or ether). Miissbauer (“9mSn) and X-ray photo-elec- 
tron spectral studies of Fe(CO),,Sn-t-Bu*(L) (L = pyridine or DMSO) estab- 
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lished [84] that the species contained Sn Iv. Addition of Sr& (X = Cl or Br) 
to Fe(CO)J(QPh3) (Q = P, As or Sb) afforded [85] Fe(CO),(QPh3)X(SnX& 

Complexes containing cyclic N-donor atom llgands 
Iron complexes derived the tetracyclic teh-adentate ligand TIM (SO), 

[ Fe(NCMe),(TIM)][PF6]2 reacted [86] reversibly, in acetonitrile, with CO 
giving [ Fe(NCMe)(CO)(TIM)] [PF,],. The Mijssbauer spectral parameters ob- 
tained from this species were consistent with a low-spin Fe” formulation. The 

Me Me 

(80) 

dianionic ligand Q (81) reacted [87] with iron(I1) amine complexes under CO 
in the presence of appropriate bases L giving diamagnetic Fe(CO)L(Q) (L = 
MeCN, pyridine, 4-MeCjH,N or N,H,). The structure of the hydrazine adduct 
is represented in Fig. 5. The iron atom is displaced 0.11 .A towards the CO 
group out of the plane of the four N atoms of Q, and the Fe-N(N,HJ) bond 
is unusually long (2.12 A). In DMF at loo”, Fe(OAc), reacted [SS] with the 
appropriate ligand giving 82. The benzo substituents provided an open-sided 
cavity of depth 5 A (Fig. 6) and the species reacted with CO to give a l/l adduct 

M e(C&J, 

(82) 

ReIereoces p. 372 



Ftc 5. Ftg_ 6. 

The complexes 83 and 84 had an affiity for CO which was apparently in- 
fluenced [89] by the nature of the group R (whether it could interfere by co- 
ordinating in the sixth position at Fe when the X position is initially vacant). The 

Me Me Me 

(83) (84) 

two complexes had similar affinities for CO but differ-red substantially in their 
affinities for 02; 84 preferred O_. to CO, but 83 in pyndine (X = py) would not 
bind oxygen. The formation of Fe(CO)(pip)(porph) (pip = piperidine, porph = 
protoporphyrin-1X or tetraphenylporphyrinrir. from Fe(pip),(porph) has been 
studied [90] kinetically. The mechanism involved predissociation, giving the 
five-coordinate Fe(pip)(porph), and the data indicated that the models resem- 
bled quite closely the kinetic properties of the active.iron site in deoxy-myo- 
blobin and -hemoglobin; iron glyoxime complexes were shown to be poor mo- 
dels for heme protein systems. Nitric oxide reacted [91] with Fe(pip):(porph) 
giving paramagnetic Fe(NO)(pip)(porph), and it was suggested that the Fe- 
N-O bond system was bent. The ligand exchange reaction Fe(CO)(pip)(porph) 
+NOF?: Fe(NO)(pip)(porph) + CO (porph = protoporphyrin-IX) has been com- 
pared with the analogous one involving the hemoglobin complexes. Both reac- 
tions involved six-coordinate diamagnetic carbonyl and paramagnetic nitrosyl 
species, but in the porphyrin complex, the sixth hgand was piperidine while in 
the hemoglobin species it was imidazole. Preliminary studies indicated that the 
enthalpy of formation of the nitrosyl from the carbonyl was cemparable in the 
two cases, so that the differences between equilibrium constants for the two 
systems lay in entropies of solvation which were clearly different for the por- 
phyrin model in piperidine solution and for hemoglobin in aqueous media. The 
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preliminary studies also indicated that in the competition reactions of Fe(pip),- 
(porph) for NO and CO, more of the nitrosyl complex was formed initially 
than was expected from the separate equilibrium constants. On standing, how- 
ever, the relative amounts of NO and CO adducts reached their equilibrium 
concentrations. The kinetic measurements again indicated the involvement of 
five-coordinate intermediates and were in general agreement with the reported 
kinetics of addition of NO and CO to hemoglobin [92]. When Fe(TPP) (TPP = 
meso-tetraphenylporphyrin) was treated with resin-bound imidazole, a metal- 
loporphyrin-containing resin was produced [93]. Carbonylation of this species 
afforded a monocarbonyl species still attached to the resin (Fig. 7). Oxidation 
resulted in the degradation of the complex, with removal of [ Fe(TPP)120. 
13C NMR spectral studies of “CO incorporated in rabbit hemoglobin revealed 
[94] that there were three distinct Fe”--‘3C0 coordination sites. 

The product obtained by reacizon of Ru3(CO), 2 with tetraphenylporphine 
(TPP) followed by recrystallisation from CHClJEtOH has been described either 
as Ru(CO)(TPP) [95] or Ru(CO)~(TPP) [96] (a similar species was reported 
containing tetra-p-isopropylphenylporphine). This reaction has been reesamined 
[97], and on the basis of chemical, spectral and X-ray crystallographic analysis, 
the species has been reformulated as Ru(CO)(EtOH)(TPP). The crystallographic 
study revealed a disorder of the CO and EtOH groups, which may have led to 
earlier incorrect reports of a bent Ru-C-0 bond arrangement; otherwise the 
structure was as expected, containing a planar arrangement of N atoms, with a 
Ru-C(O) bond length and R-C-O bond angle of 1.77 A and 175.8(1-g)” re- 
spectively. The structural data obtained [98] from Ru(CO)(py)(TPP) agreed 
well with those described above for Ru(CO)(EtOH)(TPP). The metal atom is 
displaced 0.079 A out of the plane of the four N atoms towards the CO group, 
the Ru-C(O) and Ru-C-0 dimensions being 1.84 A and 178.4” respectively_ 
The long axial Ru-N distance was attributed to the tram-influence of the CO 
I&and. The porphyrin complexes Ru(CO)(TPP), Ru(CO)(py)(TPP), Ru(CO)- 
(OEP) (OEP = octaethylporphyrin) and Ru(CO)(etioI) (etiol = etioporphyrin-I) 
underwent [99], voltammetrically, two one-electron oxidations in dichloro- 
methane. The first oxidation process occurred at the ring, giving n-cation ra- 
dical species. 

Halide, hydride and other complexes of ill” 
The mechanism of formation of cis-Fe(CO)411 from Fe(CO)S and I, :+I- 
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SCHEME 7 

Fe(CO15 + I, p Fe(CO&--I, 

volved [lOOI (Scheme 7) the successive formation of l/l and l/2 moiecular 
adducts. Miissbauer spectra) parameters have been obtained [ 1011 from cis- 
Fe(CO)4X, (X = Cl, Brand I); those for Fe(CO)41z differed to those previously 
reported [102]. It was also noted that there was no Mijssbauer spectral evi- 
dence for the formation of bans-Fe(CO):i, on photolysis of the cis-isomer. 

Carbonylation (by CO gas) of RuC13-nHIO dissolved in ethanol is known 
[103] to give a bright red solution_ It has been shown [IO41 that this solution 
contains [ Ru(CO)&12], (as evidenced by isolation of salts of [ Ru(CO),CL]‘- 
upon addition of CI- ), fat-[ Ru(CO),Ci,] - and Ru(CO)CI, (addition of Cl- 
gave [Ru(CO)Clj]‘-). 

Miissbauer spectral data have been obtained [IO51 for a series of Lewis 
base complexes of iron carbonyi halides, wz. Fe(CO),LX, (X = I, L = 
CN(@~eOC,H,), PPh:Et, PPhI, P(OPh), or P(OMe),; X = Br, L = P(OPh),), 
Fe(CO)zL2Xz (X = Cl, L = PPhlMe, PPh?Et, PPh, or P(OPh),; X = Br, L = 
PPh&le, PPh$t, PPh3, P(OPh)3, P(OMe), orL2 = PhzPCH2CHzPPh2;X = I, 
L = CN(p-MeOC,H,), PPhJUe, PPh2Et, PPh3, P(OPh)3, P(OMe)J, PMe, (cis- 
and trans-complexes) and L, = Ph,PCH,CH,PPh,)_ From partial quadrupole 
and centre shifts, the o-donor and n-acceptor propertres of L were estimated. 
It was observed that P(Ohle)J was the strongest u-donor and rr-acceptor, being 
similar in its bonding properties to CN(p-hleOC,H4). From the general cor- 

relation between the partial quadrupole and centre shift data, it was suggested 
that in these compleves u-bonding of L was dominant in determining the chem- 
ical and quadrupole shifts. 

Reduction of RuC&-nH,O by hydrogen, using Adams catalyst in the 
presence of RCN (R = Me, Et, n-Pr, i-Pr, Ph or CH,Ph) gave [ 1061 Ru(NCR),- 
Cl2 _ Treatment of this species with Ph,PCH,CHzPPhl (diphos) afforded Ru- 
(diphos)(NCR)zC1z which reacted with CO giving Ru(CO)(diphosj(NCR)Cl: _ 
Carbonylation of Ru(NCR),CIZ in boiling methanol gave Ru(CO)(NCR),CI, 
and, in boiling acetone, Ru(CO),(NCR),CI, (c&CO groups). A series of car- 
bony1 triphenylphosphine compleses of RuCI, has been synthesised [ 1071 
in dimethylacetamide (DMA), DMF or DMSO (Scheme 8). A number of sol- 
vent-containing species were isolated in which the solvent molecules were O- 
bonded. Reaction of Ru(PPhl)lHBr with CO in DMA gave Ru(C0)&?Ph3)7_- 
HBr (85 or 86). Reduction by hydrogen at SO” of RuCIj - nHIO dissolved in 
DMF gave brown ruthenium(I) species which, on treatment with acetic acid/ 
sodium acetate mixtures, afforded [ Ru(CO),(PPh,)(OAc)], _ Under mild con- 
ditions the carbonyl species illustrated in Scheme 8 showed low activity as 
catalysts for the homogeneous hydrogenation of olefins, and were ineffective 
a~ hydroformylation catalysts: Ru(CO),(PPh,),Cl, was an efficient olefin iso- 

merisation catalyst. 
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Reaction of Ru(MeOH)(QPh,),CI , with CO gave [lOS] kzns-Ru(CO):- 
(QPh3)2C12 (Q = P or AZ), and these species lsomerised in hot benzene (Scheme 
9). By refluving Ru(MeOH)(QPh,),CI, in CS,, Ru(CS,)(QPh,),Cl, (87) WLS 
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X 

produced whereas with Ru(MeOH)(QPh &Br3, mixtures of the bromo-ana- 
logue of 87 and Ru(CS)(QPh3)2Br3 were formed. The ruthenium(II1) com- 
plexes also reacted with norbomadiene in refhxxing benzene giving Ru(C7H,)- 

(QPhMh (8% and Ru(C,H,)(PMe,Ph),Cl, could be prepared by treating 
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PhP\ R”/=’ I 
o/ ‘PPh3 

I 
CO 

H 

Ph3P Y?“Apph3 I 
oc’ 1 ‘co 

Cl 

(85) (861 

QPh3 

(87) (88) 

[RWOMY-MW - with PMe:Ph. However the reaction between Ru( MeOH)- 
(ksPh3)2C13 and 1,5-cyclooctadiene afforded only [Ru(C,H,,)Cl,],, and with 
ethylene or PheCPh, Ru(AsPh3)&13 alone was isolated. Passage of CO through 
ethanol solutions containing RuCl, - nHzO and &R, (R = o-, m- or p-Me&H,) 
gave [ 1091 cis-Ru(CO)~(A~R~)~C~, and treatment of this with LiBr afforded 
the corresponding bromrdes. After borling a mixture of RuC13 and P(t-Bu)b(L) 

L L L 

oc\R”/c’ I OC \R”/c’ I oC\R”/H I 
oc’ ‘Cl I Cl’ ‘co I oc’ ‘Cl I 

L L L 

(89) (901 (91) 

(R = Me, Et, n-Pr, n-Bu, Ph or p-hleC&) in 2-methoxyethanol under CO 
for 2% h\ a mixture of the ck- and kens-isomers 89 and 90, was formed [ 110 1. 
However, after 16 h, only 89 was obtained. There was a linear relationship, 
obtained from 3’P NMRspectral studies, between 5(P) for free P(t-Bu)Rz and 
A6 for the coordinated phosphines in XC but not in 89, possibly because of 
conformational effects in the latter. There was also a linear relationship be- 
twean 6(C) (“TO) and carbonyl stretching free constants obtained from these 
complexes. Treatment of cis-Ru(CO)z[P(n-Bq&(t-Bu)],Cl with KOH in 2-meth- 
osyethanol gave Ru(CO)z[P(n-Bu)z(t-Bu)]zHCl (91) (L = P(n-Pr),(t-Bu)), which 
afforded with PhN2*, the c&mine complex 92. By reaction of the bulky phos- 
phines P(t-Bu):R (R = Ph or p-Me&,&) with RuC13 - nHIO in 2-methoxyetba- 
nol, the dimeric species [Ru(CO): (P(t-Bu),R} Cl], (93), whose structures has 
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elucidated crystallographically [ 1111, was prepared. The Ru-Ru distance in 
these complexes, 2.63 A, is quite short. When [ Ru(CO),(P(t-Bu),Ph)CI]2 and 
[Ru(CO), {P(t-Bu),(p-MeC,H,)}Cl], were refluzxed together in toluene, the 
mixedspecies [(P(t-Bu),Ph} (CO),Ru(~-Cl)rRu(CO),(P(t-Bu),-&ivTeC,H,)}] was 
formed and the P-P coupling (ca. 80 Hz) observed in the NMR spectrum of 
the complex was apparently transmitted through the metal-metal bond. Chlor- 
ide ion could be metathetically displaced from 93 by Br- or I-, but with Ok-, 

(92) (93) (94) 

species 94 was produced. In the acetateJ(PP) was greater than that in the 
chloride, possibiy due to a release of steric strain occasioned by replacement 
of Cl by 0.4~ thereby leading to greater linearity of the P-Ru-Ru-P bond 
system. Similar acetates could be obtained alternatively [ 1121 from Rug- 

co L co Cl L 

“\n,/C’\R”,Co I I L\RuJc’\R”,Co I I OC\ 2’ I 
oc’ ‘,I’ -----Cl oc/ \,,/ \L 1 I I I cdR”\Cl I 

L co Cl co Q 

(95) (96) (97) 

(CO),,, PR3 and acetic acid. The compounds did not react with NO but, on 
chlorination, afforded Ruz(CO),L&Iz (L = P(t-Bu)?Ph or P(t-Bu),@-Me&H,)) 
(95 or 96).When Ru2(CO), (P(t-Bu)zPh),Cl, was treated with P(t-Bu),Ph in 
2-methoxyethanol, 93 (R = Ph) was regenerated, and with pyridine or PMezPh 
the monomeric 97 (Q = py or PMe,Ph). RuJ(CO),: or Ru(CO)s(PPh,)? treated 
with l,l,l-tris(diphenylphosphinomethyl)ethane (TDP), giving [ 1131 Ru(CO):- 
(TDP) (98). This compound did not react with CO but with halogens formed 
[ Ru(CO)?(TDP)X]’ X- (X = Cl or Br) which, on thermolysis, rearranged to 
Ru(CO)(TDP)X,. Reaction of Ru(C0)2(PPhJ)2C12 with TDP, or of Ru(CO):- 
(TDP) with 01, and treatment of the resulting Ru(CO)(TDP)(O,CO) with HCl, 
gave Ru(CO)(TDP)Cl,. Some reactions of this last compound are summariied in 
Scheme 10. 

When Ru(CO)A(PPh,) was pressurised with hydrogen in an IR high-pres- 
sure cell, Ru(C0)3(PPhJ)H2 could be identified, and the equilibrium CO + 
Ru(CO)JPPhx)Hz * Ru(CO)JPPh,) + HI, was confirmed using deuterium 
isotopic labelling [114]. At low temperatures, RUG reacted with Hz giving 
RUSHY which, at 20”, decomposed into polynuclear products. The temp- 
erature dependencies of the ‘H and “P NMR spectra of M(CO)L3H2 (M = Fe 

References p. 372 



302 

SCHEME10 

P 

P-=, / ’ ‘Ru(CO)(SO,)CI, 
P 

CO, pressure 

or Ru; L = phosphite, phosphine, phosphinite or phosphonite) have been re- 
ported 11151. These compleses underwent cis + trans rearrangements via an 
intramolecular “tetrahedral jump” mechanism. When M = Fe and L = PPhzMe 

PSR’ 

I R’R2P\&” 

0= ‘I ‘H 

PR2R’ 

0 
’ \ 

I PPh 2 

I+ 

Ph,P /FPPtll 
H 

199) CIOO) 

or PPh?Et, which exist upon formation as the c&isomer, 99, the barrier to in- 
terconversion to the tmns form is ca. 12.5 kca.l/mol. 

Treatment of Ru(PPh&H, with [Ph$] [ PFB] afforded [ 1161 the coor- 

dinativelg unsaturated [Ru(PPhJ)JH] [PFb]. This hydride reacted with HCHO, 
and with p-MeC&SO,N(NO)Me, giving Ru(CO)(PPh3)3Hz and Ru(N0)2(PPh3)2, 
respectively. With norhomadiene or cyclooctadiene, [Ru(diene)(PPh3)3H]’ was 
formed. Dissolution of the red [ Ru(PPh&H] gave, after a few hours, a green 
solution from which a light yellow species, [ Ru(PPh3)3H]+ (100) was isolated. 
The same species was also prepared from [ Ru(PPh&H] l by heating in polar or 
non-polar solvents. Reduction of 100 with NaBH, afforded Ru(PPh,),&. 

Reaction of Ru(PPh&H2, Ru(N2)(PPh3)3H2 or Ru(PPh3)3H4 with COz 
gave [117] Ru(PPh,),H(O&H) (lOI), which may exist in an equilibrium with 
Ru(PPh3)3(COz)H2. Treatment of the formate with CO gave Ru(CO)(PPh3)lHSI 
and CO*, and with CS2, Ru(PPh3)2(S2CH)2 and CO1 were formed. Reaction of 
101 with HX or RX (X = Cl, Br or I; R = allyl) afforded only Ru(PPh,)JIX. 
‘Preahnent of Ru(CO)(PPh3)2HCl with carboxylic acids (RCOzH) gave [118] 
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q, ruy:Ph3 

&- 1 ‘PPh3 
OCOR 

(107) 

Ru(CO)(PPh,)JOCOR) (101,102 or 103). Carbovylic acids with pK, values 
greater than ca. 4.2 reacted with Ru(CO)(PPh3)$I, in boiling 2-methouyethanol 
giving Ru(CO)(PPh,),(O&R)H (104), whereas acids having pK, < 4.2 gave 
Ru(CO)(PPh,),(OCOR)(O&R) (105) or, less likely, 106; 107 was obtained by 
reaction of RCO?H with Ru(CO)3(PPh3)2. The phenylarsonato complexes, Ru- 
(CO)zL2(03AsPh) (L = kriarylphosphine or arsine) and Ru(C0)2(LL)(02.5AsPh)z 
(LL = Ph2MCHICH2MPb2, M = P or As) have been reported [119]; the ligand 
0,AsPh is bidentate in these species. 

Reaction of OS(CO)[P(C,H,~)~] *HCl with SO2 in benzene gave 11201 Os- 
(CO)[P(C,H, ,)J ,(SO,)HCI (108 or log), as a benzene solvate. With C&, the 
hydrido chloride gave 110 or OS(CO)[P(CIHI~)J~Z(CS~)HCI (111). Carbonyla- 
tion of OsL3H4 (L = tertiary phosphine or arsine) with CO produced [ 1211 

cl081 

0 PR s 
yl 3 II 

C1/5)5-sCH 
PR3 

(ill) 
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(119) 

(CNMe), {C(NHMe),} ,] ‘* was formed. Ethylamine behaved somewhat similarly 
giving 118 (R = Me, R’ = Et), and 118 (R = Et, R’ = Me); the latter esisted as 
two isomers due to steric constraints within the planar carbene ligand. [Fe- 
(CNMe),]” reacted with methylamine affording 119 (R = R’ = Me), the struc- 
ture of which has been confirmed crystallographically 112’71. The mechanism 
of formation possibly involved prior formation of 11s (R = R’ = Me), but be- 
cause of the close proximity of the ligands in these Fe” species, the carbene in 
the intermediary 118 could behave as a nucleophile towards a second isocyanide 
ligand, thereby effecting ring closure to give 119. The hesaisocyanoiron( II) 
complex also reacted with EtNX2 giving 119 (R = Me, R’ = Et) and 119 (R = 
Et, R’ = Me), the latter being isolated as two isomers (vide supra). Ammonia 
added to [Fe(CNMe),]“giving 118 (R = H, R’= Me). When [Ru(CNMe),]” 
was treated with CD:NH,, a mixture of 118 (R = Me, R’ = CD3) and 118 (R 
= CD,, R’ = Me) was formed. On heating, the methyl and perdeuteromethyl 
positions were “scrambled” in a process presumably involving an intermediate 
like 119. After heating [ Ru(CNMe)j {C(NHEt)(NHMe)}]” in DMSO for 6 h, 
[ Ru(CNMe)J(CNEt) {C(NHMe)2}]” (probably v&h tram geometry) was formed. 
Reaction of CD3NH, with [ Fe(CNMe),]” in refiusing methanol also afforded 
a perdeuteromethyl-containing species, 119, in which the majority of CD3 was 
located in the chelated “carbene” ring, although some “scrambling” to iso- 
cyanide posit ions occurred. 

A series of isocyanide complexes of osmium( II) and -(III) has been pre- 
pared (Scheme 11) [128]. Reaction of [NHa]?[OsBrb] with an excess of CNMe 
in ethano! gave &ans-Os(CNMe)JBrz, while addition of an excess of CNPh in 
THF to 0s(CO)2(PEt3)zCl, (configuration 120, L = CO) provided Os(CO)(CNPh) 
(PEt3)2CI, (also with configuration 120, one L being CNPh, the other CO). 
Treatment of mer-Os(PR’,)$ZI, with CNR in acetone in the presence of AgClO, 
afforded [Os(CNR)(PR’,)~CI,][CIOJ] and methylation of K,[O;(CN),] by 
either Me,SOA or MeOSO,F gave [Os(CNMe),]“. The ruthenium complex Ru- 
(CNPh)#‘PhMe2)$12 (121) was obtained by the reduction of mer-Ru(PPhMe?)j- 
Cl, by zinc in refluxing THF in the presence of CNPh. The uncharged M” iso- 
cyan0 species were inert to attack by ROH, RNH?, or OEt- , but Os(CNPh)- 
(PPhMe2),CI, (122) reacted with BH?- giving the hydride 123. The cationic 
[OS(CNR)~(PR’~)~CI] [ClO,] was also inert to amine or alkoxide attack, but 
primary amines reduced [Os(CNR),(PR’,),Cl,]’ and [Os(CNR)(PPhMe2),CIz]’ 
to neutral OS” compounds. [Os(CNPh)(PEt~)$Z1~][C104] reacted with RNH2 
giving 0s(CNPh)(NH2R)(PEt,)$lz (R = Me or Et) (124) and [Os(CNMe),] - 
[S03F]I, on treatment with MeNH2 in refluxing methanol, afforded 125 and 
I26 (in the latter the “carbene” ligands probably had amphi configurations). 
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A correlation was drawn up between L\Y(RN%) (v(NC)(free ligand) - v(NC!)- 
(coord. ligand)) and the reactivity of the bound CNR towards nucleophihc 
attack. It appeared that for coordinated CNMe, those species having Av(NC) 
greater than 65 cm-’ were reactive towards MeNH,, but it was suggested that 
the appropriate AV value for other isocyanides might be lower. 
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Metal nitrosyi and aryldiaxo complexes 

Mononitrosyl compounds 
From dipole moment studies it was estimated [ 1291 that the L group in 

Fe(C0)2(NO)L(SnPhs) (L = CO, PPhJ, AsPh3 or P(OPh),) was cis to the axial 
Sn.PhJ hgand. This contrasted with the situation in analogous Mn and Co com- 
plexes. In Hg[Fe(CO)z(NO){P(OPh)s)],, the phosphite ligands probably occupy 
equatorial sites in the coordination sphere of each Fe atom. 

In attempts to prepare species analogous to [ Fe(CO),(NO)L,]’ [ 1301, M(CO),- 
(PPh,), (M = Ru or OS) was treated [ 1311 with NOPF6 in methanol. The products, 
however, were [M(CO)J(PPh,),H]‘, in accord with the reaction NOPFi, + MeOH +- 
HPFB + MeONO. These hydrides could be prepared by protonation of M(C0)3- 
(PPhll)? using H.PF6, HCIO, or HBF+ A ruthenium nitrosyl, [ Ru(CO),(NO)(PPh,),]: 
was produced by reaction of NOPF, in methanol with RuS(C0)9(PPhS)3, but there 
was no evidence for the formation of [ Ru(CO)JNO)(PPh,)] l ; the analogous os- 
mium cation could not be obtained by this route. The nitrosyl cations, [IvI(CO)~- 
(NO)(PPh&] X, could be conveniently produced by abstraction of Cl- from 
M(CO)(NO)(PPh,),Ci using NaX (X = BPh, or PF,) in the presence of CO (com- 
plexes containing P(C,H, ,), were also prepared). Displacement of CO from 
[M(C0)2(NO)(PPh,),]’ by PPh3 afforded [M(CO)(NO)(PPh,)J]‘, and reactions 
with PPh,Me and Ph2PCH,CH,PPh, (diphos) gave [Os(CO)(NO)(PPhzMe)J]‘, 
and [ M(CO)( NO)( PPhJ)(diphos)] l , respectively. With an excess of diphos and 
under more vigorous conditions, [M( NO)(diphos),]’ was produced. Treatment 
of M(CO)(NO)(PPh,),CI with AgPF, in acetone afforded [M(CO)(NO)(PPhJ)z- 
(acetone)]*, and the acetone could be displaced by L (L = CO when M = OS or 
PPh, when M = Ru). Chlorination of [M(CO),(NO)L,]’ gave Ru(NO)L,CI, with 
some c~s-Ru(CO)~L~C~~, and c~s-OS(CO)~L~C~~, respectively. With HCl, however, 
the osmium cation afforded Os(CO)(HNO)(PPh&Clz. Addition of halide ion 
to the cations led to M(CO)(NO)L,X (X = Cl or I). Oxygenation of [Os(CO)?- 
(NO)(PPh&]’ in the presence of Cl- gave Os(NO)(PPh,),(CO,)Ci, presumably 
via Os(CO)(NO)(PPh,),Cl as an intermediate. Methoxide addition afforded Os- 
(CO)(NO)(PPh,)?(C02Me) and borohydride reduction of [Os(CO)(NO)(PPh3),]’ 
gave the stereochemically non-rigid Os(CO)( NO)( PPh 3)2H. Addition of acetyl- 
enes, RCkCR’ (R = R’ = H, Ph or CO,Me, R = H, R’ = Ph) to [OS(CO)(NO)LI- 
(acetone)] [PF,] (L = PPh, or P(C,H, ,)3) led to the formation of the fluxionai 
[Os(CO)(NO)L,(RC,R’)] [PF,] (127) [ 1321. It was suggested that the coorcii- 
nated acetylene undergoes “propeller-like” rotation. + 

ON 

CL 

(127) (128) (129) 

Oxidative addition of CIF, and CFJZCCF, to Ru(NO)L,Ci (L = PPhx, 
PPh?Me, PPhMe?) afforded [133] 128 and 129. However, Ru(NO)(PPhMe,)&l 
reacted with CFz.=CFR (R = Cl or CF,) giving 130 while iodination of Ru(NO)- 
(PPh2Me)*Ci gave Ru(NO)(PPh,Me),CU, (131). Addition of CF>CO?H to 129 
(L = PPhx or PPhzMe) gave 132. 

References P. 372 



30s 

(130) (1311 (732) 

A temperature variation study of the “P NMR spectra of [ M(NO)(diphos)z] 
(M = Fe or Ru) revealed [ 1341 that these complexes underwent a Berry-type 
pseudo-rotation (Fig. 8). It was suggested that the transition state had a square 
pyramidal geometry with axial NO, and that bending of the M-N-O bond 
might accompany pseudo-rotation thereby having an observable influence on 
the activation energy for the process. 

Reduction of Ru(NO)(PPh,Me)&13 with Li metal in THF in the presence 
of PPhJ gave [135] [Ru(NO)(PPh2Me)(y-PPhz)]z (133j, and [Ru(NO)(PPh,)- 
(p9Ph,)]2 could be obtained by an analogous reaction between Ru(NO)C!t, - 

ON 
\R”/ 

Rp;’ 
\r R”/PR2R’ 

dR*P’ Y p/ hJO 

R2 

(133) 

2H10, Li and PPh3, or by thermolysis of Ru(NO)(PPh3)JH in decalin. The 
structure of 133 was confiied crystallographically, and each Ru atom had 
a distorted octahedral geometry; the Ru-Ru distance (2.63 A) was short 
enough to be consistent with a double bond formulation. Treatment of Ru- 
(NO)(PPh,),Cl with Ph,PCH,CH,PPh, (diphos) gave [ 1361 Ru(NO)(diphos),Cl 
which, with NaBPh,, afforded [ Ru(NO)(diphos)z] [ BPh, 1. The trigonal bipy- 
ramidal nature of this cation, isolated as an acetone solvate, was confirmed 
crystallographically; the NO group occupied an equatorial site. The Ru-N-O 
bond angle was 174’ and the complex was regarded as a Rue (d’) complex 
containing NO’. 

The tetraphenylporphyriniron( III) complex, Fe(TPP)CI absorbed nitric 
oxide giving [ 1371 the paramagnetic Fe(NO)(TPP)CI (r_l = 4.5 BM). The elec- 
tronic spectrum of this species was similar to that of the CO adduct of the 
Fe” myogiobin complex and to nitrosyl complexes of ferric peroxidase. On 
this basis, the porphyrin adduct was described as Fe”(NO+)(TPP)(Cl-), where, 
effectively, a whole electron was transferred from NO to Fe”‘. Loss of “NOCl” 
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occurred in methanol, but the resultant Fe”(TPP) gave a l/l adduct with NO 
which formed, with nitrogenous bases, a series of paramagnetic (S = 2) six- 
coord’hate compleses. 

By heating Na,[ Ru(NO)(N02),(0H)] in aqueous HCI the salt Na7 [ Ru- 
(NO)CI;] was obtained [138]. The K’ and NHA’ salts of [Ru(NO)X,]‘- (X 
= Br or I) are isostructural with the octahedral Kz[ Ru(NO)CI,]. Tbe product 
of hydrolysis of [ NH,],[ Ru(NO)Cl,] was identified [ 1391 crystallographically as 
[NH4],[Ru(NO)(H,0)C&] in which theoctabedral Ru atom wascoordinatedline- 
arly by NO trans to H,O. UV irradiation, or electrolytic or chemical reduction, of 
[ Fe(NO)(CN),]“- afforded [ 1401 the paramagnetic [ Fe(NO’)(CN),]?- in 
which the added electron was located on the NO ligand; this species eventually 
gave [Fe(NO)(CN),13-. 

At pH values below 7, [Ru(NH3),13’ reacted [ 1411 with NO giving [Ru- 
(NH&(N0)]3’, but at values above 8.3, NO attacked a coordinated NH3 giving 
[Ru(NH3),(Nz)]“. Reduction of [Ru(NH~)~(NO)]~’ to [Ru(NH3),]” was 
achieved [142] using Cr” in acid media. Nitric oxide reacted with cis-[Ru- 
(NH,),X,]“’ (X = H20, OH, Cl, Br or I) producing [143] cis-[Ru(NH,),(NO)- 
Xl”‘. Preliminary studies of crs-h-uns-interconversion indicated that isomer- 
isation did not occur readily in the solid state or in acid solution, but that the 
&-form was slowly converted to the bans-isomer in alkaline solution. 

Nitrosylation by NO of [Os(NH,),T ] I2 gave 11441 [OS(NH,)j(NO) ] 1, and 
[Os(NH,),(NO)I] I?; the latter was converted to the former in liquid ammonia. 
Attack by hydrotide ion on [OS(NH,)~(NO)] X, (X = Cl, Br or I) gave [Os- 
(NH,),(NH,)(NO)] X2, but under different, more vigorous, conditions, trans- 
[Os(NH,)a(NO)(OH)] X2 was formed. When this hydroxide was refluxed with 
hydrohalic acids, trans-[Os(NH,),(NO)X] X, was produced. Although [OS(NH,)j- 
(N0)13’ reacted with refluxing hydrazine to give [OS(NH~)~(N,)]“, none of the 
other species underwent nucleophilic attack at the nitrosyl ligand. 

The likelihood of nucleophilic attack at coordinated NO has been corre- 
lated [ 1451 with V( NO), and the NO stretching force constant (M NO)), in a series of 
nitrosyl complexes (Table 1). Thus, species with v(N0) > 1886 cm-’ or f(N0) 
> 13.8 mdyn/A will be attacked at the nitrosyl group by OH-, hydrazine, hy- 
droxylamine or azide ion. 

Dinitrosyl complexes 
Treatment of FeCI, in methanol containing NEt, or tetramethylethylene- 

diamine with NO gave 11461 [Fe(NO)&l,] - (isolated as the NHEt3’ salt), 
but when PPh3 was added to the reaction mixture, Fe(NO)z(PPh3)Cl and Fe- 
(NO),(PPh& were formed. The synthesis of [Fe(NO)zI]2, from solid Fe], and 
NO, has been reported [147] in detail. 

Partial or total displacement of fluoride ion occurred [I481 when Fa(NO)?- 
(PF3)2 was treated with hydroxide or alkoxide ions, respectively. Thus, in di- 
isopropylamine/water mixtures, OH- reacted to give [Fe(NO),(PF,O),]?- but 
with Ba(OH), in THF, [ Fe(NO),(PF,)(PF,O)] - was formed. Ethylation of these 
produced Fe(N0)2(PFJ)2., (PF?OEt), (n = 1 or 2); with alkotides, Fe(NO)?(PF3)? 
afforded Fe(N0)2[P(OR)3] 2 (R = Me, Et, n-Pr, i-Pr, n-Bu or Ph) directly. The 
ESR spectrum of Fe(N0)2(SbR3)Br (R = Et, Ph or 4-MezNC6Ha) has been re- 
ported [ 1491; hyperfine splittings due to Sb and Br were observed. 
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In a reinvestigation of complexes originally formulated [ 1501 as [ Fe(NO)?- 
L]X (L = th iourea, thioacetamide, thiobenzamide, o-aminothiophenol and 
diphenylthiourea) it was shown [ 1511 that the compounds were non-electro- 
lytes, did not contain bidentate I_,, and probably had tetrahedral structures. 
Ru(N0)2(PPh3)z was prepared [ 1521 by reaction of NO with Ru(PPh,):H, 
while with NOCl, Ru(NO)(PPh3)$1 5 was produced; CO gave Ru(CO)(PPh3)3H2. 

The reaction between Ru~(CO),~(~-NO)~ and PPh,, in which 134 was 
formed, obeyed [ 1531 first order kinetics. There was no dependence on PPhl, 
concentration over a wide range, but with more alkylated phosphines, e.g. 
PPh,Me, 134 slowly cleaved to give Ru(CO),L? _ However, the rate of primary 
substitution remained virtually the same and was independent of the nature, 
as well as of the concentration, of the substrate. The mechanism therefore 
appeared to involve initial dissociation, giving Ru ,(CO)&-NO), . A compari- 
son of the data collected here was made with that obtained from reactions of 
Ru,(CO),~ with tertiary phosphines [ 1541. Both sets of information were con- 
sistent with a dissociative mechanism, and it was clear that the bridging NO 
groups played no important role in the process. It was suggested, however, that 
after monosubstitu tixi of Ru ,( CO) , 2, giving Ru,(CO), , L, some change in re- 

i 

(134 1 (135) 

activity of the Ru atoms occurred, possibly occasioned by the transient for- 
mation of labile bridging carbonyl species. 

Photolysis of OS(CO)~ in the presence of NO in an argon matrix at 20 K 
afforded [155] some Os(CO),(NO),. Photolysis of Fe(CO),(NO), gave only 
Fe(C@), and NO. 

Aryldiazo complexes 
Addition of [ArN,][BF,] to Fe(CO)JPPh,), and :Fe(CO),(NO)]- affor- 

ded [ 1561 135 (Ar = p-XC,H,; X = H, F, Cl, Br, NO?, OMe, OH, but not NMe,) 
and the unstable, tetrahedral Fe(CO),(NO)(N,Ph), respectively. At -7O”, the 
latter reacted with PPh, giving Fe(CO)(NO)(N,Ph)(PPh,); no products were ob- 
tained by reaction of aryldiazonium salts with [(nCjHj)Fe(C0)2] - or [ Fe(CO)J- 
(SnPhj)] -. It was shown that the aryldiazo group had lower n-acceptor pro- 
perties than NO, and resisted catalytic hydrogenation. A preliminary X-ray cry- 
stallographic study of 135 (X = I-I) revealed that the Fe-N-N bond angle is 
ca. 180” while the N-N-Ph angle is ca. 124”; the N-N distance is 1.19 A. 

The coordinatively unsaturated Ru( PPh x)3X, (X = Cl or Br) and Os( PPh s) ,- 
Br, reacted with [ArN,][BF,](Ar = p-C,H,; X = Me, OMe, Cl, NO2 or H) in 
the presence of LiX giving [157] M(N&)(PPh3)ZX3 (M = Ru or OS). These 
species could also be synthesised by treating MX, with 1,3_diaryltriazenes in 
ethanol in the presence of PPh,; they were resistant to protonation. M(CO)- 
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(PPh3),HCl (M = Ru or OS) afforded [M(CO)(NH=NA_r)(PPh,)&l(BF4)1 on treat- 
ment with [ A.rNz] [ BF.,], and the corresponding osmium perchlorate was pro- 
duced using [ArN2][C10,]. In these species, the BF,- or Clod- was believed to 
be coordinated to the metal. Then treatment with LiCI and with CO led to the 
isolation of M(CO)(NH=NAr)(PPh,),(=I, (136) and [M(CO)?(NH=NAr)(PPh,)?- 
Cl] [ BF,], respectively. Recrystallisation of the former (Ar = p-MeC,H,) caused 
isomerisation to 137, and treatment of the latter with LiCl gave mixtures of 
M(CO)(NH=NAr)(PPh3)&12 and cis-M(C0)2(PPh3)2C1z. Treatment of M(CO)- 
(PPh3)3H, with [ ArN:,] [ BF,] gave [M(CO)(NH=NAr)(PPh3),H] [BFJ] (138), 
and while the osmium complex did not react with CO, the ruthenmm com- 
pound afforded [ Ru(CO),(NH=NAr)(PPh 3)?H] [BF,] (139). Reaction of 138 

AM=! 1 \CI 
PPh3 

(136) (137) (138) 

(139) (1401 (141) 

with LiCl in cold acetone/methanol mistures gave a mixture of isomers of Ru- 
(CO)(NH=NAr)(PPh,)?HCl (140 and 141); conversion of the former into the 
latter was rapid on recrystallisation. In boiling acetone/methanol mistures, 
however, M(CO)(NH=NAr)(PPh3)?C12 was formed. The structure of Ru[N: - 
@-MeC,H,)](PPh,),Cl,, inadvertently obtained [158] by reaction of Ru(PPh,),- 
Cl? with the diazonium salt (addition of LiCl improved yields), has been de- 
termined crystallographically. The molecule (142) has an effectively lineav 
Ru-N-N bond system (171.2”), while the N-N-Ar bond angle is 135.9”. 

Metal-assisted diazotisation occurred when ck-[ Ru(bipy),(NO)Cl]” was 
treated with AI-NH, (Ar =p-Me&& or p-MeOC6H4) in acetonitrile [ 1591. The pro- 
duct was cis-[ Ru( bipy)(N,_Ar)Cl]” which, on treatment with KI gave, when Ar = p- 
MeOC6Ha, p-MeOC,HJ and Ru( bipy j212 ; with /3-naphthol and NaOH in ethanol, 
143 and Ru(bipy),(OH)Cl were produced. 

N/A’r 
I 

N 
Ph3 P\d”,Ci 

Cl’& ‘PPh3 

OH 

N=N ,OMe 

(142) (143) 

(AI- = p- MeCBH, ) 
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~-CycIopentadienyl complexes 

Binuclear cyclopentadienyl compounds 
Reaction of Fe2(CO)G with benzvalene (144) gave ck-I(n-C,&Me)Fe- 

(CO),]z, cis- and ~uns-[(R-C5H5)Fe(C0)?12 (involving loss of a CH group from 
a CbHb precursor) and 145 [160]. A mechanism is outlined in Scheme 12. Ben- 

SCHEME 12 

4 / 

H 

(148) 

Fe,(CO)g 

/ 

[(h’-CgH5)FeK0$ J, 
(Isomers) 

CC Ir-C,H,Me)Fe(CO)z]z - 
[Isomers) 

,_- . Q *. s 

Fe 

oc’t ‘f-i 
0 

H transfer 

-: 

TC._ P FeKOL, 

I 

H mlgratlon 

I 
Fe_JCO& 

H 

(145) 

zobonzvaIene (146) afforded with Fe*(CO), only 14’7 and no bis-lr-indenyl com- 
plexes were detected, possibly because a url intermediate, e.g. 148, is impos- 
sible for benzobenzvalene. It may be recalled that benzosemibullvalene (149) 
gave [161] only CJT complexes with FeJCO),, viz. 150. 

Cyclopentadiene reacted [ 162) with Ru3(CO), 2 giving, as an intermediate, 
C&16Ru(CO)~. This underwent a hydride shift affording (IT-&H~)Ru(CO)~H 
which very slowly dimerised, with H, loss, in refIuxing heptane in the absence 
of air. When air was admitted, 60-70s yields of frnns-[(~-C~H~)Ru(CO)~]~ were 
obtained. Cyclopentadiene also reacted with Ru~(CO),~X~ (X = H or 0) afford- 



313 

(1471 (148) 

(146) 

(149) (150) 

ing exclusively (n-C5HS)Ru(C0)?H proving that the source of hydride ligand was 
C,H, itself. While OS,(CO),~H~ did not react with CSHb in refluxing octane, OS,- 
(CO),? gave a mixture of uncharacterised products, and 0s1(CO),oH2 afforded 
small amounts of (n-CSH,)Os(CO)zH. 

An X-ray crystallographic structure determination of 151 [ 1631, obtained 
from SiMel(C,H,), and Fe(CO), , revealed that the Fe&_KO)z ring is non-pla- 
nar and is folded about the Fe-Fe axis (angle of fold ca. 160”) away from the 
C,H, rings; the Fe-Fe distance is 2.51 A. Fe,(C0)9 reacted with 6-dimethyl- 
aminofulvene giving 152 whose structure was confirmed crystallographically 
(Fe-Fe distance 2.74 A ) 11641. 

H 
(1521 

Carbon mono-tide was displaced when isocyanide was added [ 1651 to 
[(xdienyl)Fe(CO)z]z (dienyl = C,H,, CsH4Me, C9H7). The products, (x-dienyl)z- 
Fe2(CO),_,(CNR), (R = Me, Et, i-Bu, t-Bu, CHzPh or C,H,,) existed in solu- 
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tion as mixtures of cis- and tiuns-carbonyl- and isocyanide-bridged tautomers. 
The incidence of CNR-bridged species decreased as the bulk of the R group in- 
creased. 

From previous variable temperature NMR spectral data obtained [ 1661 
from [(x-C5H,)Fe(CO)2], , and from new information relating to (~-CSHS)Z- 
Fe2(CO)z(CNMe), , the possible pathways whereby bridging and terminal li- 
gands can be interchanged in such binuclear and other related species have 
been described [ 167 ]. The data can be understood in terms of two main as- 
sumptions: (i) that bridges open and close only in pairs; end (ii) that the ro- 
tational barriers in unbridged tautomers contribute [ 1681 critically to activa- 
tion energies when rotations about metal-metal bonds are required. In rela- 
tion to the first point, one-for-one bridge-terminal site interchanges are not 
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only unnecessary but their occurrence is incompatible with the collected da&a. 
The various pathways for bridge-terminal interchange in, for esample, [(n- 
CSHj)Fe(C0)2]z, are illustrated in Scheme 13. 

The fouowing points arose from this study: (a) molecules in which the 
ground state structure had no bridges could effect exchange of ligands between 
metals via a bridged intermediate; (b) in a molecule having three bridges, two 
could be opened, the bridging system being reconstituted by ligands previously 
located in terminal positions; (c) in a molecule with only one bridging group, 
two terminal ligands could move into bridging positions thereby generating 
a triply-bridged intermediate, which would then revert to a mono-bridged 
species incorporating the initial bridging group in a terminal position; and (d) 
in binuclear systems where bridged and non-bridged species bad roughly sim- 
ilar stabilities it was probable that there would be very low activation energies 
for isomer interconversion and ligand site exchange, since the activation energy 
for opening and closing bridges, and that for rotation about the M-M bond, 
would act separately rather than wholly or partially together. In solution 
[(ir-CsH5)Cr(NO),],, [(n-C,Hj)Mn(CO)(NO)]2 and [(n-C,Hj)Fe(CO),]z ex- 
isted [ 1691 as cis- and trans-isomers, the ratio of the former to the latter 
decreasing in the order Fe > Mn > Cr. The activation energies of cidtrans 
interconversion, and of bridge/terminal ligand exchange, decreased in the order 
Cr > Mn > Fe. For the iron and manganese complexes, the ligand site exchange 
process was more rapid for the h-an-s-isomers than for the cls-forms. 

From pressure, volume and temperature measurements of the reactions be. 
tween [(n-CjHS)Fe(C0)2] z and BF3 or BBr3, it was established [ 1703 that l/l 
adducts were formed. Binding of the Lewis acid to the metal complex *Bccurred 
via the bridging CO groups. Similarly, [(n-CjHj)Fe(CO)]a formed l/l and l/2 
adducts with BX3 (X = F, Cl or Br). The X-ray structure determination of the 
1/2adduct formed between [(n-C,H,)Fe(CO)z]z and AlEt,, 153,confirmed 11711 
that the aluminum atoms are bonded to bridging CO groups. The Fe-Fe dis- 
tance is 2.49 A, and the dihedral angle formed by the two planes of the Fe(p- 
CO),Fe bridging system had increased, relative to that in the uncomplesed di- 
mer, by 3O. It has been suggested [ 1721 by analogy with the known structure of [Mg 
(py)~l[(n-C,Hj)Mo(CO)~l~, that tMg(py)~lt(n-C,H,)Fe(C0)21:! cm-&ins a Fe 
C-O-Mg-O-C-Fe bonding system, viz. 154. Lanthanide tricyclopentadienyl 
compounds formed [ 1731 adducts with [(nCjH5)Fe(CO),], . Thus, with Sm- 

/\ 
Et Et 

,.---. 

q 
‘_ .I 

OC 
/Fe‘= 

'0 ,!)P,, 
Pyr'l \ 

w- 0, 
C 
T=/- 

co 
_.- -. 6> ‘__ . -’ 

(154) (153) 
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tCjH4hle)3, a l/2 adduct, involving bonding between bridging CO groups and 
the lanthanide element, could be isolated. Adducts were also observed with 
(n-C,H~)Fe(CO)(~-CO)2Ni(T-CjHS) (again utilising CO bridges) and (K-C~HS)- 
Fe(CO)>X (X = Cl or I), (interaction probably occurred between X and the 
lanthanide element). No Ianthanide complex addition was observed with Fe- 
(C0)2(NO)zr (C,H,)Fe(CO),, Fe(NO)?(PPh,Me),, Fe(NO)(S,CNMez)z or Ru- 
(NO)(PPh,)$l,. 

Monomeric ca tionic species 
Oxidation of [ (nC,Hj)Fe(C0)2] 2 with molecular oxygen in acetone con- 

taining aqueous HBF, afforded [174] [(r-CjHj)Fe(CO)2(H:O)]* which, on 
treatment with X- (Cl, Br, NCO, CN, N03, NJ, O&H or OGCL) or L (PPh,, 
py-ridine, hydrazine, S( n-Bu)? ) provided (n-CjHj)Fe(CO)?X or [(n-C,Hj)Fe- 
(CO),L] l (as the BF,- salt). In acetone, AgY (Y = CIO,, BFJ or SbFb) oxi- 
dised [ 1’751 [ (n-CjHS)Fe(CO)z] 2 to [ (r-CjHj)Fe(CO):(acetone)] Y and again, 
unth X- (CI or Br), or L (CO, AsPh,, SbPh3, MeCN, PhCH,CN, SPhMe or (n- 
CjHj)Fe(C0)21), the species (n-CjHj)Fe(C0)2X and [(nCjH,)Fe(C0)2L]Y, 
were formed. However, with AgY (Y = N03, 0zCCF3, SCN, NCO, O*CPh, p- 
MeC6HJS02 or OP(=O)(OPh)z). the dimeric carbonyl afforded (n-CjHj)Fe 
(CO)?Y directly. The cation [(ir-C5HS)Fe(CO),]’ could be obtained from [(n- 
CjH;)Fe(C0)2]2 using NO, as a one-electron oxidant [ 1761. NO-,, in this re- 
spect, is similar to NOPF6 since, in polar solvents, it dimerises to Nz04 which 
behaves as [NO’] [N03- 1. A crystallographic determination of the structure of 
[(m-C,H,)Fe(CO),] [ PF,] established [ 1771 that the iron atom has quasi-oc- 
tahedral geometry and that the C-O distances are shorter than in the isoelec- 
tronic (X-CjHj)Mn(CO)j. 

Reaction of [(n-CjHj)Fe(CO)] 4 with BC13 in liquid HCI gave [178] [ {(rr- 
CjHj)Fe(CO)) JHz] [ BCIA]2. It was believed that the hydrogen atoms occupied 
two non-adjacent edges of the Fe4 tetrahedron. The tetramer, an improved pre- 
paration of which was described, reacted with PFj in liquid HCl to give [(ST- 
C,Hj)Fe(CO)]q’, in a reaction consistent with previous observations [ 1791. 

The kinetics of oxidation of [(n-CjH j)Fe(C0)2] 2 by [ Ru(bipy),CI,] l , and 
by [ (x-CjHj)Fe(CO)] a’ in acetonitrile, in which the ultimate product was [(n- 
C5Hj)Fe(C0)2( NCMe)] l , have been investigated [ 180]. The rate-determining 
step appeared to involve an outer-sphere electron transfer from the dimer, giv- 
ing, initially, [(R-CjHj)Fe(CO)-.],‘. This may then degrade via the reaction: 

[(sr-C,H,)Fe(CO)2]2’ --e [(T-CjH~)Fe(CO)2]~” ‘z 2 [(n-C,Hj)Fe(CO),(NCMe)] 

or via the process: 

[ (7r-C,H,)Fe(CO)z] 2+ NChrf [ (n-C5H5)Fe(C0)2(NCMe)] ’ + [ (n-C,HS)Fe(CO),]’ 

Complexes containing M-C o-bonds, and carbene species 
Reaction of Na[(n-C5Hs)Fe(CO),] with CH$II, and [(lr-C5H5)Fe(C0)z]2 

with PhCOCH=CHI, afforded (n-C5H,)Fe(C0)2CH2CI [ 1811 and a mixture 
[ 1821 of (nCjHj)Fe(C0)2CH=CHCOPh and (nCjHS)Fe(C0)2I, respectively. 
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Treatment of Na[(n-CjH,)Fe(CO),] with (NC),C=CXCI (X = H or Cl) 
in THF gave [ 1831 (nCSHj)Fe(C0)2[CH=C(CN),] (X = H), and low yields of 
CIS- and ~rans-(~-C,Hj)~Fe~(CO)~[C=C(CN)~](155) (when X = Clj. Using C(CN),- 

NC, ,cN 
_.._I 9 :_ - ii 

Fe/= \Fe 

OC 

/ \,/ I 
k 

(155) 

n-C&$ I 

co 

(156) 

CF 
I 3 

//= ---CF3 
.C 

\ 

Br,, IOW yields of (nCjHs)2Fe2(C0)3[C(CN)?] (156), (n-CjHS)Fe(CO),[CH- 
(CN),] and (n-CjHj)Fe(CO),Br were produced. At -7O”, Na[(n-CSHS)Fe(CO)?] 
reacted [184] with (F$Z)zC=C=C(CFJ)I, giving 157. A series of isomers, (n-CSH;)- 
Fe(CO),(C,F,X) (X = 2- or 3-H; 2-, 3- or 4-Br) was prepared [ 1851 either by 
reaction of C,F,Br, with Li[(n-CjHj)Fe(CO)r] Gr by the reaction of LiC,FJBr 
with (r-CjHS)Fe(CO),I. With n-butyllithium, these compleses underwent Li/Br 
exchange in preference to Fe-C bond cleavage. Thus, treatment of the appro- 
priate isomers of (n-CjH=,)Fe(CO),(C,F,Br) with Li-n-Bu afforded (n-CjHj)Fe- 
(CO),(C,FqLi) which reacted in turn mth (x-CjHj)Fe(CO),I giving 158 and 159. 

Reaction of ferrocenyllithium with (n-CSHj)Fe(CO),Br at -70” afforded 
[ 1861 (n-CjHj)Fe[r-C,HqFe(CO)-.(n-CjHs)], while addition of Na[ (n-CSHS)Fe- 

F 

(158) (159) 

(CO),] to (n-CjHj)Fe(n-CjHaCOCl) gave (XT-CjHj)Fe[n-CjH,COFe(CO)>(n-CjHj)]. 
Bromination of the u-bonded o- and m-carboran-l-y1 compleses RCBloHl&Fe- 
(CO)l(n-CjH,) gave [ 1871 RCB,OH,BrCFe(CO)z(n-CSH,) and treatment with an 
excess of bromine did not lead to Fe-C bond cleavage. Fe-C bond cleavage did 
occur, however, when these species were treated with HgCl,; (n-CSHj)Fe(CO),Cl 
was released in these reactions. 

Treatment of m-ClCOCB,oH,&COCl with Na[(n-CjHj)Fe(CO)z] afforded, 
initially, m-BlsHl&[COFe(CO)2(nGHjj]z, which was readily decarbonylated 
to give m-B,oHi,C,[Fe(CO),(n-C,Hj)],. Polarographic reduction of RCBIOHIo- 
CCH,Fe(CO),(n-CjHj) resulted in the consumption of two electrons and the for- 
mation of [(7r-CjHg)Fe(C0)2] -, and this anion was also produced when carbor- 
any1 species were reduced with sodium amalgam. 

Addition of sodium mentholate to [(n-CSHs)Fe(CO)z(PPhJ)] l afforded 
[188] (+)- and (-)-forms of the diastereoisomeric species 160. These compounds 
did not racemise in solution, even at relatively high temperatures. However, the 
methoxycarbonyl species, produced after transesterification in methanol, were 
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SCHEME 15 

l-i 
Br 

+ [(Z-C5Hq)Fe(C0)2]- 

H 
H 

I 

(162) 

H + GPC~H~)F~(CO)~I 

the Fe-C(CNMe) distzmces in 119 (M = Fe, R = R’ = Me); in the latter, the Fe- 
C(carbene) distance is 2.02 A, however. The C-N distances in 163 are in the 

(163) 

range for a double bond, while the B-N (nitrogen regarded as sp’ hybrid&d) 
distame is consistent with a bond order of unity. 

Fe\C_-N/B 
\ / ~155A 

lW3A ’ C-y-N 
I 

131a 
FIZ. 9. 
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Decarbonylation, carbonylation and carboxylation reactions 
Photochemical decarbonylation of (n-l-Me-3-PhC5H3)Fe(CO)(PPhS)COMe 

and of (z-CSHS)Fe(CO)(PPh,)COCH2CHMePh proceeded [195] with high stereo- 
specificity at the iron atom. Modest decarbonylation of (n-C5Hs)Fe(CO)2fCOR) 
could be effected [196] by Rh(PPhx),CI. The products were (5r-C5H5)Fe(C0)zR, 
(n-C,Hj)Fe(CO)(PPh,)COR and, of course, Rh(CO)(PPh,),Cl. When R = Me, 40 5% 
of the alkyl and 4 % of the acyi were obtained but when R = CHMePh, only the 
alkyl(54 %) was isolated. Neither alkyl nor acyl was detected in reactions invol- 
ving R = CMePhi , CPha, CH=CHPh, S02Mer or SO?Ph, although in every case 
substantial amounts of Rh(CO)(PPhx)&Il were formed. There was no reaction 
when R = CFa, or with (x-CjH5)Fe(CO)(PPhj)S02CH2Ph. 

Oxidative carborylatioa of (n-&H,)Fe(CO),R (R = CH,C,H,, , CH$H,Ph 
or C,H, ,). using CuClz in the presence of R’OH (R’ = Et, i-Pr or t_Bu), gave [ 1971 
RC02R’ without epimerisation. Similar oxidation when R = CH?@-F&Ha) or 
CH,CH,(p-C,H4), in methanol using Ce”’ in the presence of LiCI, gave [ 1981 
RC02Me with some RCl and ROMe. A mechanism was formulated 
actions (Scheme 16). 

SCkIEME 16 

slow 
RCH,Fe(COlIp-C5H5) We 

for these re- 

[RCH,COFeKOl(n -C,H,l]* 

RCH_$I + [Ur-C5Hg)FeK0)2]2 RCH,CO,Me + H+ + ~~-C5HS)FdcO)ln 

RCH,FeKO:In-C5Hs) 

iO,Me + H+ 

Addition and insertion reactions 
The kinetics and mechanism of SO, insertions into the Fe-C bond of 

(rr-C5H5)Fe(C0)2R (R = alkyl or aryl) have been investigated [ 1993. When R = 
alkyl, the reaction rate decreased with increasing values of Taft’s Q* constant 
for R, and with increasing values of v(C0) for the reacting species; the rate de- 
creasing in the order R = Et > Me > CH,OMe > CH,CN. The rate also decreased 
as the bulkiness of R increased, in the order R = Me > i-Pr > CH,CH,CMe, >CH,- 
CMea > ~Bu. When R = aryl, the rate constant decreased as a function of increasing 
Taft’s constant o’, viz. in the order R = p-MeO&H, > p-MeCsH, > m-Me&H4 
- Ph. Methylation of the cyclopentadieny1 ring (when R = CH2Ph) caused an 
increase in tbe rate of insertion, but when R = aryl, the trend was irregular. 
These had characteristically large and negative values of U’, and !ow values 
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M+ (O,SCR;Y- 
II 

- M-S-CR’ 
II 3 

Fig. 10. 

of A_/?*. The observation that the rate of reaction was dependent on the nature 
of R indicated that cleavage of the Fe-R bond was an electrophilfc proces. 
The results were generally consistent with backside attack by SO, on the (II- 
carbon atom. This presumably led to heterolysis of the Fe-R bond and for- 
mation of a contact ion pair, viz. [(r-dienyl)Fe(CO)2] l [O,SR] - (Fig. 10) 
These ions appeared to recombine rapidly giving the 0sulfinate, (n-C5H,)Fe- 
(CO),OS(=O)R, which subsequently rearranged [ 2001 to the thermodynami- 
cally more stable S-bonded sulfinate, (n-CjHj)Fe(CO),S(=o),R. Although the 
O-sulfinates could be detected spectroscopically, they proved impossible to 
isolate from reactions in liquid SO,. Sulfur dioside insertion into the Fe-C 
bond in 164 (which was epimeric at Fe), giving 165 occurred [201] with re- 

(164) (165) 

tention of configuration at the metal atom. This result contrasted with pre- 
vious observations [ 2021. 

Addition of SO3 to the acetylenic bond in (nCjHS)Fe(C0)2CH2CCR 
(R = Me or Ph) afforded [203] the suitone derivative 166; these species were 
more stable than the corresponding saltines, 167, and were resistant to attack 
by HCI. 

The structure of the product 168, obtained [ 2041 by addition of TCNE 
to (m-C,Hs)Fe(CO),]CH,C(Me)=CHz], has been elucidated 12051 crystallogra- 
phicaliy. The Fe-C bond length is 2.10 A, suggesting that the covalent radius 
of the iron in this compound is ca. 1.33 A. The allenyl compleses, (n-C,H,)Fe- 
(CO)&H=C=CHR (R = H or Me), were prepared (2061 by treating Na[(r-C,H,)- 
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R 
1 

(IT- C_H,NCO),Fe-C 
/F\ /p 

\ b0 
a-j-0 

(166) 

Me 

R 
I 

A ,o 
(r-C,H5KOI,Fe-5 /s’ 

(167) 

/” 
07-C,H5)(OC), Fe -c 3 (CN12 

(CN)* 
Hz 

(168) (169) 

Fe(CO)?] with propargyl benzenesuifonate or by displacement of the isobut- 
ylene in [(n-C,H,)Fe(CO),(isobutylene)] ’ by the appropriate allene. The com- 
plex with R = H underwent addition with TCNE, giving 169; there was evidence 
for the intermediacy of an acetylene complex in the reaction (Fig. 11). Electro- 
philic addition to the aUeny1 species of p-toluenesulfonylisocyanak gave 170 
but not 171, while ~J-dicyano-o-chlorostyrene and N-carbomethosysulfonyl- 
amine gave 172 and 173, respectively. However, (n-C,H,)Fe(CO),[CH,CkCMe] 

(rr-C,H,XOC),Fe-C 

Hz 

f-N---TS 
(5r-C,H,)(OCI,Fe-C 

(‘170) Ts = toluenesulphonyl (171) 

H 
OMe 

(n-C5H5)(OC)2Fe-C (n- C,H,)(OC),Fe--C 

(172) (173) 

reacted with MeO_&NS02 giving 174 in a process apparently involving an atlenic 
intermediate (Fig. 12). The evidence that allenyl derivatives could react via ace- 
tylenic intermediates, and that acetylenyl compounds reacted via allenylic der- 

H H 

Fe-CHC 3 CMe + MeO,CNSO, 

FLS 11. 

(174) 
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*Fe 

H H 

+E 
Fe-CH=C=CH, +E z 

+l=e - III 
II 7 

CH,E - 

H 

Fe / 

G 
HH 

/ 

I E E 

E = tetracyanoethylene 

Fig. 12. 

ivatives, was as follows: (i) protonation of (n-CSH,)Fe(CO),[CH=C=CH,] gave 
[(n-CjH,)Fe(CO),(HCCMe)] ‘, which reacted with water giving (n-CsHj)Fe 
(CO),CH,CO,Me and (nGH,)Fe(CO)&OEt; (ii) protonation of (n-CjH,)Fe 
(CO)IICH,eCMe] gave the cationic allene complex, [(5r-C,Hj)Fe(C0)2(H2C= 
C=CHMe)] *, as a single stereoisomer (Fig. 13). The formation of this allene 
species was comparable with the known [207] flusional behaviour of (Me,- 
C=C=CMe,)Fe(CO), . 

A detailed study of the reactions of (x-CsHs)Fe(CO)zR (R = 3alkenyl ot 
2alkynyl), with chlorosulfonyl isocyanate has been made (2081. Tbe 2-alkenyl 
complexes afforded the pyrrolidone (175) and the N-acyl-IV-(chlorosulfonyl 
or suIfamoyl)amido species (177), (X = SO&l, H, SO,NHPh, S02NEt2 or 
COPh; R, R’ = H, Me, or Ph) depending on whether a methyl group was present 
or absent at the C(2) atom of the alkenyl group. However, the 2-alkynyl com- 
plexes afforded the 43-pyrrolinones (176), (X = SO&l, H, SO?NHPh, or SO,- 
NEtz; R, R’ = H, Me, Ph or CH?Fe(C0)2(T_CjHS)) exclusively. It was observed 

H .C- .H 

I 3 
Fe 

Fu. 13. 
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‘R R’ 
\/ 

/$//O 
(=CgHg)iOC)2Fe-Cij , 

C%- N, X 

(575) 

:: 
(~-~H51(OC12Fe-N-C-CH_-C =CHz 

I I 
X Me 

(177) 

c~-C&JrOC)2Fe-C, 
CH,’ NAX 

(176) 

. R, 9 

- .~,SO,CI 
[M] ~$.& HO 

I 
C-h/ 

H-2 
MC* 

‘sop 

‘1 
0 

R’ 
[M] IfCC =OKRR’C(R”)=CH, 

SO& 1 

sop R / \ 

[Ml-e O‘\c [Ml*- 11 -:y- 
\ 

0 

‘c A-so Cl 
_ [Ml--C 

AC// 

9 z - \ / 
CR 

&- N’So*cI 

[M] E ( rc - C,H,) FelCO12 

that while 175 and 176 were derived by cycloaddition of ClS02NC0 to the u- 
bonded hydrocarbon fragment, and that this was accompanied by 1,2-metal 
migration, 177 resulted from insertion of CISOINCO into the Fe-C bond. The 
mechanisms of formation of 175 and 176 are shown in Fig. 14, and some re- 
actions of 175 (X = SO&l; R = R’ = Me) and a species, 178, closely related to 
the A3-pyrrolinones, 176, are summarised in Schemes 17 and 18. 

Treatment [ 2091 of the vinylic species 179, with hexafluoroacetone gave 180, 
in which formal insertion of (CF3)&0 into a C-H bond of the cyclopentadienyl 
ring had occurred. On heating 179 lost PPh3 giving 181. 

Reaction of the cationic complexes [ (n-C,H,)Fe(CO)2(olefii)] l (olefin = 
C,&, cyclopentene or cyclohexene) with enolate anions (R = CH(C02Et), , 
CMe(CO$t)l, CH(COMe)(CO,Et)) gave [210] the alkyl complexes, (n-CSHS)- 



SCHEME 17 

Me Me 

PhCOCI/ 
Et3N 

SO,NEt* 

[Fe] 5 ( K-CSH5)Fe(C0)2 

SCHEME 18 

[Fe] E ( x -C5H51Fe(COI, 

Fe(CO),CH,CH,R (182 and 183). Hydride abstraction from 181 (R = CH(CO?- 
Et),) afforded 184. However, reaction of [(n_CjHj)Fe(CO)z(C,H,)1* with (n- 
C5Hs)Fe(CO),[CH2CH=CHz] produced 185, some reactions of which are given 

(179) 
Meo’ A 

(1801 

-0Me 

(181) 
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(n-C&J(OC),Fe 

(1821 (183) (184) 

FeKO), h--C5H5) 1 
+ 

(n - ~H,hOC),Fe 

(185) (186) 

SCHEME 19 

NaI, acetone 

HCI J \\‘\ NEt, [Fe] 5 ( n -C5H51Fe(CO& 

SCHE-WE 30 

[Fe] = ( A -CsHs)Fe(CO& 

in Scheme 19. Representative reactions of a cyclopentenyl complex are out- 
Ened in Scheme 20; the triethylamine abstracts a proton stereoselectively, i.e. 
trans to the Feoiefin bond. Coupling between (rr-CSHS)Fe(CO)$H2CH=CH2 
and [(lr-C,H,)Fe(CO),(C,H,)l + is demonstrated in Fig. 15, and an alternative 
route to 186 is shown in Scheme 21. 
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- [Fe] 

(186) 
FIN. 15. 

SCHEME 21 

+ +[Fe] -1 - t[Fe]cu-fLFe] + +k 

[Fe] E ( m -C5H5)FeKO)2 I NEt, 

NEt, 
‘[Fe]--Ic_I”rFel 

Complexes containing Group IVB elements and mercury 
Alcoholysis of (n-C5H5)Fe(C0)2SiC1, by NaOR in ROH afforded [211] 

(n-C,ff,)F’e(CO),[Si(OR),] (R = Me, Et, i-Pr, n-Pr, t-Bu), but an excess of OR- 
caused fission of the Fe-Si bond. The preparation of some organosilyl com- 
plexes, (;r-CSH,)Fe(CO),SiR, (R, = Me,Ph, MePh?, Ph3, or Ph2(CH=CH2)), 
including the optically active (-)-[(.rr-C5H5)Fe(CO)2 {SiMePh(l-CIOH7)}], and 
(n-C,H,)Fe(CO)(PPh,)(SiPh,), has been reported [ 2121. The l-methylsila- 
cyclobutadiene complex (187), was obtained 12131 by treatment of Si(CH,- 
CH2CH7)MeCl with Na[(n-C5HS)Fe(CO)z]; some reactions of 187 are outlined 
in Scheme 22. 

The vinyl-substituted germyl complex, (n-C,H,)Fe(CG),[GeMe,(CH= 
CH,)] was obtained [214] by attack of [(n-C5H5)Fe(CO),]- on GeMe,(CH= 
CH?)X (X = Br or I); and Fe(CO),(NO)[GeMez(CH=CH,)I was produced sim- 
ilarly using Na[ Fe(CO),(NO)]. Photolysis of the cyclopentadienyl complex 
afforded 188, the proposed mechanism being illustrated in Scheme 23; 188 
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SCHEME 22 

ye 

[O-5-0]‘-+ [Fe]- 
A- 

KOH 
- 

MeOH 

r-4 \ 
Me’ 

SI 
3 

(187) 

[Fe] H + [Fe]SrMe-n-PrCI + :>SI~ 

a5 catalyst 

[Fe] E (n -C5H5)Fe(C0$ 

SCHEME 23 
. . 

[Fe]GeMe,KH=CH2) 

G [Fe] GeMezq [t A - C5HiFCOl]4 

GeMe.JCH=CH, 1 + [Fe]. - bl, 

0 

,=\ / co 
Fe - Fe 

OC 
/ ‘Ge’ .I: 

b 
Me’ ‘Me ‘- 

hv 

(7881 [Fe] 3 Ix-C5HglFe(C0)2 

existed as cis- and tram+isomers with respect to the arrangement of the ;rr-CSHS 
rings. Photolysis of GeMez[Fe(CO),(n-C&I,)], also gave [215] cis- and fmns- 
188, and simikr breatment of (n-C,H,)Fe(CO)~[GeMe~Cl] afforded cis-[(n- 
C,H,)Fe(CO)(p-GeMe,)] 2. 

Reaction of [(7KQ-15)Fe(C0)2}~ with 0(SnMe3), or N(SnMe,), gave 
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Fe(CO)2] afforded [225] (n-CgH5)Fe(CO)2(~-PMe2)Fe(CO)4. UV irradiation 
of this gave (n-CSHS)Fe(CO)(p-PMeJp-CO)Fe( CO), (192), the structure of which 
has been confirmed crystallographicallly (Fe-Fe 2.63 A), while thermolysis (219”) 
gave [(7r-CsHs)Fe(C0)1]2 and [Fe(CO),(p-PMez)]I. 192 could also be obtained 
by treatment of Fe(CO)4[PMe,(SiMej)] with (n-CSHS)Fe(CO)&l. Chloride 
displacement from Ni(C0)3PMeZCl by Na[(n-C&)Fe(CO),] afforded (K- 
C,H,)Fe(CO),@PMe2)Ni(CO)a, while reaction of Fe(CO)4PMe2CI with Na- 
[MJI(CO)~] and Na[ Re(CO)5] gave (OC)4Fe(PMe,0PMe,)Fe(C0)4 and [Re- 
(CO)-&-PMe~)l~, respectively. Treatment of C!r(CO)j(AsMe&l) with Na[ (n- 
C,H,)Fe(CO),J afforded (n-C5H5)Fe(CO),(p-AsMe2)Cr(CO)5, which decom- 
posed on heating. 

Bridged phosphido complexes containing iron and/or ruthenium, [(n- 
C,H5)M(CO),(p-PPhZ)M’(C0)2(.rr-CSHS)] ’ (193), could be obtained [ 226 ] by 
addition of (x-C5HS)M(C0)2PPh, (M = Fe or Ru) to (n-C5H5)M’(CO)&I (M’= 
Fe or Ru). A mixture of (~-C5Hs)Ru(CO),(~-PPh2)Fe(CO)J and [(?r-C,H,)- 
Ru(CO)* J2 was obtained by reaction of (n-C5HS)Ru(CO)IPPhz with Fe,(CO)+ 
[(mCSHj)Fe(CO),] _ 7 reacted with SbC13 in dichloromethane giving 12271 
[ {(m-C,H,)Fe(CO),},Sbcl,l[Sb,C171 (194), from which PF,- and Reineckate 
salts could be obtained; the structure of this compound has been determined 
[228] crystallographicaUy. A similar cation was produced using SbBr3, and 
with Sb(CFs)21, [ {(n-C,H,)Fe(C0)_3}zSb(CF3)z J[Sb(CF3)?12 ] was formed. 
(r-C5H5)Fe(CO),CI reacted [ 2271 with SbC13 giving [ {in-CsHs)Fe(C@),CI I?- 
SbC13]2, probably 195. With Sb7(CF3)4, [(R-CsHs)Fe(C0)_1]2 may have re- 

(193) 

[Fe] = Or- C&l,) F&CO& 

(195) 

acted to give (n-C,H,)Fe(CO),[Sb(CF,),1. The reactions corresponded for- 
mally to an insertion of SbXzc into the Fe-Fe bond of [(n-CSHs)Fe(CO),]2, 
and comp!emented the observations [ 2281 that SbX, gave, in THF, (n-&H,)- 
Fe(CO),SbX, and [(a-CjHS)Fe(CO),],SbX. Under more rigorous conditions, 
in refluxing 1,2_dichloroethane, SbX, afforded [ {(n-C,H,)Fe(CO)z}$bX+] “- 
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[ FeX, “-1 (X = Cl, n = 1; X = Br, R = 2); these compounds were also isolated 
as BPh4- and Reineckate salts. However, reaction with SbC15 afforded [{(n- 
C,H,)Fe(CO),),(p-Cl)][SbCI,]. Treatment of [(nCjHS)Fe(CO):]2 with AsX, 
(X = Cl or Br) gave (n-C5H5)Fe(CO),AsX1 and [ {(~-C5H5)Fe(C0),}2AsXz]- 
[ FeX4]. The former could be converted into the latter when X = Cl, and with 
different reaction stoichiometries, [ {(x-C5H5)Fe(CO)z}3AsCI,] [ FeCL]? was 
also formed. The last, on recrystallisation from acetone, afforded [ {(n-CSHS)- 
Fe(CO),),AsCI,][FeCI,]. Wh en X = Br, a species formulated as [(n-C,H,)Fe- 
(CO),Br] 3[ AsBrj], perhaps analogous to [ { (n-CjHj)Fe(CO),Cl} SbCl,] 2, WAS 
also isolated. Reaction of BiX, (X = Cl, Br or I) with [(n-CjH,)Fe(CO),], gave 
only (n-C5Hj)Fe(C0)2BiXz. 

Compounds containing sulfur 
UV photo!ysis of (n-CIHS)Fe(C0)2(SCF,) gave [229] isomers of [(n- 

CjHS)Fe(CO)(SCF3)]2 similar to other known [ 2301 mercaptide complexes 
of iron. Treatment of [ Fe(CO)s(SCF,)], with PPh3 afforded Fe,(C0)5(PPh,)- 
(SCF3)2 and [Fe(CO),(PPh3)(SCF,)l,, while CO displacement by NO pro- 
vided [ Fe(NO),(SCF,)]2. Voltammetric oxidation of [(n-C5H,)Fe(CO)(SR)]z 
(R = alkyl or aryl) and [(n-C,H,)Fe(CO)(PPhz)]z occurred [231] in two re- 
versible one-electron steps, giving dimeric mono- and di-cations. The half- 
wave potentials were dependent on the nature of R, and the oxidations 
could be achieved chemically. The electron transfer reactions were stereo- 
selective (i.e. syn-syn”’ + syn-syn’“+r’+ where syn refers to the geometry 
of the Fe?(SR), system). From Mijssbauer spectral studies it was established 
that electrons were removed from a molecular orbital predominantly metallic 
in character and associated equally with both metals. Oxidation probably led 
to a contraction of the Fe-Fe bond lengths. 

The structures of two SO, derivatives of [(n-C,Hj)Fe(CO)z], [232], viz. 
[(n-CjH;)Fe(CO),I,SO, (196) [233], and (~-CSHj)?Fe2(CO)~(~-S02) (197) [234] 

(196) t 197) 

(198) (199) 
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have been determined by X-ray crystallography. In the latter, the Fe-Fe dis- 
tance is 2.59 X and the S atom has tetrahedral geometry. 

The structure of [ (8C,H,)Fe(SEt)S] 2 (198), obtained [ 2351 in low yield 
from a refluxing mixture of [(7r-CsH5)Fe(C0)2]2 and ethyl polysulfide in 
methylcyclohexane, has been determined. The Fe-S-S-Fe bridge is 
planar, the Fe-Fe distance is 3.31 A, and the S-S distance, 2.02 A, is shorter 
than that of an S-S single bond (2.10 a), corresponding to a n-bond order of ca. {. 
Of the various formulations representing the Fe& interaction, that of 
Fe” ‘S a S- Fe” was favored. The voltammograms of the compound ex- 
hibited one anociic wave, but no cathodic processes were detected. Reaction 
of [(~-CSH#WCO)Z]Z with RZSz gave [236], as expected, [(n-C,H,)Fe(CO)- 
(SR)], (R = Me, Et, t-Bu or CH2Ph) and also (rr-C5H5)jFeJ(CO)IS(SR) (199). 
Cyclic voltammograms of the latter in dimethoxyethane revealed the exis- 
tence of a mono- and di-cationic species, and iodination of 199 afforded [(n- 
W%)3Fe3(C0)2S(SR)1 + which rapidly decomposed into [(n-CSHj)Fe(CO)- 
C=)I z+- 

Halide, cyanide and other complexes 
UV irradiation (h > 400 nm) of (ir-CSH5)Fe(C0)2X in DMSO or pyridine 

gave [237] [(n-CSHs)Fe(C0)2]z, C5H6 and X-. When h > 280 nm, dimeric 
species, e.g. possibly (n-C,H,)(CO)Fe(p-CO),Fe(py)(n-CSHs), were formed 
but these could not be isolated. These reactions did not occur in non-polar 
solvents. Under visible light in pyridine or DMSO, (n-CSHS)Fe(CO)LBr af- 
forded [238] [(n-CSHs)Fe(C0)2]z when L = P(OPh), and [(x-CSHS)Fe(C0)2- 
(PPh,)] Br when L = PPh3. 

Treatment of (n-C,H,)Fe(CO),I with AgBF, gave [ ((n-CSHS)Fe(CO),}zI] - 
[ BF4] (200), the structure of which has been determined crystallographically 

[239]. The Fe-I-Fe bond angle was 110.8” and the FeFe separation 4.26 
A (i.e. there was no metal-metal bond). 

Reaction of Fe(diphos)&& with TI&H, gave (n-&H,)Fe(diphos)Cl, 
some reactions of which are shown in Scheme 24, and ferrocene; “Fe and 
’ “Sn Miissbauer spectral data were obtained from some of these compounds 
[240]. 

The change in asymmetric CO stretching frequencies which occurred 
[241] upon coordination of a Lewis acid to (7r-CSHS)Fe(CO)zCN (giving (r- 
C,H,)Fe(CO)&NL) provided a convenient measure of the electron-pair accep- 
tor strength of the Lewis acid. Thus, the acceptor properties increased in the 
order L = BHS C BF3 < BC& = BBr3, but decreased in the order L = BC13 
> G&l3 > AK& and AlMe > BMes = GaMea. 
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SCHEME 24 

(x-C5H5)Fe(diphos)Me ( n-C5H5)Fe(diphos)H 

( x-C,H5)Fe(dlphos)SnX, 

(X=Br orI) 

(z-C5H5)Fe(dmhos)SnMe3 

dlphos. hv 

(n -C5H51Fe(C0)2SnMe3 

SCHEME 25 

(z - C,Hs$Fe 
9-1. (I-CsHsWCO&Cl -A/Et,0 

Fe(CO),I, + B/Et20 85.,. [(J=&JFe(CO)212 

1 (x-C,H,lFe(CO),X 

[(Yc-CsHslFe(C0)~]2 t A/Et,0 6’1. (.-r-C,H,)Fe(C0)2Snr~e~ 

(.7-CSH,IFelCO)tn-C,Y) (.I-C~H,~(CO~CI + A/dloxane 

(JZ -CjHiIFeK0)3X 8 1 qr. FetCOb I2 + A/Et,0 

Fe(CO),I, + C/Et20 
28.1. - (A-C9H7)FeKO$X 

[RuCCO$Cl& B/MeCN 

(;r-~Hslfiu(CO)J31- + B/THF 

[Ru(COL&+ A/T’-lF 

[RIJ(CO$CI~]~ + E3jTklF 

(rr-CsHs)RuKO&SnMe3 

(;r-CSHs)Ru(COI(K-C~H~HS) a (;r-CsHs)Ru(CObBr T A/THF 

(n-C,H#u(CO, 1 83% 
2 ( II-C,H5~Ru(CO~6r + A/THF 

A = Sn(C3H5)Me3, 6 = Sn(C,Hg)Mej; C = Sn(CgH,1Me3 _ 
( approx. yields m % 1 

*This compound IS not produced 
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sr-Cyclopentadienyl, sr-ally1 and other carhonyl halides reacted 12421 
with Sn(CsH5)Me3 and Sn(CSHS)Me3 affording a series of complexes (Scheme 
25). Treatment of Fe(CO)&, and of (n-C,H,)Ru(CO)sBr, with Sn(C,H,)Me3 
gave (a-C,H,)Fe(CO),I (28%) and (n-CpH7)Ru(CO)(n-W-I,) (77%), respec- 
tively. Ru(C0)4(SiMe3)I was converted by Sn(CSH5)Me3 into (n-C&)Ru- 
(CO),(S&le,) (49%). 

Metallo-borane and -carborane cluster compounds 
From X-ray crystallographic studies 12431 of (B,C2H,)Fe(C0)3 (201) 

12441, it was established that the carborane skeleton formed a planar ring. 
Treatment of (n-C,H,)Fe(CO),I with N&,&H, gave [245 J B&H&-Fe- 
(CO)Jlr-CjHS)] (202), which, on photolysis afforded (n-C5H5)FeH(n-2,3- 
BqCIH6) (203) and (x-CSHS)Fe(r-2,3-BsC,Hg). The former, an Fe” derivative, 

H 

(201) (2021 

could be converted into the latter (a derivative of Fe”’ with a structure sim- 
ilar to that of 203 without the hydride), and vice versa, in a combination of 
acid-base and redox reactions. Reduction of 203 with NaH, or of (n-CjH5)- 
Fe(lr-2,3-B&H,) with sodium amalgam, afforded [ (n-CjHS)Fe(n-2,3-&C?H6)1 
Treatment of this anion with HCI caused regeneration of 203, but osidation 
with air caused reformation of (~-C,H,)Fe(n-2,3-BJC,H6). Reduction of 2,4- 
B&H, with sodium naphtbalenide in the presence of FeCl,, NaC,H, and 
oxygen gave 204 as the major product, together with traces of the 2,4-isomer 
of 203, viz. (n-CSHS)FeH(6-R-x-2,4-B&Hs) (R = CloH, or H), and its osi- 
dised counterpart, (n-CSHS)Fe(6-R-n-2,4-BqCzHs). Reduction of 204 by 
sodium amalgam, followed by addition of HCI, gave 205 and the 2,4-iso- 
mer of 203,206. From the gas phase reaction of 2,3-BJCIHS with Fe(CO)S 

_---_ 0 ‘-__*I 

I 

(H atoms omkted 
for clarity) 

(203) 

_---- 0 ‘-___a’ 

ce 

(Hatoms omltted 
for clarity) 

(204) 

( H atoms omitted 
for clarity) 

(205) 
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(206) 
(H atoms cxnMzd 
for clanty 1 

(207) 

at 215”, (n-2,3-B&H6)Fe(CO), (207), and (n-2,3-B3C2H,)Fe(CO)3 (201), were 
obtained; thertnolysis of 207 gave 201. 

Treatment of (n-C5H5)Co(B7C2H9) (a Co”’ complex), which had been re- 
duced by sodium naphthalenide, with NaC,H, and FeCl*, resulted [246] in 
the formation of (n-C.jH5)Co”‘[ B&H9Fe”‘(nCSHj)] (208), which may be reduced 
to an anion by BHJ - in acetonitrile. Reduction of (T-C5H5)Co”‘(B,.C,ti, J by ethano. 
lit KOH in the presence of Fe& and C5H6 afforded (~F-C~H~)CO~‘I [B,C,H, ,Fe”‘- 
(x-CjHj)] (209). Reduction of 209 with borohydride afforded the correspond- 
ing Fe” -containing anion. Photochemical reaction of the K’ salt of the isomers 
‘7,8- or 7,9-[BgH,,CHP]- with Fe(C0)5 afforded 12471 [Fe(CO)a (7,8-BgHlO- 
CHP}]-. The iron atom had a trigonal bipyramidal geometry with axialiy 
bound phosphacarborane, the latter being o-bonded to the Fe(CO)J group via 
the P atom. 

In a polyhedral expansion reaction, reduction of 1,7-B&H8 with sodium, 
followed by addition of NaC,H, and FeCl,, led [ 2481 to the formation of 
(n-CjH5)Fe(lr-2,3-BsC,H,0) (210). which could be reduced to a monoanion. 
Reaction of l,?-B6CVHs with sodium naphthalenide, FeC12 and NaC,H, afforded 
isomers of (z-CSHS)Fe(n-B,C2HS) (211 and 212). A mixture of [B&HIz]-, 
FeCI, and [CSHS]- gave [249] (n-C&H,)Fe(n-B&H, ,) (213) and a similar mix- 
ture involving [B,oC2H,z]‘-afforded 12501 [(n-CSHj)Fe(n-B,oCzHII)]-. The lat- 
ter anion could be ovidised to its neutral, paramagnetic Fe”’ counterpart. Re- 
action of two moles of [B,0C2H,1,]1-- with Fe& gave the dianion [Fe(n-B,&,- 

Hd#-v which could be ouidised, voltammetrically, in a one-electron step to 
the corresponding monoanion. 

(H atoms omitted for clarity) (H atoms omltted for clarity) 

(208) (209) 
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Fe Fe 

(H atoms omitted for clarity) 

(210) 

(H atoms omltted for Clarity) 

(211) 

(H atoms omitted for clarity) 

Fe 

(212) CH atoms omitted for clarity) 

(213) 

Cyclobutadiene, trimethylenemethane and arene complexes 

Cyclobutadienemetal compounds 
Pressurisation of acetylene-saturated THF solutions of Fe(CO)S gave 

[251] (x-Cq&)Fe(CO)a and the metallocyclopentadienyl compound 214 in 
low yield, together with _r-butyrolactone, quinhydrone and polymeric ma- 
terial. 

Transannular cyclisation occurred when the diacetylene 215 reacted 
12521 with Fe(CO)S or Fe3(C0),2. The products were the substituted cyclo- 
butadiene compounds, 216 (m = 4,n=4,5or6;m=5,n~5or6),metal- 
locyclopentadienyl species, 217 (m = 4, n = 4) the structure of which has 
been confirmed 13601 (Fe-Fe distance 2.46 A) or x-cyclopentadienyl dim- 
ers (218) (m = 4, n = 4, 5 or possibly 6). A possible mechanistic pathway is 
outlined in Scheme 26. Also produced in these reactions were Fe2(CO)6- 

(214) (215) (216) 
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(217) (2181 (219) 

SCHEME 26 

(C,gH,&, perhaps 219 (m = 4, n = 5), and Fe7_(C0)6(C13H18)3 (220) (m = 
4, R = 5). The n-cyclopentadienyl complex 218, reacted with iodine giving 
(n-Q)Fe(CO),i (a-Q = substituted n-cyclopentadienyl ring), and cleavage 
with sodium amalgam afforded Na[ (Ir-Q)Fe(CO)z]. The latter reacted with 
C6F6 and SnPh,Cl giving (n-Q)Fe(CO)&FS and (n-Q)Fe(CO)$nPh3, re- 
spectively. 

(220) 

Reaction of 221 (R = Me, F, Cl, Br, OMe, or NMe2) with Fe2(C0)9 
afforded 12531 the substituted ~r-cyclobutadiene complex 222. There was 
no conjugative interaction between the Ir-electrons of the C6 and C4 rings. 
Dechlorination of 223 by Fez(C0)9 afforded 12541 224. 
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(223) (224) 

Photolysis of krypton-matrix-isolated (n-G&)Fe(CO), gave [ 2551, at 
8 K, (n-C,H,)Fe(CO),, which, on warming to 35 K, recombined with the CO. 
Reaction of (n-C4RJ)Fe(C0)3 (R = H, Me or Ph) with NOPFB afforded 12561 
[(n-C,R,)Fe(CO),(NO)] [PF,]. Treatment of this with the appropriate Lewis 
bases afforded [(n-CJR4)Fe(CO)(NO)L] * (L = PPhj, AsPhJ or SbPh,) and 
[(?r-C,RJ)Fe(NO) (P(OPh),},] l . 

Acylation of (Ir-C,H,)Fe(CO)J afforded [ 2571 (~-CqH,COMe)Fe(C0)3 
(or RCOMe where R = rr-C,H,Fe(CO),). Reductive dimerisation of this acyl 
produced RC(OH)Me - C(OH)MeR which could be dehydrated to H&=CR= 
CR=CH?, or underwent the pinacol rearrangement giving R,CMe(COMe). 
Attack by base on RCOMe gave RC(Me)=CHCOR, while reduction by BzHJ 
afforded REt. Acetylation of this ethyl complex led to 225 (45%) and 226 

(225) (226) 

(55%). Condensation of p-toluidine with RCOPh in the presence of alumina 
afforded [ 2581 RC(=NC,H&Ie)Ph, which was isolated as syn- and anti-isomers. 

Reaction of 227 with Na,[Fe(CO);] gave [259] 228. This compound 
underwent a series of reactions outlined in Scheme 27. The aminomethyl com- 
p!ex was resolved into its diastereoisomers using (+)-camphor-lo-sulfonic acid, 
and 229 was also obtained as a diastereomeric pair. The ‘H NMR spectrum of 
229 indicated that less than 5% of racemisation occurred at 120” after 48 h. 
This contrasted with the behaviour of 5-formyl-2,4-pentadienoateiron tri- 
carbonyl, the racemisation of which had tH = 46.5 h at ca. 120”. These results 
indicated that cyclobutadiene, or its derivatives, must be completely removed 
from the metal before racemisation can occur. Related to this point is the 
mechanism of reaction of’(n-CJH4)Fe(CO)J with dienophiles in the presence 
of Ce4+. Various schemes have already been discounted [ 2601, but one pro- 
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posal seems acceptab!e (Scheme 28). Thus 228 reacted [ 2611 with TCNE, 
benzoquinone or N-phenylmaleimide in the presence of Ce” giving the pro- 
ducts as shown in Scheme 29. The major product, as shown, was racemic. Re- 
action of (-)-[ (r-2,3-C4H,MeEt)Fe(CO)J with MeO,CCH=CHCO,Me or 
TCNE in the presence of Ce4’also afforded [262] racemic products, and these 
data indicated that greater than 95% of the cyclobutadiene ligand had to react 
with the dienophile after the ligand bad attained a plane of symmetry. There- 
fore, the metal could not be close enough to the ligand, e.g. as in 230 to alter 
its symmetry from that of the free ligand, and so could exert little influence 
on the electronic state, or reactivity, of the ligand. 

Trimethylenemethane complexes 
Reaction of 2,2-dimethylallylidene cyclopropane with Fe2(C0)9 afforded 

[263] 231, and the isomers 232 and 233; a mechanism for the formation of 
234 and 235 is outlined in Scheme 30. Ring opening of Feist’s ester by Fez(C0)9 

Me 

/ 
I 

O\ 
c=o 

MeOCH2 
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SCHEME 31 

Fe,(CO19 
MeO.$ CC&Me 

Fe,(CO)9 - MeO& and /or 

(Scheme 31) appeared [264] to be completely stereospecific and to occur in a 
disrotatory fashion; such a reaction with analogous cyclobutenes were un- 
successful. The structure of a trimethylenemethane species 235, derived [ 2651 
from a heptafulvene ring, has been determined 12661 crystallographically; 
the Fe-C distance to the central, and to the peripheral C atoms are 1.95 and 
2.12, 2.18 and 2.19 A, respectively. 

Arene complexes 
Reduction, by sodium amalgam at -5 to -4O”C, of [ (n-C,H,)Fe(n-C&H,)]’ 

gave [267] its neutral, paramagnetic counterpart. In the presence of polar 
solvents, exchange of the 7r-CgH6 ring by other ligands, viz. C5H5, other arenes, 
CO or P(OPh)3, could be effected, thereby giving (x-CSHS)2Fe, (7r-C5H5)Fe- 
(arene), [ (sr-C5Hs)Fe(C0)2] z or even [ (rr-C,H,)Fe { P(OPh),),], _ Among the 
arene species so obtained were (n-C,H,)Fe(n-C,,H,) and (r-CSH5)Fe(n-C6H3Me3), 
isolated as the more stable monocations. 

Iron vapour, PF3 and benzene condensed [268] at -196” to give (n- 
C6Hb)Fe(PF&, whose volatility was similar to that of (n-CeH6)Cr(PF3), . Re- 
action of the iron compound with CO (1 atm) gave Fe(C0)3(PF3)2. 

Treatment of [ (7r-C6HB)RuC1 ] 2 z with [RY(pyz),J- (PYZ = I-pyrazolyl; 

Y = H or pyz) gave [(srC,H,)Ru{E3Y(py~)~)] * isolated as the PF6- salt. The 
crystal structure of the species with Y = pyz was determined [270], estab- 
lishing the pseudo-octahedral geometry of the Ru” atom, and that the [B(py~)~j- 
ligand was tridentate. Reaction of [ (TF-C~H~)RUCI-,] z with cH(py~)~ afforded 
[(7r-C,H,)Ru{CH(pyz)3)12’ 12691. Addition of H- to the tripyrazoIyIborat,e 
gave the fluxional n-cyclohexadienyl complex (or-C,H,)Ru [ BH(py~)~1. 

Ally1 and dienyi complexes 

Monoal!yl species 
Addition of finely divided Yb, Sm, Y or Mn to THF solutions containing 

(n-C3HS)Fe(CO)31 afforded 12711 an air-sensitive mauve solution which ap- 
peared to contain an equilibrium mixture of (n-C3HS)Fe(CO)3 and [ (n-C,H,)- 
Fe(C0)J2. Treatment of this mixture with p-MeC,H,SO,N(NO)Me gave (T- 
C,H5)Fe(CO),(NO) (55% yield), but there was no reaction with PPh3 (thereby 
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eliminating, 
(PPh,)I was 

probabiy, the existence of an Fe-1 bond, since (R-C3H,)Fe(CO)z- 
not isolated). Similar treatment of (a-C5H5)Fe(CO),X (X = Cl or 

&) with Yb or Sm gave only [(n-C5H5)Fe(CO)z]I. 
Reaction of (rr-C,H,)Fe(CO),I with Me,SnSzCNMe2 gave E2721 two iso- 

mers of (n-C,H5)Fe(C0)2(S2CNMe,) (236 and 237). The known [273] Fe(CO)?- 
(S2CNMez)l could also be obtained from ttus reaction, although Fe(CO)sI- 
(S&NMe,) could be conveniently prepared via Fe(C0)412. Treatment of (n- 
C#j)Fe(C0)2Cl with Me,SnS,CNMe2 gave the known [275] (z-C,HS)Fe(CO)- 
(S2CNMez). 

UV irradiation of Fe(PF3)5 with C3HSX (X = Br or I) gave [274] (x- 
C3HS)Fe(PFJ)IX, but when X = Cl, the 1,3-heuadiene complex, (C,HjEt)Fe(PF,), 
was produced. 

From an X-ray crystallographic study of (sr-C3HS)Fe(CO)z(PPhJ)I it was 
established [275] that the metal atom had a quasi-octahedral geometry. “C 

(236) (237) (238) 

NMR spectral studies of (n-C3Hj)Fe(C0)3i confirmed [ 2761 the existence of 
two isomers 12771 determined by the orientation of the ally1 group. A complete vib. 
rational spectral analysis, in the liquid and solid phases, has been made 12781 
of (n-C,Xj)Fe(CO),(NO) (X = H or D). 

Treatment of (CJH,)Fe(CO)l with HBFJ or CF,CO,H in the presence of 
CO afforded [279] the tetracarbonyl cation 238. The simpler complex, [(n- 
C3Hj)Fe(CO)J] l could be obtained by treating (n-C,Hj)Fe(CO),CI I;vith AgBFJ 
in the presence of CO. These cationic species were susceptible to nucleophtic 
attack leading, in some cases, to the release of olefins (e.g. MeCOCH2COIMe 
gave H,C=CHCH,CH(CO,Me)COMe). However, treatment of [(n-C3Hj)Fe(CO),]’ 
with PPh, or pyridine (L) gave [fH,C=CHCH,L)Fe(CO),]‘. When there was a 
choice between the formation of a cis or trurzs double bond in the olefin so 
formed, &-geometry was favored (e.g. Scheme 32). Stereospecifically labelled 

SCHEME 32 
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species could be prepared using CF,CO,D, viz. Scheme 33, and it was shown 

that nucleophilic attack occurred preferentially at the unsubstituted terminal 
n-ally1 C atom. 

Hexafluoroacetone added [280] to (2,3C,H,Me,)Fe(CO), and (2C,H,Me)- 
Fe(CO), under UV irradiation, givmg 239 and 240. The latter underwent a re- 
arrangement at 80°, probably involving insertion of (CF,),CO into a CH bond, 
giving 241 and 242. Similar photolysis of (n-CJMeJ)Fe(CO), with CFz=CFH 
afforded [281] 243 and 244. Carbonylation of the latter at 80” gave 245, but 
when heated in hexane, 244 produced [(n-C,H,CF,)Fe(CO),], . It was suggested 
that this dimer could have been formed via a route involving the migration of 

wk 

Me 

FH2CK F3 I2 (OH 1 

MC 
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!-I CKF, &(OH 1 

(242) 
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/ 
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Me Me 
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(243) 

Fe-o 
(CO), 

(241) 

Me 

c 244) 

Me 

I A 
Me Me 

(247) 

hydride from the CF,CH group to the metal atom, with concomitant ring en- 
largement via a 1,2-shift, giving (5r-CjH,CF,)Fe(CO),H. 

The catalytic isomerisation by Fe,(CO), 2 of the ethylpentene 246, gave 
[ 2821 247 in which the deuterium label had been randomly distributed in all 
the methyl groups. It was found that the scrambling of D into the methyl groups 
and terminal vinylic positions of recovered 246 occurred almost twice as fast 
as isomerisation. The absence of crossover products from the isomerisation of 
a mixture of 246 and Me,CHCH=CH, indicated that olefin isomerisation occurred 
via an intramolecular hydride shift. No primary deuterium effect was observed 
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when a mixture of 246 and its undeuterated analog were isomer&d and so it 
was suggested that a n-ally1 iron hydride was involved as a reaction intermediate. 
The proposed mechanism, which does not involve an addition/elimination of 
Fe-H, is outlined in Scheme 34. 

SCHEME 34 

Fe(CO)4 

Bis-allyl complexes 
The structure of (sr-CX&Me)zRu[ P(OMe),] 2 (248) [ 2831 has been deter- 

mined crystallographically [ 2841. The bonding of the methallyl groups is asym- 
metric, the mean Ru-C (tmns to P) and Ru-C (trans to C) bond lengths 
being 2.38 and 2.18 A, respectively. The methallyl groups are also non-planar, 
the methyl group being bent out of the plane of the ally1 fragment by ca 12”. 

Monomeric ally1 species derived from cyclic olefins 
The kinetics of the reaction of the cyclooctadienyl complex 249, to give 

(CeHIz)Fe(CO),L, and then the transannular ketone 250 and Fe(CO)*L1 (L = 

Me 

F a---. 
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Lewis base nucleophile) have been studied [ 2851. Under pseudo-first order 
conditions with poor nucleophiles (PPh3 or P(OPh),), substitution of the CO 
groups i-runs to the Fe-C o-bond occurred probably via a CO dissociative path- 
way. The limiting reaction rate was independent of the nature of L, but the 
reaction was inhibited by CO. There was no evidence of further reaction of 
the substituted organometallic to give the ketone 250. With stronger nucleo- 
philes, e.g. alkyl phosphines or phosphites, the reaction occurred by two paths, 
one giving the substituted organoiron species, and the other 250; CO reacted 
only very slowly with the organoiron species to give the transannular ketone. 
It seemed likely that a CO group bound to the metal inserted into the Fe-C 
bond to give 250. 

Treatment of bicyclo[ 3.1.01 hex-2-ene with Fez(CO)r gave [286] 251 
and 252 which could be decarbonylated (reversibly) at 130” to give 253 and 
hence its isomer (1,3-C,I&,)Fe(CO),. Bicyclo[4.1.0] hept-2-ene reacted sim- 
ilarly to give 254 which also decarbonylated (reversibly) to form 255 and so 
251. The last two could also be produced by BI-I,- reduction of 25’7. 
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Fe 

Fe 

Fe Fe 

Fig. 16. 

The complex [(CJ-lr)Fe(CO),J +, represented as an equilibrium between 
258 and 259, was reduced [287] by H- giving a mixtie of 260 (derived from 
258) and 261 (derived from 262). Both of these compounds were fltional 
(Fig. 16) and the latter underwent (reversible) carbonylation to give 262. Treat 
ment of 263 (X = CHz, CH=CH or o-C,H,) with aqueous CN- gave [288] 264. 
With I- however, 263 afforded 265 which, on treatment with LiMe gave the 
corresponding metal methyl complex. It was proposed that the lack of con- 
jugation between the unsaturated moieties in 264 was essential for 1t.s con- 
version with CN- into a 7r-aIIyImeti species also containing a Fe-C u-bond. 

(263) (2641 C 265) 

(266) (267) (268) 

Reaction of (C,Hs)Fe(CO), (C,H, = cycloheptatriene) with TCNE af- 
forded 1289) 266, whose structure has already been established [ 2901. With 

F% 17. 
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(CFj),CO and (CF3)$=C(CN)?, 267 and 268 were also produced. With (CF,)- 
(NC)C=C(CN)(CFJ), however, three isomers were formed (Fig. 17.). These 
reactions involved 1,3-addition of the electrophilic olefin to the coordinated 
cycloheptatriene (Fig. 18). Reaction of (CSH,R)Fe(C0)3 (R = H, Me, Br, Ph 
or CPh,) with TCNE gave 269. 

KN), 
X 

X =Y =H 
\ , 

_,; 
c _ FeKC)), 

(Nc)2@ 

X=Me,Y =H 

H _’ 
X z H.Y q Br 

X=H,Y=Ph 

Y 

(269) 

Di- and tri-metallic allyl complexes 
Reaction of diphenyldiazomethane with 270 under UV light gave [291] 

271, the structure of which was determined crystallographically. The Fe-Fe 
distance was 2.62 A and the O+Fe distance 2.07 9. 

The structure and temperature-dependent ’ H NMR spectrum of the Fez- 
(CO)6 adduct of bicyclo[6.2.0]deca-1,3,5-triene (272) has been investigated 
[292]. The bonding was similar to that encountered [293] in (C8H,0)Fe2- 

(COjb and (C8HS)Ru2(CO),, and while the low temperature (-130°C) NMR 
spectrum was consistent with the solid state structure (Fe-Fe distance 2.79 X ), 
that at -70°C indicated a time-averaged plane of symmetry for the system re- 
stiting from the fluxionality of the molecule. 

While the preparation of 273, from hexadiene and Rul(CO), ?, has been 
reported previously [294], it may also be produced 12951 from 1,3-cycIo- 
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2 3 
Fig. 19. 

hexadiene (4 mol) and Ru~(CO),~ (1 mol) in refluxing heptane. The reaction 
involved the catalytic cleavage of an unstrained C-C o-bond. With a large excess 
of cyclohexadiene, 273 afforded (l,3-C,HB)Ru(CO)J which is an active catc 
alystfor inter- and intra-molecular hydrogen transfer reactions. (~,~-C,HLI)- 
Ru(CO), reacted with 1,3-&Ha giving 1,4C6HB, benzene, cyclohexene and 
274. However, no 273 was obtained upon decomposition of (1,3C,H,)Ru(CO),. 

w 
R”/ 1 - qco,, 

69’ -yLc& 
OC 

(273) (274) (2751 

While ck-1,3,5-hexatriene cyclised in the presence of Ru~(CO),~ in refluxing 
heptaue to give modest yields of benzene (42%), the trans-isomer afforded ex- 
tremely low yields (1.2$&j. 

Azulene reacted with Ru,(CO),~ giving 12961, inter alia, (C,0H,)Ru3(C0), 
the structure of which (275) has been determined crystallographically. The 
three metal atoms form an isoceles triangle (Ru( 1 )-Ru(2) = Ru( 1 )-Ru(3) = 
2.942.95; Ru(2)-Ru(3) = 2.94 A); Ru(2) and Ru(3) lie below the ‘I-membered 
ring and the bonding could be regarded as in Fig. 19. 

Dienyl complexes 
The cyclohexadienyl complexes 276 (R = H or Me) underwent 12971 

H/D exchange at the methyl groups in dilute deutero acids, as weLl as D,O. 
The proposed mechanisms are outlined in Scheme 35, and the lower path was 
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(279) (280) (281) 

Pen taienyl complexes 
in refluxing octane or heptane, cis-Ru(CO)4(GeMe3)z converted [302] 

C&H8 into a metal-stabilised pentalenyl complex 282, the structure of which 
was confirmed crystaUographicaUy. The bonding and configuration of the 
pentaIene ring is illustrated in Fig. 20; the Ru-Ru distance is 3.05 A and the 

Fig. 20. 

dihedral angle between the two ring planes is 171”. When the reaction was 
carried out in refluxing hexane, the Cuxional (C8H8)Ru(CO)z(GeMej)z was 
produced. Pentaiene and its 1,3dimethyl dimer reacted [ 303] with Fe2(CO)9 
in methylcyclohexane under CO at 50” giving pentalenyl derivatives, e.g. 283, 
in low yield. 

(282) (283) 

Olefin complexes 

Mont3olefinic compounds 
Irradiation of Fez(C0)9 with Q (Q = cis- or kans-RCHXHR’: R, R’ = 

F, Cl, Br or I; CH,=CHBr or CH,=CCl, ; acrylonitrile, methylmethacrylate, 
methyl-trans-croconate, EtOCH=CH2, acenaphthalene, methylfumarate and 
dimetbylmaleate) led to the formation [304] of QFe(C0)4 in which Q oc- 
cupied an equatorial position in the molecular trigonal bipyramid. 

A gas phase electron diffraction study of (C1F4)Fe(C0)4 revealed [ 3051 
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(284) (285) (286) (287) 

that the molecule had a distorted octahedral structure (284). The CzF4 group 
resembled a fragment of perfluoropropane rather than F2C=CF2; the Fe-C 
(CF,) bond length is 1.99 A, and the coordinated C-C distance 1.53 A (ca. 
1.34 A in the free olefin). Thus the compound could be described as a deriva- 
tive of Fe”. 

Reaction of thiacyclobut-ene-l,l-dioxide with Fe,(C0)9 gave 13061 285 
which, on pyrolysis, afforded Fe3(C0)&. Treatment of Feist’s anhydride with 
Fez(C0)9 gave [307] 286 and 287. Reaction of (HCI=CHCOzH)Fe(CO)4 with 
weak Lewis bases and PC& occurred [308] at the carboxylic group (Scheme 
37). The pK, value for the free acid was 4.10 while that for the complexed 

SCHEME 37 

R = H. cycl~-C~H,~, cycle-C4Ha 

species was 5.16, revealing the net electron-withdrawing effect of the Fe(CO)+ 
group. With stronger Lewis bases L (tertiary phosphines, phosphites or pyridine), 
(H2C=CHC02H)Fe(C0)4L was formed, probably involving a hydrogen bond be- 
tween the carhoxylate group and L, i.e. (OC)JFe(H&=CHC02 - - - H - - - - L). 

UV irradiakion of Fe(PF3), in the presence of trans-RHC-CHR’ (R = CN, 
R’ = H or Me; R = H, R’ = Ph or C02Me) afforded 13091 trans-(RHC=CHR’)- 
Fe(PF,)4. Similar treatment with R’HGCR’COR gave 288 (R = OMe, R’ = Me, 
R” = H; R = R’ = H, R” = Me; R = Me, R’ = R” = H)_ 

Non-conjugated diene complexes 
Protonation of the norbornadiene complex (C,Hs)Fe(CO)s with HSOJF 

gave [ 3101 [(C7Hs)Fe(CO),H]’ (the deuteride was obtained using D,S04) which 
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(291) (292) (293) 

did not undergo H/D exchange. Reaction with C12HCCOMe and TiCI in dichio- 
romethane led to the formation of the aldehyde, (C,H,CHO)Fe(CO)lr which 
could be reduced to (C,H7Me)Fe(CO)J, also obtainable by reduction of (C7H7- 
C02Me)Fe(C0)3. Acylation could not be successfully achieved, but the forma- 
tion of the aldehyde indicated perhaps the existence of intermediary homo- 
allylic ions, e.g. 289. 

Semlbullvalene reacted [ 3111 with Fe2(CO),, giving four complexes, 290, 
291,292 and 293. The last was derived by skeletal rearrangement of 292 (Scheme 
38). 

SCHEME 38 

Fe 

3 

Treatment of [(C7H8)Ru(CO)Cl, In with X- (X = Cl or Br) gave [ 3121 
[(C,H,)Ru(CO)X,]- (294), but reaction with [Ph,As] [HCl,] afforded only 
[Ph&s],[Ru(CO)&l,]. Ru(CO)L&13 was produced [313] on treatment of 
294 (X = Ci) when L = Me,S, Me,SO or acrylonitrile; it was also formed, to- 
gether with (C7Hs)Ru(CO)LC12 (295), when L = AsPhs, SbPhs or pyridine. 
With an excess of SbPha, only Ru(CO)(SbPh3)J& was formed. With PPhs 
(l/2 molar ratio), [ Ru(CO)(PPh3)&lzJ2 was obtained, while an excess of the 
phospbine afforded Ru(CO)(PPh&C12. Reaction with PPhMel led to the for- 
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mation of (C,Hs)Ru(PPhMel,)2C12 (296), whi!e with bipyridyl or o-phenan- 
throline (N-N) in various reaction stoicbiometries, [Ru(CO)(N-N)Cl,] +, 
[ Ru(CO)(N--N)Clz]z or [Ru(CO)(N-N),CI] Cl were formed. 

Some ligand displacement reactions 13141 of 1,5-cyclooctadienetricar- 
bonylruthenium are summarised in Scheme 39. Reaction of this compound 

SCHEME 39 

\ 0 / Ru~CO)~ 
1,3- or 1,4-C6HB 

- 

Ru 
(CO), 

with benzylideneacetone afforded [315] 297, the structure of which was dt?- 
termined crystaUographically. Ru(1) has an approximately octahedral geo- 
metry whiie Ru(2) is approximately trigonal bipyramidal with distortions to- 
wards an octahedron. The Ru-Ru distance, 2.86 A, is identical to that in 
(C~H~)RU~(CO)~ [316], and the Ru-H distances are set at 1.85 (Ru( 1)) and 
164 A (Ru(2)); the Ru-H-Ru angle is 110”. 
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Conjugaled non-cyclic diene complexes 
Mixtures of iron tricarbonyl derivatives of dienes and dienones in m- 

xylene and 2,4dimethylacetophenone could be separated [317], and the 
ketones determined quantitativeiy, using high speed liquid-liquid partition 
chromatography. 

By heating Fe(CO)S with I-aryl-l-cyclopropylethylenes or l,l-dicyclo- 
propylethylene, iron tricarbonyl compieves of 2-a@-1,3-pentadienes or 2- 
cyclopropyl-1,3-pentadiene and 3-( 1-propenylkzyclobex-2-enone could be 
produced [318]. The compounds were formed by cyclopropane ring open- 
ing followed by hydrogen migration and coordination to iron, and the cyclo- 
hexenone species was produced from the cyclopropylpentadiene species by 
ring opening followed by CO insertion. 

Reaction of l-ferrocenyl-l-buten-3-01 with Fe2(C0)9 and Cu” afforded 
13191 (n-C5H5)Fe(x-C5H&H=CHCH=CH2) which reacted further unth Fe,(C0)9 
giving 298. UV irradiation of Fe(PFS)5 in the presence of a variety of butadiene 
derivatives, as well as 1,3_cyclohesa-, cyclohepta- and cyclooctadienes, afforded 
[ 3201 (diene)Fe( PF,), ; norbomadiene, also, gave (C,H,)Fe( PF9)9 without 
skeletal rearrangement. A crystal structure determination of (1,4-C,HJPh,)- 
Fe(C0)3 established [321], as expected, that there was no conjugation be- 
tween the phenyl rings and the Cq group. 

Reaction of the dienyl cations, obtained [ 3221 by acid dehydration of 
iron tricarbonyl derivatives of dienols (Scheme 40), with tertiary amines led 

SCHEME 40 
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R’ = R”= Me 

(299) 
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either to addition to the diene fragment, or to proton abstraction, depending 
on the nature of the dienyl substituents. It was noted that [(NZ6H,)Fe(CO)~]’ 
was unaffected by water whereas the open-chain dienyl cations were readily 
hydrolysed. However, the open-chain dienyl species did not undergo CO dis- 
placement by I- to give (n-dienyl)Fe(CO)zI. The triene 299 was also produced 
[323] by treatment of the cationic dienyl precursor with alumina for 1 h, 

: \ 
CJ - -Fe(C013 *---. / 

‘-__I 
by++ 

I 
Fe 

I 

(296) (3001 (301) 

but after 60 h a mixture of isomeric dimers, probably 300 and 301, was formed. 
A possible mechanism is outlined in Scheme 41. 

SCHEME 41 
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Non-cyclic heterodiene complexes 
Reaction of the chalcone complex (PhCOCH=CHPh)Fe(CO)4 with PPh3 

afforded [324] a mixture of (olefin)Fe(C0)3(PPhs) (A), (olefin)Fe(C0)2(PPh3) 
(B), Fe(C0)5_,(PPh3)n (n = 1 or 2) and (PhCOCH)2, but afttr one month, a 
60% yield of (PhCOCH=CHPh)Fe(CO),(PPh3) (302) was obtained. Similar 
treatment of (PhCOCH=CHCOPh)Fe(CO)J and (PhCOCH=CHCOzMe)Fe(CO)4 
afforded mixtures of complexes of A and B type. Treatment of o-phenyl- 
polyene aldehydes with FeS(CO),-, afforded [325] isomeric mixtures of [Ph- 
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(CH=CH),CHO] Fe(CO), (n = 2-5). The major product was always an isomer 
with the Fe(CO)S group bound to the butadiene fragment adjacent to the 
aldehyde function. UV spectral studies indicated that the GFe(COh unit in- 
terrupted considerably the transmission of conjugative effects along the polyene 
chain. 

Reaction of +he thiacyclobutenes 303 with Fel(CO)s gave 13261 304 
which, on treatment with PPha (R = R’ = H) afforded 305, the structure of 

R$--~-??& +-- 
R’ 

Fe-5 \ R 
toe,, 

R’ 

(307) (308) 

which has been elucidated [327] crystallographically. The thioacrolein ligand 
is essentially planar, the C--C distances being l-39,1.33, and the C-S dis- 
tance 1.79 A, respectively. Peroxide treatment of 304 (R = R’ = H) gave306 
while thermolysis of the tricarbony1 afforded a dimeric species, represented 
either as 307 or 308. 

The bimetallic 309 was produced [328] in low yield by reacting (n- 
C,H,)Fe(n-C,H&H=CHCMe(OH)CH,CN) with Fe3(C0),2 and (3.1~’ in benzene. 

(309) 
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Conjugated cyclic diene complexes 
By heating Fez(C0)9 in an autoclave with CSH, or C&H, for lo-15 h, the 

appropriate diene-iron tricarbonyl complexes could be prepared [ 3291. 
Treatment of 1,3,5-trimethyl-l&cyclohexadiene with Fe3(C0),2 afforded 
[330] a mixture (4/l) of the ezco- and endo-species 310 and 311. Hydride 
abstraction from these gave the symmetrical trimethylcyclohexadienyl 
complex cation. Reaction of Fe3(C0),2 with 1,5,5-trimethyl-g-methylene- 
cyclohex-Z-ene afforded 312. 

Me H H Me 

Me lcle Me 

Me 

Me 
Me 

Fe(CO), 

(310) 1311) (312) 

(313) 1314) (315) 

Methylcyclohexadiene carboxylates reacted [ 3311 with Fe(C0)5 giv- 
ing complexes of the type 313 (R = R” = H, R’ = CO@e; R = C02Me, R’ = 
R” = H; R” = CO$¶e, R = R’ = H); hydride abstraction gave the corresponding 
cyclohexadienyl salts, which were hydrolysed by water giving either hydroxo 
or dimeric ether complexes. Methoxide treatment of 313 (R = CO,Me, R’ = R” 
= H or R” = CO,Me, R = R’ = H) afforded 313 (R = R” = H, R’ = C02Me), appar- 
ently the first reported example of a base-catalysed isomerisation of a cyclo- 
hexadiene-iron tricarbonyl system. Deuteration, in acidic methanol, of these 
carboxylate species afforded, stereospecifically and regardless of the starting 
material, 314. Saponification, followed by reduction of the carboxyk acid 
complex, afforded the alcohol (l-HOCH,C,H,)Fe(CO)j which, on protonation, 
gave 315. 

l-MethyIene-2,3,4,4,5,6-hexamethyl-2,5~yclohesadiene and 2,3,4,4,5,6- 
hexamethyl-2,5_cyclohexadienone reacted [ 3321 with Fe(CO), to give tri- 
carbonyliron complexes of the 2,4-cyclohexa-diene or dienone, respectively. 
The first reactions at least probably involved a 1,5-hydride shift from the 3- 
or 5-methyl groups to the exocyclic methylene group, with participation of 
the iron carbonyl moiety. 

Treatment of 316 with Fe2(C0)9 afforded [333] the expected iron tri- 
carbonyl complex, the structure of which has been determined [334] crystal- 
lographically. The central C, ring is essentially square and planar while the 
cyclopentane ring has an envelope conformation: both ring fusions are ck and 
the 5- and 6-membered rings have an anti relationship to the Q-membered ring. 
The reaction of a mixture of 317 and 318 gave 319 (70%) and 320 (1%). 
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(316) (317) 

(319) (320) 

(321) 

Cholesta-1,3- and -2,4-diene tricarbonyliron complexes reacted 13351 
with [Ph,C][BF,] to @ve the same dienyl cation, 321. Nucleophilic attack 
(K20, OMe-, CN- or morpholine) on this species resulted in H’ elimination 
(Fig. 21) rather than addition of the nucleophile. Reaction of (n-C,H,)Mo- 
(COhQ (Q= B(PY&, JJW~yz);,I-WpyzMe~h orEbB(pyzh;~~z= PF=O~Y~, 

pyzMe2 = 3,5-dimethylpyrazolyl) with Fe(C0)5 under UV irradiation gave [336] 
the mixed metal complex QMo(CO),C,H,Fe(C0)3 (322). These species were 
flu.Goraal even after addition of the Fe(C0)3 group to the C, ring, although the 
rates of site exchange were altered from that in the unsubstituted cyclohepta- 
trienyl complex. 

A detailed study [337] of the long-range HH coupling constants in buta- 
diene, cyclohexa- and cyclohepta-dieneiron tricarbonyls confirmed that the 
protons attached to the formal double bonds were coplanar and therefore 
that the bonding in such complexes is best represented as in 323 rather than 
in 324. It was suggested [338] that differentiation between exe- and endo- 
substituted cyclopentadieneiron tricarbonyl isomers could be made on the 
basis of an analysis of the mass spectral decomposition pattern emanating 

Me 

:N 
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from the molecular ion. Such fragmentation was characterised by radical scis- 
sion of the exo-substituent, viz. Scheme 42, and it was proposed that such a 

Fe(CO), 

(322) 

Fe(CO),( PPh,) 

H H 

H H 

H 
H H 

H H 

(323) (324) 

I 
I 

(325) 

SCHEME 42 

1 
fragmentation 

[Fe-Qq’ - fragmentation 

process would occur generally in isomeric pairs of this type. By r-irradiation 
of (C,H8)Fe(CO)?(PPh3), a radical anion was produced [339] which, at low 
temperature, reacted with n-BuCI giving, possibly, 325. 

Upon irradiation of phenylcyclohexadiene in the presence of Fe(CO)S, 
the mixture of isomers 326 and 327 (R = H) was formed [340]. An equiii- 
brium between these isomers was established (tY = 4 h at 145°C) for which R 
(326/327) = 3.35 * 0.1. Two mechanisms were possible for isomerisation (Fig. 
22); pathway (i) involved a concerted 1,5-sigmatropic hydrogen shift while 
pathway (ii) required the formation of an iron hydride intermediate. Pathway 
(i) required that there should be a considerable isotope effect and might not 
be restricted to hydrogen migration cis to the metal. Pathway (ii), on the other 
hand, would not necessarily involve hydrogen cis to the metal, and would not 
display an isotope effect provided that the rate-determining step involved the 
formation of a coordinatively unsaturated intermediate prior to hydrogen 
abstraction. Accordingly, isomerisations of 326 and 327 (R = D) 13411 were 
studied. Scrambling of deuterium in 326 (R - D) was quite rapid, and from a 
study of the behaviour of a misture of 326 (R = H and R = D), it was shown 
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(329) 
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that there was a smah but significant isotope effect on the rate of conversion of 
326 into 327. Furthermore, while 35% isomerisation occurred when 326 was 

(326) (327) 

heated, only 8% of 327 was obtained when PPb, was present, the major product 
(71%) being Fe(CO)x(PPh3)2. This result was consistent with the trapping of a 
coordinatively unsaturated intermediate, e.g. 328 or 329, by the phosphine. 
That deuterium scrambling could occur only with the assistance of a phenyl 
ring (Scheme 43) was confirmed by the observation that no D was incorporakd 

SCHEb¶E 43 

into a vinyhc site in 330 while scrambling of deuterium occurred in 331 via the 
equilibration with 332 (the rate of isomerisation was ca. 125 times faster than 
the rate of scrambling). 

H 

(OC 13Fe 

H 

OCbFe 

H H 

(CC 13Fe 

(330) (331) (332) 
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Fig. 23. 

Polyene complexes 
The monoterpenes, myrcene, crs-ocimene, cis- and f-runs-alloocimene and 

a-phellandrene formed [ 3421 tricarbonyliron complexes. The compounds con- 
taining ocimene and cis-alloocimene isomerised on heating, or after treatment 
with [Ph$] l followed by 13H4-, and the possible mechanisms of the thermal 
reactions are outlined in Fig. 23. The a-phellandrene complex underwent hy- 
dride abstraction to give the dienyl salt 333. 

f 

(333 1 

Reaction of (C,HB)Fe(C0)3 (C7HB = cycloheptatiene) with [C,H,] - af- 
forded [ 3431 [ (C,H,C,H,)Fe(CO),] + (334). The reactions of this ditropyl com- 
plex with TCNE are illustrated in Scheme 44, and it is seen that the uncom- 
plexed olefin underwent 1,4-addition while the complexed moiety underwent 
1,3-addition (these modes of addition are observed in the separate components 
of the compound). There was no evidence for 335. Reaction of the substituted 
cycloheptatrienes C,H,R (R = H, Me, Ph or C6F5) with [ Ru(CO),(SiMel)], gave 
[344] 336, together with a minor product (336, R = SiMe,). An X-ray structural 
examination of the minor product established the overall molecular geometry, 
and the Ru-Ru distance is 2.94 A, the silyl group being bent away from the C, 
ring. With the cyclohepmtriene substituent R = CN or O(t-Bu) the product of 
this reaction was 336 (R = H), presumably via loss of SiMe,R. 

The 13C NMR spectra of the cyclooctatriene complexes 337 have been 
measured [345]. From the number of 13C0 resonances, it was possible to anti- 
cipate fluxional or non-fluxional behaviour for the compounds. Treatment of 
the diazepine complex 338 (R = C02Et, R’ = R” = H) with NaOH afforded 13461 
33S(R=R’=R”- - H) which existed in tautomeric equilibrium with 339 (R = 
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SCHEME 44 

V-G+ OH- 
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R’ = R” = H). Reaction of 338 (R = R’ = R” = H) with NaH/MeCOCI gave 338 
(R = COMe, R ’ = R” = H) while Li-n-Bu and PhCH,Br afforded 339 (R = CH2Ph. 
R’ = R” = H). When R’ = R” = H but R = Me, only the tautomeric form 339 was 
observed. The structure of 338 (R = C02Me, R’ = R” = H) was confirmed cry- 
stauographicaily [ 3471. 
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Reaction of C7H7CH10SOzPh with Na[ (rr-CSH,)Fe(C0)2] gave [ 3481 the 
o-bonded cycloheptatriene species (n-C5H,)Fe(C0)2CH,C,H7. On treatment of 
this with [ Ph&] ‘, a tautomeric equilibrium between 340 and 341 was established 
in which the positive charge was distributed between the metal atom and the 
tropylium ring without there being direct bonding between them. This was cited 
as direct evidence for hyperconjugative or vertical stabilisation of carbonium ion 

Fe(CO$ 

(342) 

(OC),Fe 

Fe(C0)3 

(343) 

by a metalloalkyl substituent. When C,H,CH,OH or C,H7CH,0S02Ph was treated 
with simple iron carbonyl s, the products were styrene, its Fe(CO)J complex and 
(CsHs)Fe(CO)x, a proposed mechanism for the formation of the latter being 
shown in Scheme 45. With an excess of Fe,(CO),, C,H,CH,OH afforded the tn- 

SCHEME -15 

-H+ 

methylenemethane derivative 342 (see ref. 266, and page 340), which reacted 
further with Fe,(C0)9 to give 343; 342 did not react with TCNE. 

Isomerisation of 1,3,5-cyclooctatrieneiron tricarbonyl to the bicycloocta- 
diene species 344 occurred [349] in a first order reaction. Less than 1% of the 
triene complex remained at equilibrium, (K,, > 100 and AF = -3.4 kcal/mol), 
while for the free olefin, the triene was favored over the bicyclic diene (R,, = 
0.18, AF = I.1 kcal/mol). The large shift in equilibrium presumably reflected 
the relative distortions, and resulting ring strain, introduced into the two olefins 
by comple_xing with Fe(CO), . 
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The series of products obtained [350] by treating bicyclo[6_2_0]deca- 
2,4,6-triene with Fez(CO)S have been identified spectrally and crystallographi- 
tally as trun~-(C~H~)[Fe(CO)~l?, (CsH,)Fe,(CO)S, and 345-351. 

A detailed mass spectral study has been made 13511 of (C,H,R)Fe(C0)3 
(R = CHO, CH?OH, CHMeOH and CH,OMe). Broad-line ‘H NMR spectral stu- 
dies, over the temperature range -196 to +7O”C, of Fe(C,H& revealed [352] 
that the molecule existed in a tautomeric equilibrium in the solid phase. 

Treatment of [ (C,H,)RuC13 Jn (C,H, = norbomadiene) with K&H, in 
THF gave [353] the fluxional Ru(C,H,)(C,H,) (352), together with Ru(C7H,)- 
(CsHio) and an unidentified complex. The last was also produced together 
with Ru,(C,H,),(C,H,) (353), in the reaction between [Ru(C,H,)Cl,],, K 

(352) (353) 
. 

metal, and CsHs in THF. The known 13543 Ru(C8HIz)(C8Hlo) was prepared in 
the reaction of the 1,5-cyclooctadiene complex [ Ru(C,H,,)Ci,], with K,CsH,, 
and it seemed probable that the C 8 H I* was bonded to the Ru atom via a R- 
aUyl/o-C system, as in (CLIHIZ)R~(CO)S). The osmium analog afforded Os(CgHIZ)- 
(CsI&) and the known [ 3541 OS(C~H,~)(C&H,~). Treatment of Ru(PPh3)$12 



365 

with K&HB gave Ru(C,H,)(PPh3)2, and the analogous Ru(C&)(PPhMe?)s was 
prepared similarly. In Ru(CsHs)(PPh3)2, Ru(C,H,)(CsHs) and OS(C~H,~)(C~H~), 
only three double bends of the cyclooctatetraene ring are invokd in bonding 
to the metal. Ru(CTHs)(CsHs) reacted with P(OCH2)&Et (L) giving Ru(C7H8)L3, 

while with other phosphines (L), a mixture of Ru(C,H8)L3 and Ru(CBH8)Ln 
(n = 2 or 3) was formed. Ru(C,Hs)(CsH,) and Ru(CsH8)(PPhJ)2, but not its 
PPhMe, analog, were active catalysts, or catalyst precursors for the hydrogena- 

(355) 

(360) (361) 

H 

(359) 

(362) 

H 

(363) 

tion of l-butene, and while C,HJ reacted irreversibly with Ru(C,H,)(C,H,), an 
unidentified compound, not Ru(C,H,)(C,H,), was formed. 

cis-Cyclononatetraene could be stabilised [ 3551 by reaction of either 354 
or 355 with Fez(C0)9 (or Fe(CO)S under UV light) giving either 356 or 357. 
Among the other products of this reaction were 358,359, either 369 or 361 
and 362. Although 356 was stable for several days at room temperature, it 
underwent an electrocyclic ring closure reaction at 101” giving 358. Protona- 
tion of 356 in FSO,H--SO,FCI gave 363. 

Complexes containing metal-carbon o-bonds, and carbenes 

Metal carbonyl complexes 
Treatment of Fe(CO)S with LiC6F5 gave [ 3561, initially, Li[ Fe(CO),COC,- 
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F,]. Addition to this of &Me&l afforded the previously reported [357] Fez- 
(CO),(C,F,) (364), the structure of which was determined. The fluorobenzene 

(364) (365) 

ring is coplanar with the Fe-Fe bond (2.80 A). Reaction of Na,[ Fe(COL] with 
l&dibromopropane in the presence of PPh, and PPhMe, gave 13581 365 (L = 
tertiary phosphine). 

Metnllocyclopen tadien yl complexes 

FeS(CO),? reacted [359] with PheC@-CIC6FJ) affording 12 products, 
inctuding the rr-cyclobutadiene species (PhC&6FJC1)2Fe(CO)J, as well as 366 
and 367. The compleses 217 (m = 4, R = 4,5 or 6; m = 5 and n = 6) were pre- 

\ 
[OC),Fe 3 

\ 
9 
I 

tOCJpo 

I 

&, CE’or, 

(366) (367) 

pared [361] directly from the benzalacetone complex (PhCH=CHCOMe)Fe- 
(CO), and the appropriate diacetylene 215 (see ref. 252,360 and page 337). 

eiifetallated compounds 

Treatment of Ru~(CO),~ with (p-RC,&),CS gave 13621 368 (see ref. 38 
and 39, Page 283). Ruthenium and osmium dodecacarbonyls reacted [ 3631 with 

(368) 

benzo[h] quinoline giving one of the isomers 369,370 or 371. Reaction of the 
quinoline with [(rr-C,H,)Fe(CO),], afforded only I(n-C,H,)Fe(C0)]4. 

The 1-naphtbylphosphine, P(CBH,)Me2 (L), reacted [364] with RuC13*nHz0 
giving RuLsCl 2. Treatment of this with CO afforded 372 (IM = Ru), and sim- 



367 

H H 

Fig. 24. 

(369) (370) (371) (372) 

ilar, though labile, adduck were obtained with MeCN, MeNC and TCNE. On heat- 
ing in decalin, RuL&Iz underwent o-metallation, with loss of HCI, giving Ru(CO)- 
L?[C-PMe2] Cl ([ C-PMe,], Fig. 24) % a single isomer. Treatment of 0~0, with 
L in a mixture of HCI and 2-methpryethanol gave 0sLXC13 and OsL,[C-PMe,] Cl? 
(on heating the former at 270”, the latter was formed). Reaction of OsL,[C- 
PMe,]C12 with CO in 2-methoxyethanol afforded 372 (M = OS) and treatment 
with NaOH in the same solvent gave Os(CO)L[C-PMe2]?. 

Reaction of a series of osmium triphenylphosphine hydride complexes with 
P(OPh), afforded [365] a series of o-metallated species which were produced via 
intermediary phosphite complexes. Thus, treatment in boiling decalin of Os(PPh,),, 
Hq with P(OPh)3 gave 373 while 0s(CO)(PPh3)3Hz and 0s(CO)(PPhX)3HC1 re- 

(373) 

acted according to Scheme 46. It may be noted that Os(CO)P(OPh)aHCl was not 
detected, whereas evidence could be obtained or inferred for all the other species 
illustrated. 

Alkylmetals 
At -20°C or lower in ether, anhydrous FeC13 reacted [366] with LiMe 

(molar ratio l/5) to give LizFeMe4. This was formed as a yellow precipitate at 
-78”, or a red ether-ate at -30” and could be obtained at, or just below O”, as 
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a tight yellow diosane adduct. Attempts to isolate 13671 benzyl complexes from 
the reaction between FeCI, (n = 2 or 3) and Mg(CHzPh)C1 in ether were unsuc- 
cessful, but there was some evidence for FeMeCl,, obtained in the reaction be- 
tween FeC& and ZnMe,. 

Treatment of Fe(bipy)R, (R = Me or Et) with AlR’J or AlR’,(OEt) (R’ = 
Me, Et or n-Pr) resulted [368] in decomposition, and elimination mainly of 
RH. Reaction of 374 (R = NCS) with R’NHNH? (R’ = Me, Et orPh) gave [369] 
374 (R = Me, Et or Ph), and the structure of the species (R = Ph) has been con- 
firmed crystak~graphicaUy. The Fe atom is displaced by ca. 0.23 A out of the 
plane of the 4 nitrogen atoms, towards the aryl group. The iron(H) phtbalocyanin 
(FePc) complex reacted [370] with LiCH2SPh giving [ FePc(CH,SPh)] -. 

‘H NMR spectral studies of the o-phenyl protons in Ru(Ph2PCH&HzPPh2)2- 
CUvIe confirmed [371] that the complex had an overall cis-geometry. 

Carbene complexes 

Reaction of Fe(CO), with the electron-rich olefin 375 (L?) afforded [372] 
Fe(CO)4L. A study has been made [373] of the electronic and steric control 



369 

Me Me 

(374) (375) 

exerted by the ligands in the reaction between Fe(CO)4L (L = tertiary phos- 
phine or phosphite) and Mg(CH2Ph)CI. Addition of the alkyl group occurred 
at the CO group tram to L, and it was stated that the electronic properties of 
CO, as measured by the stretching force constant or u(CO), dominated the re- 
active site within the molecules and also determined the rate of reaction of the 
Grignard reagent with the coordinated CO. 

Organic reactions catalysed or promoted by iron or ruthenium complexes 

Hydrogenation 
The relative rates of homogeneous hydrogenation 13741 of olefins by Ru- 

(CO)2(PPh,)2C12, in the presence of added PPhx, decreased in the order con- 
jugated diene > non-conjugated diene > terminal alkene > intemai alkene. In 
general, polyenes were selectively hydrogenated to monoenes, and, for esarnple, 
1,5,9-cyclododecatriene could be reduced [ 3753 to cyclododecene. Competitive 
reactions involved [374] double bond isomerisation, group migration reactions 
and transannular ring closures. The lower hydrogenation rate for alkenes, in corn. 
parison with dienes, was attributed to the equilibrium between the intermediary 
species Ru(C0)2(alkyl)C12 and Ru(CO),(PPh,)(alkyl)Cl which, in the presence 
of added PPh,, formed sterically crowded complexes. It was postulated that 
such sterically crowded intermediates would readily undergo RuH elimination 
(fi-elimination), while the less overcrowded species would survive long enough 
to undergo hydrogenolysis. A proposed mechanism is shown in Scheme 47. 

‘Two-electron reduction of Ru30( PPh&(C02Me), probably gave [ 3761 
Ru(PPbs)(OAc)2 which, in the presence of methanol, PPhz and a non-compler- 
ing acid afforded an orange-red species which was a catalyst for the hydrogen- 
ation of olefins. A similar species could be produced by acidolysis of Ru(PPhx)2- 
H(OAc) or Ru(PPhx)4H2, and it was suggested that the initial product of these 
reactions was IRu(PPh3)3(solvent), ] 2+. In the presence of olefin, it seemed 
likely that [Ru(PPh3)2(olefin)(solvent)]2t would be formed. On standing, or 
on treatment with Hz or CO, in the absence of olefin, this orange-red species 
afforded the yellow, catalyticaby (i.e. hydrogenation) inactive [Ru(PPh,),(OH)- 
(BF,)] *. Ru(PPh,)(OAc), reacted with air giving Ru,O( PPh,),(OAc)4. 

A series of ruthenium(U) arene complexes, formulated as [ Ru(Ar)C&],- 
[ RuCl,], (where Ar = C6H6, 1,3,5-CsH3Me3, 1,3,5-C6H3Phs), hydrogenated 
[377, 3781 olefins, the best yields being obtained in the presence of traces of 
pyrrobdine. The compound containing 1,3,5-CbHSPh3 had the greatest activity. 
It was suggested [377] that the active species might be a hydride complex, 
possibly [ (n-arene)ClRu(p-H)(p-Cl)RuCl(n-arene)] - 
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SCHEME 49 

Br Br (11 Fe2(CO19 

R R R’, 
0 (II) c=o R 

Me2N’ 0 

believed that in both cases, a n-oxyallyliron(l1) intermediate (Fig. 25) was 
formed. 

Diphenylbutadiyne reacted [ 3841 with carbodiimides in the presence of 
Fe(CO)S at 155-210°C to give 376,377 and 378. It was thought that aryliso- 

(376) (377) (378) 

Cl 

(379) 

cyanideiron complexes were intermediates in the formation of the pyrrohne 
rings from the diacetylene and ArN=C=NAr (Scheme 50). 

Other reactions 
While Fe(CO)j or [Fe3(CO),,H]- denitrogenated [385] RCH=NOH to 

RCHO, they could also effectively deoxygenate ArClC=NOH or nitrile oxides 
to ArCN. The addition of ethylene to l,l,l-trichloro-2,2-bisCp-chlorophenyl)- 
ethane, giving 379 was initiated [386], probably in a radical reaction, by Fe- 
(CO)s under pressure at 140’. 

0- 

R R 

R’ 
Fen I_ rgR 

B 

Fig. 25. 
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SCHEME 50 

Fe(COlg + 
I 

t 

Fe(CO), + mArN=C=NAr - 

Fe’(CO15_, (CNAr I,,, 

[ FdCO),_, (CNAr),] + m[ArN=C=O] 

I 

PhC ECX. 
-co 

Fe[CO), + PhC ZC - C ECPh C 
c 

1 Fe(CO)4., l_,(L=CO or CNAr) 

X 

Ph 

R 

(L = CO or CNAr) 

X=CGCPh or 

Ar 

! 
C 

.c’ yC_-Ar 
a 
c-c/ 

Ph’ “0 
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