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Abstract 

Insertion of phenylethyne into cis-[Fe2(CO)4(po-HXp.-CO)(p~-PPh2Xp.-dppm)] la affords isomers cis-[Fe:(CO)4(p.-PhC=CH2Xp. - 
PPh2Xp,-dppm)] 2a and trans-[Fe2(CO)4(p.-HC=CHPhXp~-PPh2Xp.-dppm)] 2b which differ in both the regioselectivity of the aikyne 
insertion (t~ and 13) and the relative orientations of the phosphido and diphosphine it|ands (cis and trans) respectively. In contrast, 
reaction with trans-[Fe2(CO),~(l~-HXIx-COXp~-PCy2XIx-dppm)] lb appears to give only the o~-substituted product trans-[Fe2(CO)4(p.- 
PhC=CH.Xp,-PCy~XIx-dppm)] 3a, however, thermolysis of the crude reaction mixture leads to the low yield isolation of the 
o~,l~-unsatumted acyl complex trans°[Fee(CO)4{p~-O=C-C(Ph)=CH2}(p~-PCy~.Xp~'dppm)] 4, formally resulting from CO insertion into 
the unidentified I~osubstituted isomer, Reaction of In with propargyi alcohol affords chromatographically separable isomers cis. 
[Fe~(CO),I(Ix-C(CH 20!ot) = CH ~}(ix°PPh 2 Xp,-dppm)] 5a and trans-[Fe~(CO)4(~.aC=CH(CH 2OH)}(p.opPh a Xp,-dppm)] 5b, while with lb 
an inseparable mixture of trans.[Fe~(CO)4{~.C(CH.~OH) ~ CH ~)(p,-PCy~ X~dppm)] 6a and trans.[Fe2(CO)4{p~-HC ~ CH(CH ~OH))(p,- 
PCy~Xlsodppm)] 6b !~esults, Complexes 2a, 2b, 4 and Sa have been characterised by single crystal X-ray diffraction analyses. All 
t~toalkenyl complexes undergo 'windshield.wiper' fluxi~aality on the NMR tlmescale, witla free energies of activation varying 
dl~amatically, an cilect which can be correlated with tile mode of binding of the alkenyl ligand in the solid state. 

I¢¢ywords: Diron; Alkenyl; Acyl; Fluxionality; Diphosphine; Phosphide 

1. Introduction 

We have recently been concerned with the synthesis 
and reactivity of hydrido-diiron complexes in which the 
integrity of the diiron centre is maintained by the pres- 
ence of a bridging diphosphine ligand [1-5]. Examples 
include the phosphido-bridged complexes [Fe2(CO)4(Ix- 
HXp,-CO)(p,-PR 2)(P,-dppm)] l a - b  (R ~ Ph, Cy) which 
have been shown to undergo hydrodimetalation reac- 
tions towards a range of unsaturated organic molecules 
[1,3,4]. Thus, primary alkynes react readily at room 
temperature, resulting in CO loss and giving rise to 
t r -~ alkenyl complexes [2,5]. Even in this relatively 
simple insertion reaction a number of isolneric products 
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is possible. Based on the regioselectivity of the hydro° 
dimetalation process, or- and [3-substituted alkenyls can 
form, while further isomers result from the relative 
orientation of the diphosphine and phosphido ligands 
(cis or rrans). The latter stems from the different 
relative orientations of these ligands in la and lb; ~Lp 
NMR data for the former being strongly suggestive of a 
relative cis orientation [2], while X-ray diffraction stud- 
ies of the latter revealed a trans arrangement [5]. This 
seemingly simple difference between la and lb can 
lead to quite different reaction products. Thus, in all 
reactions of lb studied to date the trans arrangement of 
diphosphine and phosphido ligands is maintained. In 
contrast, during hydrodimetalation reactions involving 
la products are found in which the initial cis arrange- 
ment of diphosphine and phosphido ligands is main- 
tained, while others result from a cis-trans rearrange- 
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merit of these ligands, lit should be noted that while in 
theory four arrangements of the three bridging ligands 
are possible, in practice since the three-electron donor 
phosphido and organic ligands are constrained to lie cis 
to one another, only two possible arrangements of the 
three ligands are found.] 

The insertion of phenylethyne into l a - b  serves to 
illustrate these points. We have previously found that 
~ i o n  with la affords a chromatographically insepa- 
rable mixture of two isomers [2]. The major isomer 
(10:.1) was readily identified on the basis of NMR 
studies as cis.[Fe2(CO)4(ix.PhC=CH2Xix.PPh2)(l~. 
dppm)] ~ ,  and results from a Markovnikov addition 
(that is to give the (x-substituted alkenyi) with retention 
of the phosphine bridge arrangement. The nature of the 
minor isomer, however, was more contentious. Phos- 
phorus-31 NMR data were clearly indicative of a trans 
arrangement of diphosphine and phosphide bridges, 
however, in the t H NMR spectrum resonances associ- 
ated with this isomer were not clearly resolved, being 
partially obscured by those of the major isomer 2a. 
Thus, primarily on the basis of favouring a Markovnikov 
insertion process, we initially (but erroneously) assigned 
the minor isomer as trans.[Fe2(CO)+(tt.PhC-CHeXt~. 
PPh 2)(tt-dppm)] 2c [2]. Reaction of phenylethyne with 
lb at first sight appears to be straightforward, since 
after chromatography only the 13-substituted complex 
rran¢o[Fe~(CO)+(~-HC~CHPhX~-PCy 2Xwodppm)] 3a 
was isolated, albeit in moderate yield [5], Unambiguous 
eharacterisation was based on both solutior_, NMR data 
and a single crystal X-ray diffraction study. We wore, 
however, concerned at the low yields and wondered if 
other products had been formed, most notably the O+o 
substituted isomer, that did not survive the workoup 
Im)cedures, 

The reactions detailed above serve to underline some 
major differences in the chemistry of seemingly similar 
is'[Fe~C0)+(IL-HX~-COXp:PPh2Xtt-dppm)] la and 

ns'tt'e2(CO)4(~'HXIx-COXp:PCy 2XtL-dppm)] lb. 
Thus, while in la thep= is a strong preference for 
Markovnikov hydrodimetaladon, in contrast with lb 
anti-Markovnikov addition dominates, Further, while 
with phenylethyne the initial ~ g e m e n t  of phosphoo 
rus-containing iigands is maintained throughout both 
reactions, this is not always so. For example, reaction of 
either la or lb with ethyne affords rrans+[Fez(CO)4(tL. 
HCmCH2Xtt'PR~Xp:dppm)] (R ~ Ph, Cy) as the only 
reaction products in high yield [2,5], Thus. while the 
trans arrangement of phosphorus-containing ligands is 
fix~ in lb, for la their relative mobility is strongly 
deponent upon the nature of the reactant, Clearly, in 
order m be absolutely certain as to the nature of the 
alkenyl complexes produced, single crystal X-ray 
diffraction results are of paramou~t importance, In this 
pa~r we give details ot + the crystal structures of three 
p,-edkenyl complexes, including those of both isomers 

of the phenylethyne insertion into la, together with the 
structure of an ot,[~-unsaturated acyl complex which we 
believe is formed as a result of 'trapping-out' the 
putative second isomer of the phenylethyne insertion 
into lb. 
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2, Experimental details 

2.1. General comments 

All reactions w,re carried out under N 2 in predried 
solvents. NMR spectra were recorded on a V~ian VXR 
400 spectrometer and IR spectra on a Nicolet 205 
Fourim uansfctm spectrometer. Chromatography was 
carried out on columns of deactivated alumina (6% 
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w/w water). Elemental analyses were performed in the 
Chemistry Department of University College, Propargyl 
alcohol was purchased from Aldrich and used without 
further purification. The complexes [Fe2(CO)4(p,-H)(p,- 
COXp,-PR:,Xp,-dppm)] l a -b  [2,5] and mixtures of cis- 
[Fe2(CO),~(p:PhC=CH~,)(po-PPh2)(Ix-dppm)] 2a and 
trans-[Fe~(CO)~(Ix-HC=CHPhXIx-PPh 2 Xp,-dppm)] 2b 
[2] were prepared as previously described. 

2.2. Separation of cis-[Fe2(CO)4(iz-PhC = CH z)(lt- 
PPhz)(tt-dppm)] 2a and trans-lFez(CO)4(l~- 
HC = CHPh)( l~-PPh z )( I~-dppm)] 2b 

Thermolysis of a toluene solution (50cm 3) of a 
mixture of 2a and 2b (I 0:1 ) resulted in a colour change 
from orange to red. Removal of volatiles gave an oily 
red solid which was chromatographed on alumina. Two 
as yet unidentified bands eluted with light petroleum 
and diethylether (10:1, yellow; 5:1, orange). Further 
elution with light petroleum and diethylether (4:1) gave 
a yellow band which afforded 2b (O.04g) as a yellow 
solid. Slow diffusion of methanol into a concentrated 
dichloromethane solution gave large yellow crystals. 
Orange crystals of 2a were formed in an analogous 
fashion from the initial mixture. 2a: IR (CH2CI a) u(CO) 
1974 m, 1947 s, 1907 m cm-I; 13C NMR (CDC! 3, 
293K) 219.6 (br, 4CO), 190.5 (br, Co), 140-124 (m, 
Ph), 59.95 (d, J 11.8, Ca), 41.84 (t, J 20.2, CH 2) ppm. 
2b: IR (CH2CI,) u(CO) 1980 m, 1947 s, 1917, 1901 sh 
cm ~ t; IH N MI~ (CDCi:~, 293K) ~; 7.80-6.20 (m, 35H, 
Ph), 6,95 (m, I H, CH), 4.79 (ddd, J 14.0, 4.8, 2.0, IH, 
CHPh), 3.88 (m, IH, CH~), 2.73 (dr, J 14.4, 10.1, IH, 
CH~); I~C NMR (CDC!I,, 293K) 219.17 (br, 2CO), 
219.1{) (in, 2CO), 143.8 (m, C,), 142~ol24 (Ph), 99.63 
(d, J 23. I,~ (/?t~), 40.40 (t, ./ ! 9.7, C!I :) ppm; mass 
spectrum (FAB) m/e  896, 868, 840, 812, 784; Anal. 
Found: C, 60.77; H, 4.32. Fe2C49H39O4P~'CH2CI 2 
Calc.: C, 61.16; H, 4.18%. 

CH2), 2.50 (br, IH, CH2), 2.1-0,8 (m, 22H, Cy); 3~p 
NMR (CDCI 3, 293 K) 258,2 (dd, J 103, 56, p,-PCy2), 
59,4 (dd, J 63, 56, PPh:,), 46.7 (dd, J 103, 63, PPh,) 
ppm; mass spectrum (FAB) m/e 937, 909, 881, 852, 
824, 796. 

2.4 .  S y n t h e s i s  o f  c i s - l F e z ( C O  )4{t~- 
C(CHzOH)= CHz}( Iz-PPh z )( l~-dppm)] 5a and trans- 
[Fez(CO) 4 {Iz-HC = CH(CH z OH)}( lt-PPh z )( lt-dppm)] 
5b 

Addition of propargyl alcohol (0.1 cm 3, 1.70mmol) 
to a toluene solution of la (0.40g, 0.49mmol) and 
stirring at room temperature for 12h resulted in the 
formation of a reddish brown solution which, on re- 
moval of volatiles and washing with light petroleum, 
afforded an orange solid. Chromatography, eluting with 
light petroleum and dichloromethane (3:2) gave a yel- 
low band which afforded 5b (O.13g, 31%). Further 
elution with light petroleum and dichloromethane (2:3) 
gave a yellow band which afforded 5a (O.lOg, 23%) as 
a yellow solid. Slow diffusion of methanol into a 
dichloromethane solution gave orange crystals suitable 
for X-ray diffraction. $a: IR (CH2CI 2) u(CO) 1982 m, 
1959 s, 1921 m, 1900 sh era-I; iH NMR (CDCI3, 
293K) 8 7.8-6.8 (m, 3OH, Ph), 3.75 (I H, m, CH2), 
3.40 (m, I H, CH2), 3.00 (d, J 7.2, 2H, CH~O), 2.20 
(I H, br, C= CH 2, 2.00 (1 H, br, C=CH 2); " P NMR 
(toluene-d 8, 253 K) 174.3 (dd, J 47, 24, ~a,-PPh~), 62.8 
(dd, J 95, 24, PPh2), 42.8 (dd, J 95, 47, PPh 2) ppm; 
Anal. Found: C, 60.95; H, 4.73; P, 10.71. 
Fe~C44H:~O~P~ Calc.: C, 61.25; H, 4.68; P, 10.53%. 
5b: IR (CIo12C!2) ~,(CO) 1982 m, 1951 s, 1919 m 
cm ~ I; I i,~ 1 NMR (CDCI:~, 293 K) 6 7.9~7.1 (m, 30H, 
Ph), 6.50 (m, IIL H~,), 3.75 (m, IH, CI=II~), 3.50 (br, 
IH, Ht~), 2.76 (m, IH, CH2), 2.20 (hr, 2H, CHzO); sip 
NMR (toluene-da, 253 K) 207.6 (t, J 83, p, opPh~), 84.3 
(t, J 73, PPh,), 78.8 (t, 81, PPh 2) ppm. 

2.3, Synthesis of trans-lFeztCO)4{lz.O=C- 
C(Ph)= CH,}( I~-PCy z )( Iz-dppm)] 4 

The reaction of lb (0.40g, 0.48mmol) with 
phenylethyne was carried out as previously described 
[5], however, prior to chromatography the toluene solu- 
tion was refluxed for 3 h. Following this, chromatogra- 
phy was carried out. Elution with light petroleum and 
diethylether (20:1) gave a yellow-orange band which 
afforded 4 (0.01 g, 3%) as an orange solid. Slow diffu- 
sion of methanol into a dichloromethane solution gave 
orange crystals suitable for X-ray diffraction. Elution 
with light petroleum and diethylether (10:1) gave an 
orange band of 3u [5]. 4: IR (CH2C! 2) u(CO) 1972 
mm, 1942 s, 1905 m, 1890 sh, 1606 m (C=C), 1450 w 
(C=O acyl) cm-I; ~H NMR (CDCi 3, 293K) 8 7.8-6.8 
(m, 25H, Ph), 3.50 (br, 2H, C=CH~), 3.06 (br, IH, 

2.5. Synthes is  o f  t r a n s ' l F e 2 ( C O  )4{Iz- 
C(CHeOH)=CHz}( Ix-PCyz )( Ix-dppm)] 6a and trans- 
[Fez(CO)Jlx.HC = CH(CHeOH)}( tt.PCy e )( tt-dppm)l 
6b 

Addition of propargyi alcohol (0.1 cm3, 1.70 mmol) 
to a toluene solution of lb (0.40g, 0.48 retool) resulted, 
after stirring at room temperature for 12 h, in the forma- 
tion of a red solution which afforded an orange solid 
upon removal of volatiles. Chromatography, eluting with 
light petroleum and dichloromethane (9:1) gave a yel- 
low band which afforded a mixture of 6a and 6b 
(0.27 g, 66%) as a yellow solid. 6: IR (CH2CI 2) v(CO) 
1970 m, 1942 s, 1910 m, 1901 sh cm-t; Anal. Found: 
C, 61.34; H, 4.98. Fe2C44HsoO~P 3 Calc.: C, 61.18; H, 
5.10%. 6a: i H NMR (CDCI3, 293 K) 8 8.2-7.0 (m, 
20H, Ph), 6.28 (m, IH, Ho), 4.03 (br, IH, Ha), 3.81 (q, 
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J 11.0, IH, CH2), 2.71 (dt, J 14.3, 9.5, IH, CH2), 2.40 
(bro 2H, CH20), 2.1-1.0 (m, 22H, Cy); 3~p NMR 
( ~ s ,  253K) 242.9 (t, J 79, tt-PC~2), 82.4 (t, J 70, 
PPh2), 79.1 (t, J 83, PPh 2) ppm. 6b: 'H NMR (CDCI3, 
293K) 8 3.6 (m, 2H, CH2), 2.98 (d, J 8.1, 2H, 
C=CH 2) (other signals obscured); 3~p NMR (CDCI 3, 
253 K) 246.2 (t, J 77, Ix-PCY2), 76.5 (m, second order, 
2PPh2) ppm. 

2.6. X-ray data collection and solution 

For all structures, a single crystal was mounted on a 
glass fibre and all geometric and intensity data were 
~ n  from this sample using an automated four-circle 
diffractometer (Nicolet R3mV) equipped with Mo K or 
radiation (A ~0.71073A). Important crystallographic 
~ t e r s  are summarised in Table 1. The lattice vec- 
tot, s were identified by application of the automatic 
indexing routine of the diffractometer to the positions of 
a number of reflections taken from a rotation photo- 
graph and centred by the diffractometer. The ¢o-2 0 (2b 
and $a) or ~o (2a and 4) techniques were used to 
measure reflections in the range 5°~; 20 ~; 50 ° (2a-b, 
$a) or 5 ° ~20~;  ~2 ° (4). Three standard reflections 
(remeasured every 97 scans) showed no significant loss 

in intensity during data collection. The data were cor- 
rected for Lorentz and polarisation effects, and empiri- 
cally for absorption except in the case of 4, The unique 
data with I > 3.0o'(1) were used to solve and refine the 
structures. 

Structures were solved by direct methods and devel= 
oped by using alternating cycles of least-squares refine- 
ment and difference Fourier synthesis. All non-hydro- 
gen atoms were refined anisotropically for 2a-b,  while 
for $a phenyl rings were refined isotropically and for 4 
only the iron and phosphorus atoms were refined 
anisotropically. Hydrogens were placed in idealised po- 
sitions (C-H 0.96 ~) and assigned a common isotropic 
thermal parameter (U = 0.08 ~2). The non-hydrogen 
atoms of the dichloromethane were refined only isotrop- 
ically in 2b. Final difference Fourier maps were feature- 
less and contained no peaks greater than 1.00e~ -3, 
except in 2b which showed a number of larger peaks 
close to the dichloromethane solvate. Structure solution 
used the StmLXTL-Pt.US program package on a microVax 
II computer [6]. 

Tables 2-5 give atomic coordinates and equivalent 
isotropic displacement parameters for 2a, 2b, 4 and 5a 
respectively. A complete list of bond lengths and angles 

Tab~ I 
Crystallographic data 

2b. Ct4 ~CI ~ 4 5a 
Fo~uI~ Fe~C~oH410~P~CI~ F¢~C~oH~IO~P~CI~ F¢~C~olt~uO~P~ Fe~C~H ~OsP~ 
Space Stoup P 2 ~ f ,  P] e 2 ~/c P :~ ~/c 
a (It) 11,830(4) 12,397(4) 16A43(5) I0.693(3) 

b (,~) 27,889(8) 12.43~$) I I,60~3) 18,019(8) 
¢ (A) 14,$06($) 18,298(6) 24,388(6) 20.353(9) 
a (dee) 90 104.06(3) 90 90 
/3 (deB) 105.14(3) 92.09(3) 100.6(}(2) 93.~3(3) 

(deO 90 119,5~ :~) 9o 9o 
v (,,~) 4619.7 2338.6 45"/4.5 3912.7 
Z 4 2 4 4 
F(O00) 1976 1008 1952 1776 
do~  (g em = ~) 1.40 1.39 1.36 1.46 
Crys~l size (ram ~ ) 0,62 × 0,42 x 0 ,27  0.76×0.46×0,24 0.26 × 0.20 x 0.12 0.36 x 0.30 x 0.24 
~t(Mo K or) (cm ° i ) 8.89 8.78 -/,81 9.07 
~tation ~eflections: no.; range 20; 15° S 20S 28 ~ 27; 18° ~ 20:~ 28 Q 21; I0° S 2@~ 18 ° 28; I0~ S 2OS 20 ° 
Data measured 9354 8978 5629 7584 
Unique data 8976 82"/7 $194 7239 
No, of unique data with I ~ 3.0~(1) 6638 6129 2241 3175 
No. of l~r~eters $50 535 266 307 
R * 0.051 0,039 0.069 0,062 
R~ ~ 0,057 0.067 0.069 0,003 
Weightin~ scheme W =~ , o,~(F) W=~. cZ(F ) W=~ ~ o.Z(F) Wo~ ~ o.~(F) 

+ 0.001015F 2 ÷ 0.(IO0889F z + 0.000505F z + 0.000696 F z 
Largest shift/e.s.d., final cycle O,10 0.001 0,05 0,05 
~ s ~  p¢~ (e ~, = ~) 0.80 !.5 ! 0.45 0.72 

" R- .~le~l--le~OIEle~l. 
b e,- T.w~::[IF~I- le~iIiT..w1:~leol. 
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Table 2 
Atomic coordinates (× 104) and equivalent isotropic displacement 
parameters (.A× 103) for 7,a 

Atom x y z Ueq " 

Fall) 3 3 6 1 ( 1 )  1081(I) 1533(I) 29(I) 
Fd2) 2 4 9 4 ( 1 )  1918(I) 809(!) 32(1) 
P(I) 4396(1) 1297(1) 3015(1) 32(1) 
P ( 2 )  3 8 1 3 ( 1 )  2 2 6 0 ( 1 )  2022(1) 33(1) 
P(3) 1731(1) 1409(1) 1721(I) 31(1) 
0(I) 5586(3) 803(1) 1153(3) 57(1) 
0(2) 2741(4) 84(!) 1677(3) 66(2) 
0(3) 3 3 8 1 ( 4 )  2518(1) - 488(3) 67(2) 
0(4) 384(3) 2495(2) 544(3) 75(2) 
C(I) 4717(4) 935(2) ! 289(3) 39(2) 
C(2 )  2989(4) 484(2) 1646(3) 39(2) 
C(3 )  3 0 8 0 ( 4 )  2263(2) 28(3) 44(2) 
C(4) 1233(4) 2277(2) 660(3) 45(2) 
C(5 )  2739(4) 1241(I) 159(3) 35(I) 
C(6) 1644(4) ! 447(2) - 306(3) 42(2) 
C(7 )  4242(4) 1948(1) 3181(3) 34(I) 
C(10) 4 1 1 8 ( 4 )  1 0 4 2 ( 2 )  4105(3) 38(I) 
C( I I ) 3735(5) 574(2) 4104(4) 52(2) 
C(12) 3585(6) 367(2) 4918(4) 67(2) 
C(13) 3802(6) 631(2) 5769(4) 71(3) 
C(14) 4183(6) 1090(2) 5769(4) 71(2) 
C(15) 4367(5) 1298(2) 4955(4) 57(2) 
C(20) 5975(4) !176(2) 3312(3) 36(i) 
C(21) 6303(4) 695(2) 3385(4) 48(2) 
C(22) 7470(5) 567(2) 3596(4) 61(2) 
C(23) 8306(5) 910(2) 3736(5) 64(2) 
C(24) 8005(5) 1387(2) 3660(5) 64(2) 
C(25) 6839(4) 1521(2) 3452(4) 47(2) 
C(30) 3 3 9 1 ( 4 )  2 8 5 8 ( 2 )  2364(4) 45(2) 
C(3 I) 2 9 6 0 ( 6 )  3187(2) 1639(5) 67(2) 
C(32) 2 6 4 9 ( 7 )  3643(2) 1858(6) 89(3) 
(~33) 2 7 7 4 ( 6 )  3 7 7 3 ( 2 )  2797(6) 81(3) 
C(34) 3 1 8 1 ( 6 )  3 4 5 9 ( 2 )  3491(6) 75(3) 
C(35) 3498(5 )  2 9 9 8 ( 2 )  3293(4) 58(2) 
(X4()) 5 2 7 1 ( 4 )  2390(2) 1838(3) 39(I) 
(X41) 5 7 4 2 ( 4 )  2093(2) 1274(4) 47(2) 
C(42) 6 8 8 5 ( 5 )  2173(2) 1197(4) 63(2) 
C(43) 7531(5) 2544(3) 1075(5) 70(2) 
C(44) 7 0 6 9 ( 5 )  2 8 4 1 ( 3 )  2239(5) 72(2) 
C(45) 5941(5) 2770(2) 2312(4) 56(2) 
C(50) 313(4) I I 1~(2) 1232(3) 37(I) 
C(51) ~ 692(4) i 268(2) 1472(4) 47(2) 
C(52) - 1747(4) 1039(2) 1135(4) 56(2) 
C(53) - 1854(4) 657(2) 511(5) 58(2) 
C(54) = 871(4) 500(2) 250(5) 61(2) 
C(55) 202(4) 720(2) 613(4) 48(2) 
C(60) 1480(4) 1613(2) 2851(3) 39(2) 
C(61 ) 1 402(4) ! 273(2) 3526(3) 49(2) 
C(62) 1173(5) 1410(2) 4380(4) 62(2) 
C(63) 989(5) 1888(3) 4535(4) 70(3) 
C(64) 1054(5 )  2 2 2 8 ( 2 )  3874(5) 69(2) 
C(65) 1303(4 )  2093(2) 3036(4) 52(2) 
C(70) 3468(4) 1097(2) - 497(3) 41(2) 
C(71) 3374(6) 625(2) - 787(4) 68(3) 
C(72) 4080(7) 442(3) - ! 343(5) 84(3) 
C(73) 4837(7) 732(3) = 1642(5) 80(3) 
C(74) 4927(6) 1203(3) - ! 379(4) 76(3) 
C(75) 4231(5) 1385(2) ~ 827(4) 59(2) 
C(100) 10401(14) 4 1 4 ( 7 )  7610(10)  263(12) 
Cl(I) 9375(6) i 14(2) 6598(8) 375(7) 
Cl(2) 11019(6) 814(2) 6872(5) 273(4) 

" Equivalent isotropic U defined as one third of the trace of the 
orthogonalized U~j tensor. 

Table 3 
Atomic coordinates (× 104) and equivalem isotropic displacement 
parameters (.~x !03) for 2b 

Atom x y z Ueq " 

Fe(i) 3446(1) 9065(1) 2132(I) 28(I) 
Fe(2) 1926(1) 9736(I) 2685(!) 27(I) 
P(I) 2272(1) 6968(1) 2028(1) 28(1) 
P(2) 464(1) 7801(1) 2769(1) 27(1) 
P ( 3 )  3 6 9 3 ( 1 )  10982(1) 2294(1) 31(1) 
0(1) 2898(6) 8430(5) 463(3) 72(3) 
0(2) 5990(5) 9545(5) 2244(3) 72(3) 
0(3) 586(5) 8970(4) 1139(2) 54(2) 
0(4) 1 1 3 1 ( 6 )  11509(4) 3429(3) 61(3) 
C(I) 3121(6) 8685(5) 1124(3) 43(3) 
C(2)  4976(6) 9342(5) 2218(3) 41(3) 
C(3) i 128(6) 9266(5) 175 !(3) 37(3) 
C(4) ! 447(6) 10793(5) 3150(3) 38(3) 
C(5 )  3162(5) 9317(5) 3201(3) 31(2) 
C(6)  3 3 5 9 ( 5 )  10413(5) 3764(3) 33(2) 
C(7) 641(5) 6535(5) 2129(3) 30(2) 
C(10) 2046(5) 5812(5) 1110(3) 31(2) 
C(I 1) 3121(6) 5999(6) 818(3) 43(3) 
C(12) 3017(7) 5 ! 40(6) 133(4) 54(4) 
(2(13) 1857(7) 4099(6) - 258(3) 51(4) 
C(14) 792(7) 39 ! 8(6) 33(3) 52(3) 
C( i 5) 882(6) 4774(6) 702(3) 45(3) 
C(20) 2663(5) 6272(5) 2699(3) 33(3) 
C(21) 3661(6) 7023(6) 3296(3) 43(3) 
C(22) 3864(7) 6495(7) 3850(4) 60(4) 
C(23) 3046(8) 5200(8) 3768(5) 68(5) 
C(24) 2067(7) 4425(6) 3151(4) 55(4) 
C(25) 1870(6) 4963(6) 2619(4) 46(3) 
C(30) 371(5) 7504(5) 3706(3) 30(2) 
C(31) 609(6) 6618(5) 3889(3) 42(3) 
C(32) 535(7) 6461(7) 4605(4) 56(4) 
C(33) 197(7) 7183(8) 5155(4) 62(4) 
C(34) - 42(6) 8066(7) 4966(3) 51(3) 
C(35) 62(5) 8229(6) 4252(3) 41(3) 
C(40) - 1204(5) 7187(5) 2430(3) 35(3) 
C(41) ~ 1591(6) 7983(6) 2265(3) 45(3) 
(?(42) - 2862(6) 7488(7) 1983(4) 54(4) 
¢X43) - 3734(7) 0204(8) 1878(4) 03(4) 
C(44) - 3352(7) 5397(8) 2029(4) 62(4) 
C(45) = 2119(6) 5886(6) 2315(4) 49(3) 
C(50) 3636(5) I 1545(5) 1462(3) 39(3) 
C(51) 2823(7) ! 1953(7) ! 340(5) 64(4) 
C(52) 2820(I I) 12406(I 1) 741(7) 104(6) 
C(53) 3602(10) 12440(9) 233(5) 86(6) 
C(54) 4410(9 )  12037(8) 338(5) 73(5) 
C(55) 4444(7) ! 1591(6) 969(4) 54(3) 
C(60) 4985(6 )  12491(5) 2958(3) 39(3) 
C(61) 6143 (6 )  12632(6) 3 ! 76(4) 57(3) 
C(62) 7101(8 )  13767(8) 3680(5) 76(4) 
C(63) 6910(8 )  14796(8) 3994(5) 78(4) 
C(64) 5793(8 )  14644(7) 3783(5) 76(4) 
C(65) 4833(7 )  13517(6) 3275(4) 58(3) 
C(70) 3138(5 )  10447(5) 4562(3) 33(2) 
C(71) 3309(6) 9670(6) 4927(3) 41(3) 
C(72) 3190(7) 9781(7) 5684(4) 55(4) 
C(73) 2897(7 )  10656(7) 6091(4) 60(4) 
C(74) 2735(6) ! i 439(7) 5739(4) 53(3) 
C(75) 2874(6) ! ! 354(6) 4980(3) 45(3) 
C(100) 8174(14) 1276(13) 1131(8) 130(4) 
CI(I) 8094(4) 2528(4) 1614(3) 158(I) 
C!(2) 9340(8) ! 109(7) 1514(4) 246(3) 

" Equivalen~ isotropic U defined as one third of the trace of the 
orthogonalized U~j tensor. 
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Table 4 
Atomic coordinates (X 104) and equivalent isotropic displacement 
parameters ( ~ X  I03) f o r  4 

Atom x y z u~q" 

Fe(l) 3205(1) 1358(2) 9484(!) 36(1) 
Fe(2) 2288(1) 2458(2) 8645(I) 37(1) 
11(1) 2753(3) 2207(3) 10204(2) 39(2) 
P(2) 1813(2) 3614(3) 9246(2) 38(2) 
P(3) 3205(3) 1065(4) 8583(2) 44(2) 
0(I) 4658(6) 2790(9) 9527(4) 52(3) 
0(2) 4178(7) - 532(10) 10039(5) 67(3) 
0(3) 3 3 7 8 ( 8 )  4 2 0 5 ( 1 1 )  8287(5) 82(4) 
0(4) 1263(8) 2 5 8 0 ( 1 2 )  7556(6) 98(4) 
0(5) 2091(5) 626(7) 9328(3) 32(3) 
C(I) 4057(9) 2 2 4 2 ( 1 2 )  9517(6) 41(4) 
C(2) 3746(10) 213(15) 9832(7) 57(5) 
C(3) 2 9 4 6 ( 1 0 )  3 5 1 3 ( 1 5 )  8445(7) 59(5) 
C(4) 1634(11)  2 5 5 0 ( 1 5 )  8000(7) 65(5) 
C(5) 1679(9) 1 2 3 1 ( 1 3 )  8933(6) 46(4) 
C(6) 780(9) 883(13) 8775(6) 42(4) 
C(7) 226(10) 1 5 5 5 ( 1 5 )  8474(6) 64(5) 
C(8) 1750(8) 2937(! 2) 9936(5) 35(4) 
C(I O) 2484(9) 1224(I 3) 10738(6) 45(4) 
C(I I) 2491(10)  1586(16)  11276(7) 72(6) 
C(12) 2308(1 i) 786(17) 11681(9) 85(6) 
~13) 2083(il) -271(15) 11540(7) 66(5) 
C(14) 2085(10)  -680(16) 11005(7) 74(6) 
C(15) 2275(10) 99(14) 10602(7) 57(5) 
C(20) 3 3 7 7 ( 9 )  3 2 9 5 ( 1 3 )  10638(6) 46(4) 
C(21) 3062(I !) 4253 (14 )  10842(7) 59(5) 
C(22) 3578(12)  5 0 7 0 ( 1 7 )  11169(7) 82(6) 
C(23) 4393(13)  4870 (17 )  11267(8) 84(6) 
C(24) 4731(12)  3931 (15 )  11084(7) 72~6) 
C(25) 4237(10)  3117 (15 )  10764(6) 58(5) 
CO0) 2 3 7 3 ( 9 )  4 9 5 9 ( 1 3 )  9485(6) 38(4) 
COl) 1928(I 1) 5902(14)  9623(6) ~8(5) 
¢~32) 2390(I t) 6886(15) 9861(7) 64(~) 
C(33) 3227(10) 6881(IS) 994~7) 65(5) 
C(34) 36:;7(I 1) $986(I 3) 9790(6) 57(5) 
COS) 3 2 1 6 ( 9 )  4 9 7 5 ( 1 3 )  9551(6) 45(4) 
C(40) 750(9) 41~9(12)  ~15(6) 40(4) 
C(41) 134(9) 3 9 8 1 ( 1 2 )  9313(6) ~(4) 
~ 4 2 )  - 678( I I ) 435~14) 9089(7) 61(5) 
C(,13) -816(12) 4886(15)  8592(7) 71(6) 
C(44) ~ 227(I !) $076(15)  ~292(7) 69(5) 
C(~) 584(I t) 4707(14) ~498(7) 59(5) 
C(50) 2929~ ~: ) - 394(13) 8272(6) :'~(5) 
C($1) 3042(I i) - 1350(15) 8680(7) 73(6) 
C(52) 2881(I I) - 250606) 8393(7) 82(6) 
C($3) 2080(I 2) - 2602(17) 8011(8) 94(7) 
C($,4) 19,41(12) - 1636(15) 7595(8) 88(6) 
C(55) 2108(11) -450(16) 7877(8) 81(6) 
C(60) 4 1 5 2 ( 9 )  1451(14) 8317(6) 48(4) 
C(61) 4845(I 1) 606(15) 8."01(7) 75(6) 
C(62) 5639(13) 1024(20) 8330(9) 114(8) 
C(63) 5516(14) 1343(20) 7728(9) 121(8) 
C(64) 4818(12)  2116(17)  7528(8) 96(7) 
C(65) 4000(10) 1631(15) 7671(7) 69(5) 
C(70) 501(9) - 225(12) 8960(6) 37(4) 
C(71) 594 (10 )  -521(14) 9526(7) 56(5) 
~72) 313(10) ~ 1506(14) 9671(7) 6~5) 
C(73) - 39(10) - 2354(16) 9291(7) 67(5) 
C(74) - 147(10) - 2080(14) 8736(7) 60(5) 
COS) 128( 1 O) - 1022( i 4) 8578(7) 62(5) 

'~ EqUrjVa~nt i ~ c  U ~ 1 ~  aS One 
~ l i ~  U~ tensor, 

third of the trace of the 

Table 5 
Atomic coordinates (× 10 4) and equivalent isotropic displacement 
parameters (,~× 103) for 54 

Atom x y z Ueq * 

Fdl) 
Fe(2) 
P(I) 
P(2) 
P(3) 
(3(1) 
0(2) 
0(3) 
0(4) 
0(5) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(31) 
C(32) 
¢~33) 
C~34) 
C~35) 
C(36) 
~41) 
C(42) 
C(43) 

~45) 
C(46) 
C'(51) 
C(52) 
C(53) 
~54) 
C(55) 
C(56) 
C(61) 
C'(62) 
C(63) 
C(64) 

C(66) 

2569(1) 7740(1) 1789(1) 36(1) 
4562(1) 6863(1) 1934(1) 37(!) 
2766(2) 8227(1) 769(1) 35(1) 
5317(2) 7504(1) 1100(1) 34(1) 
2688(2) 6573(1) ! 398(I) 33(!) 
2836(8) 9256(5) 2315(4) 74(4) 
- 89(8) 7838(5) 2019(5) 86(4) 
5397(9) 5334(5) 1768(4) 78(4) 
6760(8) 7282(6) 2789(4) 88(4) 
4482( ! !) 7525(6) 3725(4) 109(5) 
2808(! I) 8655(7) 2104(5) 54(4) 
951(12) 7802(7) 1909(5) 59(5) 

5113(10) 5957(7) 1823(5) 49(4) 
5890(12) 7148(7) 2446(5) 61(5) 
3380(9) 7310(6) 2629(4) 46(4) 
3548(9) 6555(6) 2772(4) 45(4) 
3825( ! 1) 7868(7) 3 ! 83(5) 62(5) 
4200(8) 7853(5) 431(4) 35(3) 
2879(9) 9249(5) 742(5) 42(3) 
3959(10) 9636(6) 71 i(5) 49(3) 
3973(! 2) ! 0420(7) 779(6) 64(3) 
2889( ! 2) ! 0789(8) 881(6) 73(4) 
1783(13) 10412(8) 909(6) 78(4) 
1764(! I ) 9643(7) 840(5) 60(3) 
1597(9) 8082(5) 77(4) 37(2) 
1909(10) 8145(6) -571(5) 50(3) 
1026(10) 8016(6) - 1100(6) 58(3) 
- 177(10) 7828(6) - 972(6) 58(3) 
- 528(10) 7789(6) - 338(5) 51(3) 

336(9) 7906(5) 186(5) 43(3) 
6222(9) 8355(5) 1289(5) 38(2) 
5972(|0) 8793(6) 1835(5) 47(3) 
6537(I0) 9492(7) 1929(6) 59(3) 
7376(11 ) 9735(7) 1488(6) 65(3) 
7645( ! I) 931 ,,,5) 952(6) 62(3) 
7055(10) 8630(6) 862(5) 51(3) 
64~ 1(8) 6972(5) 63 I(,1) 33(2) 
6279(9) 6849(6) - 36($) 44(3) 
7094(10) 6365(6) - 3~M(5) 50(3) 
8050(10) 6011(6) 8(5) 55(3) 
8232(I0) 6151(6) 672(5) 51(3) 
7432(9) 6628(6) 98~(5) 45(3) 
1677(9) 5824(5) 1697(5) 38(2) 
688(I0) 5966(6) 2082(5) 50(3) 

- 56(11) 5387(7) 2301(6) 61(3) 
212(I 2) 4 6 6 7 ( 7 )  2137(6) 70(4) 

! 197(I I) 4507(7) 1771(6) 65(3) 
1939(10) 5084(6) 1553(5) 52(3) 
2638(8) 6255(5) 528(4) 34(2) 
3695(9) 5962(5) 261(4) 35(2) 
3626(I0) 5698(6) - 380(5) 52(3) 
2531(9) 5713(5) - 76~5) 44(3) 
1470( I I ) 5988(6) - 496(5) 56(3) 
1512(9) 6257(5) ! 42(5) 39(2) 

" Equivalent isotropic U defined as one third of the trace of the 
onhogonali~-d ~,~ tensor. 

and tables of hydrogen atom coordinates and anisotropic 
thermal parameters has been deposited at the Cambridge 
Crystallographic Data Centre. 
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3. Results and discussion 

3.1. X-ray crystal structures of cis-[Fez(CO)4(lt- 
PhC = CH z)(lt-PPh~)(tt-dppm)] 2a and trans- 
[Fez(CO)¢( I~-HC = CHPh)( It-PPh 2 )( it-dppm)] 2b 

As discussed in the Introduction, on the basis of 
spectroscopic studies in so|ution the precise nature of 
the minor isomer 2b arising from the reaction of 
phenylethyne with cis-[Fe2(CO)4(Iz-H)(Ix-PPh 2 )(Iz- 
dppm)] la  was not clear. In attempts to separate the two 
isomers, a mixture (10:1) was heated in toluene for 3 h 
during which time a number of changes were noted in 
the IR spectrum. After cooling to room temperature, 
chromatography revealed that the major isomer 2a had 
been transformed into a number of as yet unknown 
products, while the minor isomer 2b remained. Thus, 
we were able for the first time to obtain a pure sample 
of 2b. In the carbonyl region of the IR spectrum 
absorptions at 1980 (m), 1947 (s), 1917 (m) and 1901 
(sh) cm-J for 2b can be compared with those of 2a 
[1974 (m), 1947 (s) and 1907 (rn) ¢m -I ] 31-Phos- 
phorus NMR data were in accord with those reported 
previously [2], while in the JH NMR spectrum a slightly 
obscured low field multiplet at 8 6.95 was assigned to a 
proton bound to the ~-carbon, indicating that it con- 
tained a 13-substituted aikenyl ligand. In order to deter- 
mine the precise nature of isomers 2a and 2b, single 
crystal X-ray diffraction studies were caiTied out on 
both, the results of which are given in Fig. I and Table 
6. 

The gross structural features of both complexes are 
as deduced from solution spectroscopic studies. Each 
contains a diiron tetracarbonyl core, bridged approxi- 
mately symmetrically by phosphido and diphosphine 

Table 6 
Selected bond lengths (,~,) and angles (°) for 23, 2b and 5a 

23 2b 53 

Fe(1)-Fe(2) 2.654(2) 2.561(2) 2.65~2) 
Fe( I )-C(5) 1.998(9) 1.979(5) 2.019(9) 
Fe(2)-C(5) 2.156(9) 2.106(7) 2.118(10) 
Fe(I)-C(6) 3.074 3.426 3.062 
Fe(2)-C(6) 2.141 (9) 2.286(6) 2.154(I O) 
C(5)-C(6) 1.416(14) 1.397(8) 1.401(16) 
Fe(I)-P(I ) 2.257(3) 2.225(2) 2.276(3) 
Fe(2)-P(2) 2.238(3) 2.234(2) 2.247(3) 
Fe(I)-P(3) 2.214(3) 2.189(2) 2.256(3) 
Fe(2)-F<3) 2.280(3) 2.239(2) 2.277(3) 
Fe(l ) -c( I )  1378(5) 1.76~6) 1.780( ! 2) 
Fe(I)-C(2) 1.742(5) 1.745(8) 1.767(i 3) 
Fe(2)-C(3) 1.760(5) 1.750(6) 1.756(i 2) 
Fe(2)-C(4) 1.762(5) !.752(8) !.780(I 2) 

Fe(I)-C(5)-Fe(2) 79.3(2) 77.6(2) 79.8(3) 
Fe(I)-Fe(2)-C(6) 79.3(I) 78.8(2) 78.4(3) 
Fe(2)-C(6)-C(5) 72.3(2) 64.6(3) 69.5(6) 
Fe(I)-P(3)-Fe(2) 72.3(I) 70.6(!) 71.6(!) 
P(i)-Fe(I)-C(5) 149.5(!) 84.1(2) 149.3(3) 
P(2)-Fe(2)-C(5) 124.7(1) 82.6(!) 124.7(3) 
P(3)-Fe(I)-C(5) 85.7(!) 84.5(2) 84.8(3) 
P(3)-Fe(2)-C(5) 80.1(1) 80.4(2) 82.1(3) 
P(I)-Fe(I)-P(3) 92.6(I) 1 5 1 . 9 ( 1 )  91.5(1) 
P(2)-Fe(2)-P(3) 96.2(I) 1 5 0 . 5 ( 1 )  ~.0(1) 
C(I)-Fe(I)-Fe(2) 113 .5 (2 )  108.0(3) ! 14.6(4) 
C(2)-Fe(I)-Fd2) 142.9(I) 147 .3 (2 )  144.0(4) 
C(3)-Fe(2)-Fd I) 124.0(2) 89.0(3) 144.4(4) 
C(4)-Fe(2)-Fe(I) 140.8(2) ! 57.0(2) ! 19.8(4) 

ligands, with a third bridging site being occupied by the 
alkenyl ligand, The relative cis and trans arrangements 
of the phosphorus-containing ligands in 2a and 2b 
respectively are confirmed, as is the a°snbstituted nao 
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Fig. I. Molecular structures of 2a and 2b respectively. 
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fete of the alkenyl ligand in the former. In 2b, however, 
the phenyl ring is bound to the B-carbon of the alkenyl 
moiety, indicating that it arises as a result of an anti- 
Markovnikov insertion process. 

As far as we are aware, this is the first time that 
isomeric a- and [3-substituted Iz-alkenyl complexes have 

crystaliographically characterised, and in light of 
U s  it is perhaps worthwhile taking a closer look at the 
solid state structures. Thus, while superficially similar, 
closer i ~ o n  reveals a number of ~.ignificant and 
imtenfially important differences. Both are characterised 
by s h ~  iron-iron contacts indicative of a single 
metal-metal bond, however, that in 2a [2.654(2)A] is 
almost 0.1 ~ longer than that in 2b [2.561(2)/~]. Simi- 
larly, while in both complexes the iron-phosphorus 
bond lengths are within the expected ranges, it is note- 
worthy that in 7at bonds to both phosphido and diphos- 
phine ligands are slightly, but significantly, longer than 
those in 2b. Perhaps the most important structural dif- 
ferences between the two can be found in the Iz-alkenyl 
ligands themselves. Thus, while the Fe(I)--C, bond 
lengths at 1.998(9) and !.979(5)/~ in 2a and 2b respec- 
tively are not significantly different, inspection of those 
to the second iron atom, Fe(2), reveal some rather 

dramatic differences. In 2a it is bound almost symmetri- 
cally to bpth Co and CI3 [Fe(2)-C a 2.156(9); Fe(2)-C~ 
2.141(9)A], the difference (A) being only 0.015A. In 
contrast, in 2b the situation is radically different [Fe(2)- 
C a 2.106(7); Fe(2)-CI~ 2.286(6)/~], with a difference 
of some 0.180A, the shorter of the two being to Co 
which contrasts with that found in 2a. The C - C  bond 
lengths of the alkenyl fragment do not appear to be 
affected by these differences, and values of 1.416(14) 
and 1.397(8)/~, for 2a and 2b respectively do not differ 
significantly. 

In light of the pronounced differences between the 
bonding of the ~-alkenyl ligands in 2a and 2b, it is 
worthwhile considering the weU-known 'windshield- 
wiper' fluxionality in the two [4,7]. We have previously 
monitored this by variable temperature NMR spec- 
troscopy and found large differences in the free energy 
of activation for the process, being calculated at 63 + 1 
and 45 4- 1 kJmol -I in 2a (343K) and 2b (223K) re- 
spectively. This difference manifests itself such that at 
room temperature the process is slow on the NMR 
timescale in 2a but rapid in 2b, only averaged signals 
being observed for the latter. We have previously been 
at a loss to account for this difference, but had tenta- 
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tively attributed it to steric effects [2]. In light of the 
structural differences between 2a and 2b, a rethink is in 
order. The generally accepted mechanism for the 
'windshield-wiper' process, based on a retention of 
stereochemistry, is shown in Scheme 1. Significantly, in 
the proposed transition state Co and C~ are symmetri- 
cally bound to both metal centres, and it is the latter 
which moves to the greatest extent. Thus it might be 
expected that a complex in which, in the ground state, 
M-C a bond lengths are similar and the M-Cp bond is 
elongated will have a low free energy of activation and 
thus be highly fluxionai. Comparing 2a and 2b, it is 
clear that the latter fulfils these criteria, and thus it may 
be these ground state differences that lead to the large 
observed difference in the free energy of activation for 
the Ir-alkenyl 'windshield-wiper' fluxionality. 

We also considered the possibility that the difference 
in free energy of activation for the aikenyl fluxionality 
in 2a-b  may be a consequence of the presence and 
relative orientation of the diphosphine ligand. Carry and 
coworkers [8] have reported the synthesis of the analo- 
gous hexacarbonyl  complexes [Fe2(CO)6(I~- 
PhC=CH~, Xp,-PPh 2)] and [Fo2(CO)6(p,-HC=CHPh)(p,- 
PPh2)], which can be separated by fractional crystallisa- 
tion, and note that the energy barrier to the 
'windshield-wiper' fluxionality is high. They did not, 
however, comment on any differences between the two 
isomers. In order to determine this we have reinvesti- 
gated these isomers by variable temperature 13C NMR 

spectroscopy (the coalescence temperature of the car- 
bonyl ligands was monitored) and find that they have 
very different free energies of activation, being calcu- 
lated at ~ 63 + 1 and 52 _+ I kJ mol-~ for a- and {~- 
substituted isomers [Fe2(CO)6(p.-PhC=CH 2 XIx-PPh2)] 
( ~  350K) and [Fe2(CO)6(lx-HC=CHPhXp.-PPh2)] 
(253K) respectively. These values are in accord with 
those found for 2a-b,  although the value for 2b does 
appear to be significantly lower than those for other 
[3-substituted complexes. 

3.2. Synthesis and X-ray crystal structure of trar, s- 
[Fez(CO)4f lz-O= C-C(Ph)= CHz}( I~-PCy z )( lz-dppm)] 
4 

As discussed previously, the only isolated product 
from the reaction of lb  and phenylethyne is ~rans- 
[Fe2(CO)4(ix-HC=CHPh)(i~-PCy2)(ix-dppm)] 3a, which 
was isolated in moderate yields. Close inspection of the 
3tp NMR spectrum of the crude reaction mixture, how- 
ever, revealed the presence of at least one other species 
and we wondered if this might be the putative a-sub- 
stituted complex trans-[Fe2(CO)4(Iz-PhC=CH2)(~ ° 
PCY2)(p.-dppm)] 3b. Thermolysis of the crude reaction 
mixture in toluene for 3 h did not appear to have any 
effect upon the constitution of the mixture and, in a 
separate experiment, 3a was shown to be completely 
stable under these conditions. Chromatography of the 
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Table 7 
Selected bond ~engths (~) and angles (°) for 4 

I)-Fe(2) . . . . . . .  Fe(I)-P(I) 2.257(5) 
Fe(2)-P(3) 2.232(5) Fe(I)-P(3) 2.221 (5) 
Fe(2)-P(3) 2.233(5) Ft.(I )-C(I) 1.726(151 
F¢'(I)-C(2) !.732(16) Fe(2)-C(3) 1.761(181 
F,e(2)-C(4) 1.738(16) Fe(2)-C(5) 1.945(16) 
~1)-005) 1.991(9) C(5)-O(5) 1.281(16) 
C(5)-C(6) 1.513(21) C(6)-C(7) 1.316(21) 

re(I)-005)-C(5) I04.5(9) Fe(2)-C(5)-005) 115.9(I0) 
Fe(I)-P(3)-Fe(2) 72.6(2) P(I)-Fe(I)-P(3) 153.6(2) 
P(2)-Fe(2).-P(3) 143,3(2) C(I)-Fe(I)-005) 166.6(5) 
C(2)-Fe(I)-O(5) 97.9(6) C(31-Fe(2)-C(5) 173.0(6) 
C~4)-Fe(2)-C(S) 95.6(7) 0051-C(5)-C(6) I ! 3.7(13) 
C(5)-C(61-C(7) 121.9(14) C(51-C(6)-C(70) 120.1(12) 
C(7)-C(6)-C(70) 118.0( ! 4) 

reaction mixture, however, revealed the presence of a 
small amount of a previously unobserved complex sub- 
sequently identified as the ot,13-unsaturated acyl com- 
plex t r a n s . [ F e 2 ( C O ) 4 t t t - O - C - C ( P h ) - - C H  2}(~. 
PCy2Xg-dppm)] 4. Identification was made primarily 
on the basis of a single crystal X-ray diffraction study, 
the results of which are given in Fig. 2 and Table 7. 

The molecule has a trans arrangement of diphos- 
phin¢ and phosphido bridge ligands which bridge the 
irtm~iron bond [Fe(I)-Fe(2) 2,637(3).~] approximately 
symmetrically. Lying cis to both is an c~,j~.unsaturated 

acyl ligand which bridges the two iron atoms such that 
one metal is bound to oxygen [Fe(l)-O(5) 1.991(9),~] 
and the second to carbon [Fe(2)-C(5) 1.945(16),~]. The 
C-O bond length of 1.281(16)~, is typical of related 
bridging acyl complexes [9]. That there is little electron 
delocalisation over the vinyl pomon of the acyl bridge 
is shown by the quite different carbon-carbon bond 
lengths [C(5)-C(6) 1.513(21); C(6)-C(7) 1.316(21),~; 
A 0.197 A] associated with localised single and double 
bonds respectively. This is in accordance with the bond- 
ing found in [Fe2(CO)6{I~-O=C-C(OEt)=CH2}(I~- 
StBu)] (A 0.167,~) [10], but differs from that in 
[Fe2(CO)6{fx-O=C-CH=CPh(NPhH)}(p,-PPh 2)] [ ! I ], 
where the two carbon-carbon bonds are equidistant 
(1.43 ,~). It should, however, be noted that the structure 
of the latter was of poor quality and thus its accuracy is 
questionable. However, in the closely related diruthe- 
n i u m  c o m p l e x  [ R u  2 ( C O ) 6 { p , - O  = C -  
CH=CPh(NEt2)}(Ix-PPh2)] [l l] , the formally carbon- 
carbon double bond at 1.394(6)A is significantly elon- 
gated, while the nitrogen-carbon bond at 1.334(7)/I is 
quite short. Thus it appears that in these 3-amino-sub- 
stituted complexes significant electron delocalisation 
occurs, a facet that is not found in 4 and other com- 
plexes such as [Fe2(CO)6{po-O--C-C(OEt)mCH2](p,- 
S~Bu)] [ 10] which are not substituted in this position. 

The vinyl portion of the acyl bridge is substituted at 
the or°position by a phenyl group which is twisted out of 
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the plane of the backbone atoms. While the precise 
mode of formation of 4 is not known, in light of this 
a-substitution it is tempting to suggest that it results 
from CO insertion into the alkenyl ligand of the putative 
complex trans'[Fe~,(CO)4(Ix'PhC=CH2XIx-PCY:,)(P.- 
dppm)] 31). The CO required for the transformation 
presumably results from the degradation of another iron 
carbonyl complex. Seyferth and coworkers [10,12] have 
prepared a number of related thiolate-bridged com- 
plexes and report that they slowly lose CO, converting 
to the la,-alkenyl complexes. Phosphido-bridged et,13-un- 
saturated acyl complexes do not appear to undergo such 
rapid CO loss [11], and indeed 4 appears to be quite 
stable even in solution. 

3.3. Reactions of la-b with propargyl alcohol: X-ray 
crystal  s tructure o f  c is -[Fez(CO)4{lx-  
C(CHzOH)= CHz}( It-PPh z )( Iz-dppm)l Sa 

Room temperature reaction of la with a slight excess 
of propargyl alcohol resulted after chromatographic sep- 
aration in the isolation of cis-[Fe2(CO)4{ix- 
'S(CH2OH)=CH2}(Ix-PPh2Xp,-dppm)] ga and trans- 
[Fe2(CO)4ll~-HC=CH(CH:)OH)l(p,-PPh2)(p,-dppm)] 5b 
in yields of 23 and 31% respectively. The relative 
orientations of the bridging ligands was apparent from 
an analysis of phosphorus-phosphorus coupling con- 
stants to the low field phosphido resonances in the 3tp 
NMR spectra [$a, J 47, 24; gb, J 84 Hz]. The nature of 
5b was further elucidated by ~H NMR spectroscopy, the 
room temperature appearance of a broad multiplet at 8 
6,50, indicative of m1 or°carbon bound proton, revealing 
its identity as a i3-stmbsthuted alkenyl complex. For 5a, 
signals at 6 2.20 and 2,00, chemical shifts indicative of 
13-carbon bound protons, suggested an or.substituted 
product. In order to then determine the precise structw'e, 
a single crystal Xoray diffraction study was carried out, 
the re~uit,~ of which are summarised in Fig. 3 and "Fable 
6 

The molecule has the same gross structural features 
as both the ot-phenyl (2a) and a-methyl [2] derivatives, 
namely a cis arrangement of phosphorus-containing 
ligands and an a-substituted alkenyl ligand. The iron- 
iron bond length at 2.653(2),~ is indistinguishable from 
those in the aforementioned complexes, while similar 
degrees of asymmetry are seen in the iron-phosphorus 
bonds. Perhaps the most noteworthy difference between 
2a and 5a is the binding of the alkenyl ligand~ Thus, in 
ga Co, is bound more symmetrically to thedih'on centre 
[Fe(I)-C~ 2.019(9); Fe(2)-C, 2.1ig(10)A!, a 0.099A] 
than in 2a ( 3  0.158A) and cis-[Fez(CO)4(~- 
MeC=CH2)(I~-PPh2)(~-dppm)] ( a  0.122 A) [2]. More 
differences are seen in the binding of CI;, which lies 
2.154(10)/~ from Fe(2) in 5a compared with 2.141(9)/~ 
in 2a. Thus in the latter, Fe(2) lies closer to C o than C,~ 

by 0.015 ~,, while in 5a the reverse is found, such that 
C,~ lies closer by 0.036~,, and in cis-[Fe2(CO)4(ix- 
MeC=CH2XIx-PPh2Xp.-dppm)] it is bound essentially 
symmetrically (A 0.002 A) [2]. 

The reaction of la with propargyl alcohol closely 
mirrors that with phenylethyne, the major difference 
being that in the former case isomers were separable by 
column chromatography. Somewhat more contrastingly, 
reaction of lb with propargyl alcohol led, after chro- 
matography, to the isolation in 66% yield of an insepa- 
rable mixture of a- and 13-substituted isomers trans- 
[Fe2(CO)4{p,-C(CH2OH)=CH2}(p,-PCy 2Xp,-dppm)] 6a 
and ~rans-[Fe:(CO)4{p,-HC=CH(CH 2OH)}(p,- 
PCy 2 X~-dppm)] 6b in a 1:4 ratio. That both contained a 
trans arrangement of phosphorus-containing ligands was 
easily established from the relatively large values of 
phosphorus-phosphorus coupling constants [6a, J 79; 
6b, J 77 Hz]. In the ~H NMR spectrum, resonances due 
to 6a were difficult to discern, however, the observation 
of a low field multiplet at 8 6.28 associated with 6b 
confirmed that this complex was the [3-substituted iso- 
mer. The course of the reaction of lb with propargyl 
alcohol closely follows that with propyne [5], in which a 
mixture of a- and [3-substituted trans isomers was also 
produced. The a:13 ratio in the latter case of 2.5:!, 
however, differs from that seen here (1:4), while with 
phenylethyne (see above) the ~-substituted isomer is 
not observed. This lends further support to our previous 
supposition [5] that the regioselectivity is sensitive to 
the steric demands of the substituent, such that 
Markovnikov addition which yields o~-alkenyls is elec- 
tronically favoured, while an increase in steric bulk of 
the alkyne (Ph > CHzOH > CH~) favours anti° 
Markovnikov addition, affording 13osubstituted products. 

All alkenyl complexes tbrmed upon insertion of 
propargyl alcohol are fluxional on the NMR timescale, 
the 'windshield-wiper' process being conveniently mon~. 
itored by variable temperature ~tp NMR spectroscopy. 
Free energies of activation for the proce,,ses were calcu- 
lated at 59 5: 1, 53 ::1:1 and 545:lkJmol ~1 for Sa 
(343K), gb (295K) and 6b (293K) respectively, how- 
ever, due to the instability of 6a at elevated tempera- 
tures we were unable to determine its coalescence tem- 
perature. A comparison of values for gb and 6b reveals 
that the changes in steric and electronic nature of the 
phosphido bridge have little effect upon the o'-'n" alkenyl 
fluxionality. There is, however, a significant difference 
between the free energies for isomeric ga and 5b 
(6kJ tool-~), yet it is nowhere near as large as that, 
18 kJ mol-t, between 2a and 2b. Specifically, there is a 
large difference in free energy of activation for the two 
13..substituted complexes 2b and gb. In the absence of 
structural data for the latter it is difficult to unambigu- 
ously assign the reason for this; however, since both Ph 
and CH2OH substituents are capable of stabilising the 
development of positive charge at the [~.carbon, ground 
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state structural differences cannot be ruled out. Also 
noteworthy in the series of complexes cis-[Fe2(CO)4(tt- 
RC=CH2Xtt-PPh2Xlt-dppm)], as the binding of Ca to 
the diiron centre becomes more symmetric (A), the free 
energy of activation for the alkenyl fluxionality de- 
creases [R=Ph, A 0.158,~, AG # 63+  IkJmol-t; R 
=Me, A 0.122~, AG # 61 +2kJmol -~ (the coales- 
cence temperature is approximately 353 K, although due 
to conversion to other species at this temperature the 

is higher); R = CH2OH, A 0.099/~, AG # 59 + 
I kJ tool-t]. This again suggests that the activation en- 
ergy may be highly sensitive to ground state conforma- 
tion of the alkenyl ligand. Further, for both electron-re- 
leasing (Me, CH2OtI) and -withdrawing (Ph) sub- 
stituents the free energies of activation for the 
'windshield-wiper' fluxionality are higher for cx- than 
for j3.substituted ~lkenyi complexes. 
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