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Bu(acetylide) complexes of i ron0  phoaphhes Fe@MPE), @ W E  = (CH&PCH,CH$(CH 2, rearrange 
in the presence of mild acids to give cationic complexes of general formula [Fe (qW(dR)=CHR)-  
@MPE)J+, containing an $-bound butrl-en-3-yn-2-yl ligand. A number of iron complexes with coordinated 
butenyne ligands have been fully characterized as their hexafluorophoaphate salts, and their synthesis and 
properties are reported. 

Introduction 
Coordinated butenynes were first characterized crys- 

tallographically in the stable ruthenium complex Ru(C- 
(C----CPh)=CHPh)(O2CCF3)(CO)(PPh3), in 1979,' and 
structures have been determined more recently for bu- 
tenyne complexes of osmium,2 iron: tungsten,4 and other 
complexes of ruthenium." We have previously reported 
the formation of the complex [Fe(q3-C(Cd!Ph)= 

(CH& as a product of the reaction of FeCl2@MPEI2 with 
excess phenylacetylene under protic conditions in the 
presence of hexafluorophosphate? During our investi- 
gations of the chemistry of acetylide and bis(acety1ide) 
complexes of iron? we have established that cationic 
complexes of general formula [Fe(qW(C=CR)==CHR)- 
(DMPE),]+ (2) are readily formed from truns-Fe(CE 
CR),(DMPE), (1) complexes, by protonation and rear- 
rangement (Scheme I). 
Species containing substituted q3-but-l-en-3-yne ligands 

have been suggested as key intermediates in alkyne di- 
merization/oligomerization prrmsaes, and there has been 
growing interest in the use of transition-metal complexes 
and clusters to mediate head-to-head and head-to-tail 
dimerization of l -a lkyne~.~J~  The substituted but-l-en- 
3-yn-2-yl ligand may coordinate in an q1 fashion or an q3 

CHPh)(DMPE),]+[PFJ (DMPE (CH3)2PCH2CH2P- 
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fashion," depending on the requirements of the metal 
center, and it has been suggested that a change in coor- 
dination mode from q3 to q1 may be involved in the cata- 
lytic formation of C4 units from terminal acetylenes.'ob 

The osmium complexes Os(O&CFJ,(CO)BPhJ2, OsH- 
(02CCF3) (CO) (PPh3),, and Os(C(C=CPh)= 
CHPh)(O,CCF,)(CO)(PPh,), serve as catalysts in the ol- 
igomerization of phenylacetylene to an uncharacterized 
hydrocarbon solid with a molecular weight in the range 
800-1200,' while the cobalt and rhodium analogues show 
promise as selective dimerization agents.lOa*dle Thermal 
decomposition of the complexed C4 unit resulb in for- 
mation of a 1,4-disubstituted buta-l,&diyne in the case 
of a tris(trimethylphosphine)rhodium(I) chloride com- 
plex1On and cis-1,4-disubstituted butatriene in the case of 

Titanocene species, generated in situ from (q6- 
C5Me5),TiCl2, are known to promote head-to-tail dimeri- 
zation of terminal acetylenes under catalytic conditions.12 
There have been few mechanistic studies of transition- 
metal-mediated alkyne dimerization, although the kinetics 
of reductive elimination of an enyne from Pt(PPh3)2(C- 
(CH,)CH,)(C--=CC(CH,),) has been investigated in detail 
by Stang and K~walski.'~ 

The formation of the complexes containing the but-l- 
en-3-yn-2-yl ligand has also been effected by direct reaction 
of a metal hydride with a 1,4-disubstituted but-l,3-di- 
yne7Job or with terminal acetylenes.'15 When bis(pheny1- 
ethyny1)mercury is employed as a source of acetylide, 
mercury may be retained in the ligand as a substituent at 
the 1-p08ition.l~ 

In this paper, we report details of the chemistry, syn- 
thesis, and properties of a series of (q3-butenyne)iron 
complexes. 

RU(C(C~CC(CH~)~)=CHC(CH,),)C~(CO)(PP~,),.'~~ 
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Scheme I1 
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a R=-CH, 
b R=-C(CH,), 
c R = - P h  
d R = -4-(HC*K,H, 
e R = -3.5-(HC=C)2C,H, 

Results and Discussion 
Protonation and Rearrangement of Iron(I1) Bis- 

(acstylide) Complexes 1. In previous work? we described 
the synthesis and structures of a number of bis(acety1ide) 
complexes of iron(II), formed by reaction of terminal 
acetylenes with FeH2(DMPE)2 in alcohol solution. The 
iron bis(acetylide) complexes Fe(MR)2(DMPE)2 (1) are 
reversibly protonated under mild conditions to form vi- 
nylidene complexes 3. 

Protonation of any of the iron bis(acetylide) complexes 
1, with trifluoroacetic acid (TFA) in tetrahydrofuran 
solvent, results in an immediate color change of the solu- 
tion from yellow to green. The single 31P resonance of the 
starting bis(acety1ide) complexes (ca. 6 70 ppm) moves 
upfield by approximately 12 ppm on formation of the trans 
acetylide vinylidene complexes 3. Although we have not 
isolated the metal vinylidene species from the reaction 
mixture, electrophilic attack of metal acetylides at the 
carbon to the metal center is one of the most important 
reactions of metal acetylides and protonation to form metal 
vinylidenes is well established.16 Fast rotation around the 
bond between iron and the vinylidene carbon renders all 
four phosphorus atoms equivalent.'6 The vinylidene 
complexes 3 rearrange quantitatively over a period of 
several hours in solution, with coupling of the acetylenic 
and vinylic fragments, to yield deep red solutions con- 
taining [Fe(q3-C(C=CR)=CHR)(DMPE),]+ (2; Scheme 
11). 

The rearrangement and coupling is an intramolecular 
procese. When Fe(C=CPh)2@MPE)2 (IC) was protonated 
and the rearrangement performed in the presence of a large 
excess of either tert-butylacetylene or 1,4-diethynyl- 
benzene, no incorporation of the added ligand was ob- 
served. Similarly, when Fe(CdZ(CH,),),(DMPE), (lb) 
was protonated and allowed to rearrange in the presence 
of excess phenylacetylene, no mixed coupling producb 
were formed. The reaction probably involves a trans to 
cis isomerization of the vinylidene acetylide complex fol- 
lowed by coupling of the acetylide ligand to the a-carbon 
of the vinylidene fragment. 

An authentic sample of the 1,kdiphenyl derivative 2c 
was obtained in an independent synthesis by treatment 
of FeH2(DMPE)2 with 1,4-diphenyl-l,3-butadiyne in al- 
cohol solution. 

Relative Rates of Rearrangement. The rate of pro- 
tonation and rearrangement of Fe(C=CR)2(DMPE)2 
complexes depends markedly on the nature of the acety- 
lene substituent, -R. In this multistep reaction, the 

transformation of the bis(acetylide1 complex to one con- 
taining an q3-butenyne ligand depends on a combination 
of factors which may include the ease of protonation and 
the rates of trans to cis isomerization and formation of the 
new carbon-carbon bond, as well as the capacity of the 
product complex to coordinate the q3-butenyne ligand. 

F~(CECCH~)~(DMPE)~ (la) rearranged readily to 
[Fe(q3-C(C=CCH3)=CHCH3)(DMPE)2]+ (2a) in metha- 
nol solution at ambient temperatures without the addition 
of any other proton source. With the tert-butyl or aryl 
substituents, however, protonation to form the vinylidene 
intermediate required the addition of 1 drop of TFA to 
the solution. The aryl-substituted complexes rearranged 
over a period of a few hours, while the complex containing 
the tert-butyl substituent required approximately 24 h at 
room temperature before formation of the butenyne com- 
plex 2b was complete. For those substituted acetylides 
Fe(C--=CR)2(DMPE)2 (1) examined in this work, the ease 
of rearrangement followed the sequence 
R = -CH3 > -Ph > -C(HC=C)CeHd > 

-3,5-(HCd!)&H3 >> -C(CH& 

Spectroscopic Characterization of [Fe(q3-C(C= 
CR)=CHR)(DMPE),]+ (2). The butenyne complexes 
2a-e are all highly colored red or brown solids with strong 
characteristic absorption bands in the range 410-470 nm 
in the visible region of the spectrum as well as in the 
regions 23&275 and 300-370 nm. No infrared absorption 
associated with the r-bound C s C  triple bond was ob- 
served, although complexes containing an uncoordinated 
acetylene (2d,e) displayed weak bands near 2100 cm-I 
associated with the C=C-H triple bonds. 

The 31P NMR spectra of the butenyne complexes 2a-e 
exhibit four distinct phosphorus resonances, characteristic 
of an unsymmetrically substituted octahedral cis complex 
containing a MP., ligand set. Formally, each signal appears 
as a doublet of doublets of doublets (ddd) due to coupling 
with the three other phosphorus atoms. In all of the 
complexes, the two mutually trans phosphorus atoms ex- 
hibit a notably large coupling constant (VPp > 160 Hz), 
while the value of VPp for the pairs of cis phosphorus 
atoms is generally in the range 20-50 Hz. The unambig- 
uous assignment of the 13C, 31P, and 'H spectra of [Fe- 
(q3-C(C=tCH3)=CHCH3)(DMPE)2]+ (2a) was achieved 
using a combination of 31P-1H 13C-1H correlation spec- 
troscopy and 'H-'H NOESY &hniques. The phosphorus 
atom trans to the coordinated C=C moiety resonates to 
higher field than the other three phosphorus atoms. The 
'H NOESY spectrum indicates that the basic structure of 
2a in solution corresponds to the X-ray crystal structure," 
with the substituents of the coordinated butenyne directed 
away from the metal center and the vinylic hydrogen 
projecting toward the coordinated phosphines. 

In the 13C(lH) NMR spectra of the complexes 2a-e, C2 
of the coordinated q3-but-l-en-3-yne ligand resonates be- 
tween 6 155 and 165 ppm and the signal exhibits visible 
broadening due to coupling to 31P. A chemical shift of 6 
142 ppm has been observed for the bound vinylic carbon 
atom in the ruthenium complex [Ru(q3-RC3CHR)(PhP- 

The 13C resonances assigned to the "acetylenic" carbons 
(C3 and C4) of the coordinated q3-but-l-en-3-yne ligand 
are shifted significantly compared to resonances for un- 
coordinated acetylenes, suggesting a deviation from typical 
SD hybridization. In the '3CI'H1 NMR spectrum of 2c, C3 

(OEt)Jd][PF6] (R = p-tolyl).6a 

Ad-C4 of the coordinated' &but-l-en-3-yn-2-y1 ligand 
(16) Bruce, M. I.; Swincer, A. G. Adu. Organomet. Chem. 1983,22,59. 

Bruce, M. I. Pure Appl. Chem. 1990,62 (e), 1021 and references therein. 
(16) Bellerby, J. M.; Maya, M. J. J. Organomet. Chem. 1976,117, C21. (17) Field, L. D.; George, A. V.; Hambley, T. W. Unpublished results. 
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Coordinated $-Butenynes 

Scheme 111 
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R +  
H 

R 7+ 

a R=-CH, 
c R = - P h  

appear at 6 108.4 and 52.0 ppm, respectively, in contrast 
to the corresponding acetylenic carbons in unbound 1,4- 
diphenylbut-l-en-3-yne, which resonate at 6 89.8 and 92.3 
ppm.ls A single-crystal X-ray diffraction study on com- 
pound 2c3 reported a C2-C3-C4 bond angle of 149O and 
a C3424-Ph angle of 153O, and the C243-C4 and C3- 
C4-CH3 bond angles in 2a are 147 and 149O, respectively,17 
consistent with q3 binding of the ligand in both complexes. 
In contrast, in the structures of the complexes Ru(C(C= 
CPh)=CHPh)(02CCF3)(CO)(PPh3)27 and Ru(C(C= 
CPh)==C(Ph)HgC1)(CO)2C1(PM@h)2,’4 the corresponding 
angles are 173,176’ and 175,176’, respectively, indicating 
a greater linearity of the butenyne fragment in these cases 
where the butenyne ligand is bound effectively in an 7’ 
fashion. As the mode of bonding moves from t’ toward 
q3 coordination, X-ray data show that there is also a 
lengthening of the C%C triple bond and shortening of the 
C 2 4 3  bond in the coordinated butenyne. 

h a c  tion of [ Fe ( TJW (CWR)=CHR) (DMPE)2]+ 
with Hydroxide and tert-Butoxide. When the phe- 
nyl-substituted butenyne complex 2c is heated under re- 
flux for 2 h in a tetrahydmfuran-ethanol solution saturated 
with potassium hydroxide or in a tetrahydrofuran solution 
saturated with potassium tert-butoxide, the iron bis- 
(phenylacetylide) complex IC is reformed. The reaction 
probably proceeds by base abstraction of the proton from 
the 1,4diphenylbut-l-en-3-yn-2-yl ligand with cleavage of 
the C 2 4 3  bond and cis to trans isomerization of the 
complex. 

Nitrogen bases such as pyridine have no effect on a 
solution of the complex 2c when stirred at room temper- 
ature. However, treatment of the complex 2c with lithium 
phenylmethanethiolate, under similar conditions, resulted 
in the disappearance of the complexed phosphine reso- 
nances in the 31P NMR spectrum and the appearance of 
a singlet associated with uncoordinated DMPE. 

The conversion of iron bis(acetylides) to complexes with 
s3-butenyne ligands under mildly acidic conditions and the 
reversal of this reaction with base suggest that the Fe- 
(DMPE)2 subunit may mediate in the synthesis and 
cleavage of carbon-carbon bonds. 

Reaction of [ Fe($-C(C=CR)=CHR) (DMPE)J+ 
with Lithium Aluminum Hydride. Treatment of the 
butenyne complexes 2a,c with lithium aluminum hydride 
resulted in addition of hydride to C3 of the butenyne 
ligand with formation of 1,4-disubstituted but-1,3-diene- 
2,4-diyl iron complexes 4a,c (Scheme 111). 

Attack of hydride at C3 of the butenyne ligand may be 
rationalized by considering canonical forms of the complex 
2 where positive charge is concentrated at this position 
(structure 11). 

Formation of metallacyclobutenes such as 4a and 4c has 
been observed previously on addition of a second equiva- 
lent of acetylene to a metal acetylene complex,lg by in- 

(18) Dahlenburg, L.; Frosin, K.-M.; Kerstan, s.; Werner, D. J. Orga- 
nomet. Chem. 1991, 407, 115. 

\ I  + - \ I  

(1) (11) 
(p7Fe;> f7”3 

sertion of a methylene group into a r-bound acetylene,20 
or by the oxidative addition of cyclopropene to platinum(0) 
or iridium(1) complexes.21 Although butenyne complexes 
may be intermediates in the formation of metallacyclo- 
butene complexes, there are no previous reports of their 
formation from isolated samples of butenyne complexes. 

The complex 4c is stable for periods of several days in 
solution, but attempts to isolate it by removal of the 
solvent resulted only in decomposition. In the I3C NMR 
spectrum of the ferracyclic complex 4c the iron-bound 
carbons appear in the low-field region of the spectrum (6 
167 and 168 ppm) with strong coupling to phosphorus. A 
third resonance at 6 143 ppm displayed weak coupling to 
phosphorus and was assigned to the protonated carbon 
(C3) of the metallacyclic ring. The ‘H NMR spectrum of 
4c showed two resonances associated with the single pro- 
tons attached to C1 and C3 at 6 6.2 and 8.0 ppm, respec- 
tively, with the resonance at 6 8.0 displaying weak coupling 
to phosphorus. In the ‘H NMR spectrum of the analogous 
complex with methyl substituents, 4a, the resonance as- 
sociated with the vinylic proton C1-H appears as a quartet 
at 6 4.8 ppm, while the proton attached to C3 resonates 
at 6 7.8 ppm and is broadened by coupling to the phos- 
phorus atoms. 

Conclusions 
Bis(acety1ide) complexes of iron are protonated under 

mildly acidic conditions at the @carbon of the acetylide 
ligand. The vinylidene complexes so formed rearrange to 
stable cationic complexes containing 194-disubstituted 
but-l-en-3-yn-2-yl ligands bound to the metal in an q3 
fashion. 

The butenyne complexes have moderate thermal sta- 
bility under neutral and acidic conditions. In the presence 
of a base, however, proton abstraction and rearrangement 
to form trans-bis(acety1ide)iron complexes occurs. In the 
presence of hydride or strong carbon nucleophiles, reaction 
to form a 1,3-butadiene-2,4diyl complex occurs rapidly at 
room temperatue. 

Experimental Section 
General Data. All reactions and manipulations were per- 

formed under nitrogen in a drybox or in a Schlenk apparatus. 
Tetrahydrofuran waa distilled from benzophenone ketyl under 
nitrogen prior to use. Methanol and ethanol were dried by dis- 
tillation from magnesium methoxide and magnesium ethoxide, 
respectively.22 Trifluoroacetic acid (Merck) was distilled and 
potassium hexafluorophosphate (Merck) waa recrystallized from 
aqueous sodium hydroxide prior to use. Phenylacetylene (Aldrich) 
and tert-butylacetylene (Aldrich) were used as received. tram- 
Fe(C=CR)2(DMPE)2 complexes,9 FeH2(DMPE)2,23 and 1,4-di- 

(19) Harris, T. V.; Rathke, J. W.; Muetterties, E. L. J. Am. Chem. SOC. 
1978,100,6966. Dennehy, R. D.; Whitby, R. J. J. Chem. SOC., Chem. 
Commun. 1992, 35. 

(20) Calabreae, J. C.; Roe! D. C.; Thorn, D. L.; Tulip, T. H. Organo- 
metallics 1984, 3, 1223. 

(21) Hughes, R. P.; King, M. E.; Robinson, D. J.; Spotte, J. M. J.  Am. 
Chem. Soc. 1989,111,8919. 

(22) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory 
Chemicals, 3rd ed.; Pergamon: Oxford, U.K., 1988. 

(23) Burt, R. J.; Chatt, J.; Hussain, W.; Leigh, G.  J. J.  Organomet. 
Chem. 1979,82,203. Chatt, J.; Hayter, R. G. J. Chem. SOC. 1961,5507. 
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ethynylbenzed' were prepared according to literature procedures. 
'H (400.1 MHz), 31P (162.0 MHz), and 13C (100.6 MHz) NMR 
spectra were recorded on a Bruker AMX-400 spectrometer, in 
the solvents indicated. 'H and I3C spectra were referenced to 
solvent reaiduals, and 3iP spectra were referenced to external neat 
trimethyl phcephite, taken to be 6 140.85 ppm. W-visible spectra 
were recorded on a Hitachi 150-20 spectrometer with THF as the 
solvent. Infrared spectra were recorded using a Bio-Rad FTS 
20/60 spectrometer with the sample pressed into a KBr disk. 
Microanalyses were performed by National Analytical Labora- 
tories (NAL). All solvents were degassed by three to five 
freeze-pump-thaw cycles prior to use. Nitrogen (>99.5%) and 
propyne (>96.0%) were obtained from Commonwealth Industrial 
Gases (CIG) and used as received. 
[Fe(qa-C(C4XH~)4HCH,)(DMPE)?]+[PF6]- (2a). A 

solution of FeH2(DMPE)' (20 mg, 56 pmol) in methanol (3 mL) 
was added to a methanol solution of propyne (2 mL, 0.22 M) with 
vigorous stirring. The color of the solution changed from yellow 
to orange after 1 h. Potaseium hexafluorophosphate (10 mg, 56 
pmol) was added to the solution, and the solvent was removed. 
The residue was recrystallized from ethanol to yield red needlea 
of [Fe(#-C(C=CCH3)==CHCH3)(DMPE)2]+[PF6]- (2a; 26 mg, 
80%): decomposed without melting >185 OC. Anal. Calcd for 
FeCl&dsF6: c, 37.26; H, 6.78. Found C, 36.8; H, 6.8. 31P(1H} 
NMR (methanol): b 53.1 (ddd, 'JPlp? = 37 Hz, 'Jplp3 = 21 Hz, 

P4). 1H(31PJ NMR (acetone-d6): 6 0.69 (8, 3 H, CH,), 0.84 (8,  3 

'Jplpr = 29 Hz, 1 P, PI), 58.7 (ddd, 'Jpzps = 34 Hz, 'Jp2pd = 171 
Hz, 1 P, P2), 62.1 (ddd, 'JpSp4 = 47 Hz, 1 P, P3), 63.9 (ddd, 1 P, 

H, CHJ, 1.41 (8,3 H, CHJ, 1.46 (8,3 H, CH3), 1.62 (8,3 H, CH3), 
1.87 ( ~ , 3  H, CH3), 2.04 ( ~ $ 3  H, CH3), 2.29 ( ~ $ 3  H, CH3), 1.8-2.4 
(m, 8 H, CHz), 2.37 (d, 3 J ~ ~  6.4 Hz, 3 H, C-CHCHS), 2.65 (8,  
3 H, c*cH3), 6.35 (9, 'JHH = 6.4 Hz, 1 H, CPCHCH,). l3C- 

(C4!CH3), 17.5 (CH3) ,  19.0 (CH,), 21.9 (CH3) ,  21.9 (CH3), 22.7 
(CH3),  23.0 (CH3),  27.9 ( W H C H 3 ) ,  28.9 (CHz), 29.9 (CHz), 34.4 
(CH,), 35.0 (CHZ), 106.1 (C-CCHS), 119.5 (C*CHJ, 128.8 

(lH:lP) (tetrahydrofuran-d& 6 10.0 (CH3), 10.8 (CH,), 12.3 

(C=CHCH3), 159.0 (FeC). X, (tetrahydrofuran, log e): 238 
(4.34), 336 (3.38), 466 nm (2.69). v,, (KBr disk): 2980, 2912, 
2841, 1423, 1303, 1284, 933, 894, 838, 727,699, 557 cm-'. 

[Fe(sa-C(C~C(CH,),)--CHC(CH*)a)(DMPE)21+[PFsl- 
(2b). One drop of TFA (ca 4 mol)  was added to a stirr6d solution 
of trans-Fe(C-sC(CH3)3)2(DMPE)' (lb; 20 mg, 39 pmol) in 
tetrahydrofuran (2 mL). Over a period of 4 days the color of the 
solution changed from green to orange to brown. Potassium 
hexdluorophosphate (10 mg, 56 pmol) was added, and the solvent 
was removed under vacuum. The residue was recrystallized from 
ethanol, to yield [Fe(t13-C(C~CC(CH3)3)=CHC(CH3)3)- 
(DMPE)z]+[PF6]- (2b; 26 mg, 98%) as a dark brown solid: de- 
composed without melting >220 OC. Anal. Calcd for 

NMR (tetrahydrofurande): 6 51.3 (ddd, 'JPp = 19, 24, 38 Hz, 

1 P), 62.7 (ddd, 1 P). 'H NMR (acetone-d6j: 6 0.81 (d, 'JpH = 

FeCUH51P86: C, 43.39; H, 7.74. Found C, 43.6; H, 7.4. 31P(1H) 

1 P), 53.2 (ddd, 'Jpp = 36,174 Hz, 1 P), 61.1 (ddd, 'Jpp = 50 Hz, 

8.8 Hz, 3 H, CHJ, 0.95 (d, 'JpH 8.8 Hz, 3 H, CH3), 1.42 (d, 'JPH 
7 Hz, 3 H, CHJ, 1.42 ( ~ , 9  H, C(CH3)3), 1.52 (d, 'J~H = 7.6 Hz, 

3 H, CHJ, 1.61 ( ~ , 9  H, C(CHJJ, 1.62 (d, J ~ H  = 7.3 Hz, 3 H, CHJ, 
1.88 (d, 'JpH 7.6 Hz, 3 H, CH3), 2.01 (d, 'J~H = 8.9 Hz, 3 H, 
CH,), 2.44 (d, 'JPH = 7.6 Hz, 3 H, CH,), 1.5-2.2 (m, 8 H, CH,), 
6.41 (e, 1 H, C==CHBut). i3C{iH,3iP} NMR (dichlorometbe-dz): 
6 10.6 (CH3) ,  10.7 (CH,), 16.7 (CHJ, 20.0 (CH3),  20.5 (CH,), 21.0 
(CHJ, 22.3 (CH,), 28.1 (CH,), 29.1 (CHZ), 29.7 (CHZ), 31.0 (3 C, 
C(CHs)S), 33.4 (3 C, C(CH3)3), 34.1 (CH,), 34.4 (CHz),  38.2 (C- 
(CHJ3), 47.5 (C(CHJJ, 114.9 ( m u t ) ,  142.1 (-But), 145.0 
(c-cHBut), 163.7 ( F a .  A- (tetrahydrofuran, log e): 274 (4.49), 
376 (3.78), 420 nm (3.96). u, (KBr disk): 3060,2991,2910,1590, 
1491, 1423, 1305, 1285, 931, 838, 697, 559 cm-'. 
[Fe(TPC(~h).-CHPh)(DMPE)?l+[PFsr (24. One drop 

of TFA (ca. 4 pmol) was added to a stirred solution of trans- 
Fe(C=CPh)2(DMPE)2 (IC; 20 mg, 35 pmol) in tetrahydrofuran 
(2 mL). The color of the solution immediately changed from 
yellow to green and, over a period of 24 h, finally to red. Potassium 
heduorophoaphate (10 mg, 56 pmol) was added, and the solvent 
was removed under vacuum. The residue was recrystallized from 

ethanol to give [Fe($-C(~Ph)==C~h)(DMPE)21+[PF,I- (2c; 
17 mg, 69%) as a dark red powdery solid: decomposed without 
melting >320 OC. Anal. Calcd for FeCaHISP$6 C, 47.75; H, 
6.15. Found C, 47.5; H, 6.2. 31P(iHJ NMR (acetone-ds): 6 49.5 

(acetone-de): 6 0.96 (d, 'JpH = 8.8 Hz, 3 H, CH3), 1.08 (d, 'JpH 
= 8.8 Hz, 3 H, CH,), 1.35 (m, 1 H, CH,), 1.54 (d, 'JpH = 6.8 Hz, 

= 7.2 Hz, 3 H, CH,), 1.7-2.3 (m, 8 H, CH,), 2.23 (d, 'JpH = 8.8 
Hz, 3 H, CH,), 7.34 (m, 1 H, Ar H), 7.51 (m, 2 H, Ar H), 7.61 (e, 
1 H, C=CHPh), 7.63 (m, 5 H, Ar H), 7.94 (m, 2 H, Arm. 13C- 
(1H,31P) NMR (acetone-ds): 6 10.2 (CH,), 10.8 (CHJ, 16.9 (CHJ, 

29.4 (CH& 33.4 (ma, 34.2 (CHJ, 52.0 ( W h ) ,  108.4 ( M P h ) ,  
126.9 (2 C, Ar CH), 127.7 (Ar CH), 129.8 (Ar CH), 130.1 (2 C, Ar 
CH), 130.7 (2 C, Ar CH), 131.1 (2 C ,  Ar CH), 131.1 (Ar C), 134.0 
(C-CHPh), 139.6 (Ar C), 155.8 (FeC). X, (tetrahydrofuran, 
log c): 274 (3.40), 372 (3.95), 413 nm (3.00). u,, (KBr disk): 3060, 
2987,2908,1589,1491,1422,1285,932,892,838,696,558 cm-'. 

[Fe(tls-C(~Ph)=CHPh)(DMPE),I+[PF6l- (24 was formed 
in an independent synthesis by reaction of 1,4diphenyl-l,3-bu- 
tadiyne= with FeH2(DMPE)' in methanol solution. The product 
obtained after addition of potassium hexafluorophosphate was 
identical in all respects to 2c described above. 

[ Fe( $4 ( C%CC6H4C%CH ) 4 H C 6 H 4 C e H )  ( DMPE)2]+- 
[PFJ (2d). One drop of TFA (ca 4 pmol) was added to a stirred 
solution of trans-Fe(~CsH,C=H)z(DMPE)2 (Id 20 mg, 33 
pmol) in tetrahydrofuran (2 mL). Over a period of 4 h the color 
of the solution changed from yellow to green and finally to red. 
Potaasium hexafluorophosphate (10 mg, 56 pmol) was added, and 
the solvent was removed under vacuum. The residue was re- 
crystallized from ethanol, to afford [Fe($-C(C=cC6H4C= 
CH)=CHC6H,C~H)(DMPE),)]+[PF6]- (2d 19 mg, 77%) as a 
dark red powdery solid: decomposed without melting >180 OC. 

H, 5.5. 31P(iH) NMR (acetone-de): 6 48.9 (ddd, 'JPp = 23, 25, 

= 24 Hz, 1 P), 63.0 (ddd, 1 P). 'H NMR (acetone-d6): b 0.95 (d, 

(ddd, 'Jpp = 28, 31, 46 Hz, 1 P), 56.2 (ddd, 'Jpp = 41, 185 Hz, 
1 P), 62.8 (ddd, 'Jpp = 21 Hz, 1 P), 63.1 (ddd, 1 P). 'H NMR 

3 H, CH3), 1.55 (d, 'JpH = 6.8 Hz, 3 H, CH3), 1.69 (d, 'JpH = 7.8 
Hz, 3 H, CHJ, 1.70 (d, 'JpH = 7.8 Hz, 3 H, CH3), 1.88 (d, 'JPH 

18.4 (CHJ, 20.6 ( C H J ,  20.7 (2 C, CH3), 21.5 (CH3) ,  28.0 (CHI), 

And. C d d  for FeCaw$6:  C, 51.08; H, 5.76. Found C, 51.0; 

41 Hz, 1 P), 56.0 (ddd, 'Jpp = 36, 165 Hz, 1 P), 62.4 (ddd, 'Jpp 

'JPH 8.3 Hz, 3 H, CHJ, 1.06 (d, 'JpH = 8.3 Hz, 3 H, CH3), 1.55 
(d, 'JpH = 8.3 Hz, 3 H, CH3), 1.56 (d, 'JpH = 8.3 Hz, 3 H, CH3), 
1.70 (d, 'JpH = 7.2 Hz, 3 H, CHJ, 1.78 (d, 'JpH = 8.3 Hz, 3 H, 
CH3), 1.90 (d, 'JpH = 7.2 Hz, 3 H, CH3), 2.25 (d, 'JpH = 9.3 Hz, 
3 H, CH3), 1.8-2.4 (m, 8 H, CH,), 3.83 (s, 1 H, C=CH), 4.02 (s, 
1 H, C d H ) ,  7.62 (m, 2 H, Arm, 7.65 (m, 2 H, Ar H), 7.67 (s, 
1 H, C-CHAr) ,  7.73 (m, 2 H, Ar H), 7.95 (m, 2 H, Ar H). 13C- 
{1H,31P) NMR (acetone-de): 6 10.2 (CH3), 10.9 (CHJ, 16.8 (CH3), 

29.2 (CHJ, 33.4 (CHJ, 34.0 (CH& 54.4 (-CAr), 80.0 (W), 
81.4 (m), 84.2 ( W H ) ,  84.9 (-HI, 110.1 ( M A r ) ,  121.2 
(Ar 0,126.8 (2 C, Ar CH), 129.5 (Ar 0,131.2 (2C, Ar CH), 132.1 
(Ar 0,133.7 (2 C, Ar CH), 134.0 (2 C, Ar CH), 133.2 (C=CHAr), 
139.6 (Ar 0,158.9 (Fe0. & (tetrahydrofuran, log e): 300 (4.30), 
370 (3.81),429 nm (3.73). u, (KBr disk): 3278,2975,2914,2105, 
1690,1588,1500, 1421,1304,932,841,559 cm-'. 

[ F e (  $-C( C=C-3,5- ( C=CH)2C6HI)=CH-3,S- (C- 
CH)~~,)(DMPE)2]+[PF6]- (k). One drop of TFA (ca 4 mol)  
was added to a stirred solution of trans-Fe(C=C-3,5-(C= 
CH)2C6H3)2(DMPE)2 (le; 20 mg, 30 pmol) in tetrahydrofuran (2 
mL). Over a period of 24 h the color of the solution changed from 
yellow to green and finally to red. Potassium hezafluorophosphate 
(10 mg, 56 pmol) was added, and the solvent was removed under 
vacuum. The residue was recrystallized from ethanol, to give 
[ Fe(~3-C(C~C-3,5-(C-CH)zC6H3)=cH-3,6-(c~cH)~c6H?)-  
(DMPE)2]+[PF6]- (2e; 19 mg, 78%) as a dark red powdery sohd 
de"& without melting >140 OC. 31P(1H) NMFt (acetone-ds): 

NMR (acetone-d6): 6 0.9 (8,  3 H, CH,), 1.0 (8, 3 H, CH,), 1.6 (8,  

1.8-2.4 (m, 8 H, CH2), 3.8 (s, 2 H, M - W ,  4.0 (8 ,  2 H, C- 
C-H), 8.0 (m, 4 H, Ar H), 8.1 (8 ,  1 H, C==CHAr). i3C(iH,S1PJ 

18.3 (CH3) ,  20.6 (2 C, CH3), 21.2 (CH3) ,  21.3 (CH3), 27.9 (CH,), 

6 48.5 (ddd, 'Jpp = 28,28,36 Hz, 1 P), 55.3 (ddd, 'Jpp = 45,166 
Hz, 1 P), 61.2 (ddd, 'Jpp = 36 Hz, 1 P), 62.6 (ddd, 1 P). 1H(31PJ 

6 H, CHJ, 1.7 (8,  3 H, CH3), 1.9 (8, 6 H, CH3), 2.3 (8,  3 H, CH3), 

(24) Hay, A. S. J. Org. Chem. 1960,25, 637. (25) Eglington, G.; Galbraith, A. R. J .  Chem. SOC. 1969, 889. 
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(tetrahydrofuran-de): 6 2.7 (CH,), 11.2 (CH,), 12.2 (CH,), 17.5 
( C H S ) ,  19.4 (CHs), 21.5 (2 C, CHJ, 22.1 (CHs), 28.9 ( C H Z ) ,  30.2 
(CHJ, 32.0 (CHJ, 35.0 (CHJ, 78.4 (2 C, *CH), 79.9 (2 C, 
m), 82.7 (2 C, W H ) ,  83.4 (2 C, W H ) ,  108.6 ( W A r ) ,  
119.6 ( W A r ) ,  125.3 (Ar CHI, 129.6 (Ar CH), 132.1 (Ar CH), 
132.5 (Ar CH), 128.0-133.0 (6 C, Ar C), 138.0 (C=CHAr), 157.3 
(FeO. X, (tetrahydrofuran): 232,295,435 nm. v,, (KBr disk): 
3291,3984,2920,2113,1681,1580,1425,1205,1134,934,839,559 
cm-'. 

Reaction of cis -[Fe(qa-C(C=CC6H,)=CHC6H,)- 
(DMPE)r]+[PFJ (2c) with Lithium Aluminum Hydride. 
Lithium aluminum hydride (ca. 2 mg) was added directly to a 
solution of [Fe(d-C(~Ph)-CHPh)(DMPE),]+(PF,]- (3c; 19 
mg, 26 "01) in tetrahydrofuran-de (0.5 mL). The color of the 
solution faded, and the solution was fiitered and used directly 
for NMR studiea. By 'H and slP NMR spec t"py  the reaction 
is quantitative and complete, giving only one product, whose 
swctroecopic data are consistent with the formulation 
[Fe<(==CHPh)CH=&Ph(DMPE)21 ( 4 ~ ) .  31P11H) NMR (tet- 
rahydrofuran-de): 6 57.7 (ddd, 2Jpp = 9,17,24 HZ, 1 P), 62.3 (ddd, 
'Jpp = 24,33 Hz, 1 P), 68.9 (ddd, 'Jpp 151 Hz, 1 P), 73.7 (ddd, 
1 P). 'H NMR (tetrahydrofuran-de): S 0.82 (d, 'JpH = 6.4 Hz, 
3 H, CHJ, 1.24 (d, 'JPH = 4.9 Hz, 3 H, CHs), 1.27 (d, 'JpH 5.2 
Hz, 3 H, CH,), 1.45 (d, 'JpH = 6.5 Hz, 3 H, CHJ, 1.57 (d, 'JpH 

8.0 Hz, 3 H, CHJ, 1.65 (d, 6.2 HZ, 3 H, CH,), 1.61 (d, 'JpH 
2JpH = 6.7 Hz, 3 H, CH,), 1.4-2.1 (m, 8 H, CHJ, 1.70 (d, zJpH = 
8.3 Hz, 3 H, CHs), 6.16 (8, 1 H, C-CHPh), 6.85 (m, 1 H, Ar H), 
7.00(m,2H,CH),7.13(m,5H,ArH),7.23(m,2H,ArH),7.96 
(m, 1 H, WH). lW(lH,BIP} NMR (tetrahydrofuran-de): S 17.6 
(0, 18.3 ( C H S ) ,  21.7 ( C H S ) ,  22.0 (CH,), 22.1 (CHJ, 23.3 (2 C, 

CHd, 23.4 ( C H S ) ,  32.4 (CH'), 32.9 (CHJ, 35.9 (CHJ, 36.4 (CHJ, 
123.4 (AI CH), 124.4 (Ar CH), 126.5 (--cHph), 127.2 (2 C, Ar CH), 
128.6 (2 C, Ar CH), 129.0 (2 C, Ar CH), 129.3 (2 C, Ar CH), 141.9 
(=CHI, 143.3 (Ar C), 159.3 (Ar C), 166.6 (FeC), 167.5 (FeC). 

Reaction of cis -[Fe(q'-C(C=CCH,)-CHCH,)- 
(DMPE)2]+[PF6]- (2a) with Lithium Aluminum Hydride. 
Lithium aluminum hydride (ca. 2 mg) was added directly to a 
solution of [Fe(qs-C(C=CCHJ-CHCH,) (DMPE)Z]+[PFJ (k, 
19 mg, 26 mmol) dissolved in tetrahydrofuran-de (0.5 mL). The 
color of the solution faded, and the solution was filtered and used 
directly for NMR studies. By 'H and slP NMR spec t"py  the 
reaction is quantitative, giving only one product whose spectre - 
scopic data are consistent with the formulation [Fe-C- 
(-CHCH,)CH=CCHa(DMPE)21 (4a). alPIIH} NMR (tetra- 

. 
hydrofura&ds): 6 61.M2.0 b - 2  P), 72.6 (m, 1 P), 74.9 (m, 1 

(8,  3 H, CHJ, 1.15 (s,3 H, CHJ, 1.17 (d, 6 H, CHJ, 1.21 (8, 3 H, 
CHJ, 1.28 (s,3 H, CHJ, 1.33 (8, 3 H, CHJ, 1.4-2.1 (m, 8 H, CHJ, 

{'H,91P1 NMR (tetrahydrdumn-de): 8 14.9 (CHJ, 17.2 (CHJ, 18.1 
(CHJ, 22.6 (CHJ, 22.9 (ma, 23.0 (CHS), 23.5 (CHJ, 24.2 (CHJ, 

(CHJ, 115.7 ( M C H J ,  139.1 (CH=CCHJ, 153.2 (FeO, 161.3 
(FeC). 
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P). 'H("P} NMR (tetrhydrofuran-de): S 0.93 (~,3 H, CH& 0.98 

1.85 (d, 'Jm = 6.0 HZ, 3 H, W H C H J ,  1.91 6,3 H, CHJ, 4.82 
(q, ,JHH = 6.0 HZ, 1 H, MHCHd, 7.79 (8,l H, C4H). '8c- 

24.2 (CHz), 32.0 (CH'), 32.7 ( C H Z ) ,  32.7 (CH,), 36.5 ( C H Z ) ,  36.5 

Ligand Substitution Processes on Carbonyimetal Derivatives. 2. 
Reactlon of Tetracarbonylhydridoferrates with Phosphites' 

5.3. Brunet,' 0. Commenges, F.-B. Kindela, and D. Nelbecker 

Lahatoke de CMmle de coordlneflon du CNRS, Unit6 No. 8241, I& par conventkms B 
I'Unlverslt8 Paul Sabatler et B I'InstlM National hIytechn&ue, 205 mute de Narbonne, 

31077 Toubuse &&x, France 
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Ligand substitution pmceaees on KHFe(CO)4 (1) have been evidenced by reaction with various phosphite. 
The nature of the reaction products strongly depends on (i) the nature of the solvent, (ii) the Tolman cone 
angle of the phosphite, and (iii) the reaction conditions. In protic media (H,O-THF), phosphites with 
small cone angles, such as P(OMe)S, P(OEtIs, and P(OPh),, react (2 equiv) with 1 at room temperature 
to give the correeponding complexea H.$'e(CO)2[P(OR)3]2 in >90% yield, whereas a phosphite with a larger 
cone angle (P[O-o-C6H4PhI3) reacts only at a higher temperature to afford the disubstituted Fe(CO),[P- 
( O - O - C ~ H ~ P ~ J ~ ] ~  derivatwe in 94% yield. When the reaction with phosphites having small cone angles is 
conducted with a 3-fold excess of phosphite at 66 "C, the trisubtituted derivatives Fe(C0)2[P(OR),]3 are 
formed in 75-96% yield. In aprotic medium (THF), 1 reacta with Phosphite (2 equiv) at room temperature 
to yield the monosubstituted anionic hydrides K+[HFe(CO),(P(OR),)]-, which can be isolated in >90% 
yield. In refluxing THF the reaction of 1 with P(OMe), (3 equiv) demonstrates the first synthesis of the 
hydridoferrate K+[HFe(C0)2(P(OMe)h]-. Protonation of K+[HFe(CO),{P(OR),)]- with trifluoroacetic acid 
in THF at -10 OC providea an excellent route for the high-yield syntheais of the monosubstituted dihydridea 
H2Fe(CO),[P(OR),]. In situ reaction of the latter with another phosphane PZ, (Z = Ph, OPh) leads to 
the mixed dihydrides H2Fe(CO)z[P(OR)3][P&] (R = Me, Et; Z = Ph, OPh), which are reported for the 
fmt time. Finally, reaction of H,Fe(CO),[P(OEt),], with KH under sonication allows the generation of 
the highly reduced derivative Kz[Fe(CO)z(P(OEt)3}z], the first disubstituted analogue of the Collmau reagent 

Introduction 
A large number of Fe(CO),-,L,, (n = 1, 2) complexes 

have been synthesized directly by ligand substitution on 
iron pentacarbonyl." In contrast, direct ligand substi- 

(1) Part 1: Brunet, J.-J.; Commengw, G.; Kindela, F. B.; Neibecker, 
D. Organometallics 1992,11,1343-1350. 

0276-7333/92/2311-3023$03.00/0 

tutions on tetracarbonylhydridoferrates M+[HFe(CO)4]- 
have never been reported as a route to the substituted 

(2) Beeolo, F.; Peareon, R. G. Mechoniems of Inorganic Reactions; 
Wiley: New York, 1968. Besolo, F. Inorg. Chim. Acta lS81, SO, 66-70. 

(3) Darensbourg, D. J. In Advances in Organometallic Chemistry; 
Stone, F. G. A., West, R., Eds.; Academic Pres: New York, 1982; Vol. 
21, pp 113-145. 

0 1992 American Chemical Society 
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