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Abstract 

Microwave-mediated syntheses of [(r/-arene){CO)~Mn](PF~,) complexes are repotted. Reaction times are reduced from several hours 
by conventional melhods to a few minutes using an unmodified domestic microwave oven. The synthesis of a bis complexed 
triph~,nylphosphine iron sandwich complex, [{(~-C~Hs){r/~Cp)Fe}: PC,Hs][PF~,], is reported from AICircatalysed iigand exchange 
reactions between fem~cene and M(CO)~(PPha)~ complexes (M ~ Cr, Mo, W). Sterically hindered [('0-arene){rrCp)Fe][PF~,] complexes 
with tertobulyl substituems have been prepared in moderate to encellent yields using the above microwave technique. Attempts to 
synthesi,~e the methyl cyclol~;ntadienyl analogues resulted in appreciable de-alkylation. No evidence for resa~icted rotation wa~ found in 
the h~ncr ¢~mplexes, The ditvct synthesis of the 1,3,54t'imethylpi~enol iron sandwich complex is reported. This is tile first example of a 
phenol complex prepared via ligand exclmnge reactions in iron sandwich chemistry, (C) 1997 Elsevier' Science S,A. 

l, ln~r~Hhic|tow~ 

We have recently reported [I,2] a rapid and efficient 
method lbr the synthesis of (~0°arene)(~pcyclopen o 
tadtenyl) iron(li) hexafluorophosphates using mio 
clx~wave°mediated t~actions in a simple solid CO,- 
cooled apparatus in an unmodified domestic microwave 
oven, This simple technique reduces the reaction times 
from several hours, using conventional methods, to a 
few minutes, often with significant increases in yield. 
The work described here extends this methodology to 
[(rloareneXCO)~Mn][PFo] complexes. These complexes 
have good thermal stability and are not particularly air 
sensitive. They are beginning to be used in the synthesis 
of natural products as in the total synthesis of Juvabione 
[3] and deoxyristomycinic acid [4] and have wide appli- 
cation in other areas of chemistry [5]. 

In addition, we report on the synthesis of some 
triphenyl phosphine iron sandwich complexes as well as 
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some new (,loat~ne}{rlocyclopentadienyl)iron(H) ,~al|~ 
containing stericalJy hindered arene ligands. 

2. Results and discussion 

2.1. l(,7-are,e)tCOL MnllPl~ ! complexes 

The most convenient method of synthesis of [(~° 
arene){CO).~Mn][PF~,] complexes involves the aluminum 
chlorideocatalysed ligand exchange using bromo~no 
tacarbonyl manganese [6] 

(I) Alt'l~ 
arene + BrMn(CO)~ ~ [(~q- arene)(CO)~Mn] 

( il ) NH.~ PI~ 

x [PF,,] (J) 

These reactions are normally conducted using the 
arene as solvent for liquid arenes, otherwise deca!in is 
the prefelxed solvent The reactions involve heating tot 
at least tbur hours at 100°C [7,8]. We have found that 
using our simple microwave technique [!,2]0 reaction 
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tin~s c ~  be reduced to 3 min with yields in some 
instances approaching those of the more conventional 
morbid. It must be stressed that our yields were not 
opti~sed and undoubtedly modification of reaction 
conditions would result in improvement. Our reaction 
mixtures differ from the conventional method in that 
alu~nium powder is used to increase microwave ab- 
sorption. In this way, [(~/-CtHsCIXCO)3MnIPFt] was 
prepared in 49% yield after microwave irradiation for 3 
~ n  using a medium setting for the domestic microwave 
oven. This compares with a 64% yield via conventional 
methods. Table 1 iis~ the yields and product characteri- 
satins. In most cams 1,2,4-trichlorobenzene was used 
as a solvent since this was found to be beneficial in the 
synthesis of [(~oareneX~/-cyclopentadienyl)Fe]* com- 
plexes. The exception was the synthesis of the impor- 
tant chlorobenzeue complex where better yields were 
obtained without solvent. Attempts to prepare the fluo- 
robenzene complex resulted in the formation of the 
phenol complex due to the extreme sensitivity of the 
former to hydrolysis [10]. In contrast to the [(v/- 
areneX~/oCp)Fe] * complexes (vide Jaffa). sterically hin- 
dered arches gave very low yields with partial deaikyla- 
tion. Thus attempts to prep~e the 1.3.5 tris-tert-butyl° 
benzene complex resulted in a 7% yield of the tert- 
butylbenzene complex. No complexation was obmrved 
for triphenylphosphine which again contrasts with the 
cocre~ponding i~n sandwich complexes [2]. 

Attempt g to prepare arene complexes of the tyl~ 
[{ ~qoare~eXCO)~ M] (M ~Cr,  Mo, W) using the mio 
¢rowav¢ technique failed due to the long recognized 
problem of sublimation of sinning materials (lbr ~n 
improved method see [11]), One way of avoiding this 

problem is to convert M(CO)o into M(CO)3L 3 where 
L = NH 3 [12], CH3CN [13], and pyridine [14]. 

However. the reaction between Cr(CO)3(NH3) 3 and 
mesitylene using both flaked graphite and AICI 3 as 
microwave absorbers gave none of the desired [(O- 
areneXCO)3Cr] complex. 

Similar reaction using M(CO)4(PPh3): complexes 
[15] also failed to give any product. The latter species, 
however, underwent an interesting reaction under condi- 
tions used to generate [O/-arene)(wCp)Fe] + complexes. 

2.2. Triphenylphosphine and related i¢~l-arene)g~l- 
Cp)Fe]IPF~ 1 complexes 

We recently reported [2] on the AICl~-mediated iigo 
and exchange reaction of ferrocene with triphenylphos- 
phine. This resulted in the formation of both mono and 
bis complexes, the relative amounts depending on the 
raho of Ph~P to ferrocene (1:1 ratio gave 76% mono, 
24% bis; 1:5 ratio gave 48% mono, 52% bis). Such 
mixtures are. however, difficult to separate. We have 
found that the ligand exchange between ferrocene (ex- 
cess) and W(CO)=~(PPh~)=, gave a 50% yield of pure bis 
complex [{(~-C~,HsX~*Cp)Fe),P~C~,HsJ][PF¢,],. The 
~P{'H} shift in solvent [:H~,]-acetone of -2 .8  ppm is 
very close to that of PPh~ itself ( ~  3.5 ppm, as mea- 
sured ip the same solvent in these la~watories), which 
is rather su~rising. 

Similar ligand exchanges using Mo{CO)~(PPh~), 
gave mainly this his complex bu| the pr~tuc|s comaiued 
snlail amoums of unidentified impurities evident in the 
~ poNMR ~l~ctra., The ;~.l~}ve ~_¢acthm therefore aflbrds 
,i ~ood nleth~l tot the ~yn|hesi~ ~t" |!l,:sc inlc~'s|iuN 

Table ! 
Yields ~ and physical data for [(~oa~ne)~COh Mn]IPFo] complex¢~ 

A ~  Yield (%) v(CO) ~' Mass st~¢tra| da|a ' 

Benzene .~6 (98) d 208 I. 3. 200 I, 7 .~ ! 7,4 . ~ ! 7 ) 
Me~t ty l~  45 (98) ~ 20¢~.3. 1~8,5 25~},3 {25~) 
He~a~th.yllmfleefle 56 (82) d 2U54,?., P~5,? 3Oi.2 {3ill ) 
Huore~  45 ( ~ )  '~ 2t~85. 2009.5 3iLeal (305) 
Chl~lm~tene ~ 49 (64) ~ 2|}:tit~.5, 201~t2 253,2 (253~ 

1 , 2 o D i e h l ~ z e n e  0,6 2090,0, 2~) ,0  2t~,4 {28~}) 
Pt~nol h 16 2072,5, 2014~3 2~3,3 {2331~ 
1,3,5~Tr~soter~-butyltmn~ne 7 '  ~ 
Tnph~ylpho~phlne 0 . . . . . .  

Yteld~ f~m~ ¢~H~v~mi,on~l lt~¢lh~| m parenthc,~c~, 

Ma~ of p ~ m  io~ (M ' )  by FAB technique, catcuhl~d w, du¢.~ in p~mh~sc~, 

No ~tvem ~sed~ 
Rer, [?L 
Au~--~d ~ynlhesis of flu~rx%en~cl~ ~'~mplex, 
E|~,~ma|  ~a|~sis i~ieates that t~o tert-butyl grtaJps have ~ n  lost. F~mnd: C. 38.2|:  H. 3.3?. C~¢d. |br C~H~.~F~MnO~P: C. 37.34: H. 
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complexes. Mechanistically it is not clear if the AICI3 
~moves the PPha from the starting material prior to 
complexation or complexation by the Fe+Cp moiety 
occurs before metal-phosphorus bond fission though 
the formation of only the bis complex suggests the 
latter. In the context of these phosphorus complexes we 
have shown that triphenylphosphine oxide also under- 
goes ligand exchange, but yields only the mono com- 
plex [(~-C~,H~X~Cp)FeP(OXC6Hs).,][PF6]. Curiously 
the 3~ p{~ H} shift of 29,8 ppm is again very close te that 
of the uncomplexed ligand (29.3 ppm). 

2.3. Stericaily hbzdered l(~-arene)(rI-Cp)Fe] + com- 
plexes 

moiety. If AICI~ complexation can be mhibited then 
iigand exchange should ~cur.  Accordingly, we exam- 
ined the hindered phenol, 2,4,6-trimethylphenol as a 
ligand and found that the corresponding [(rt.2,4,6-tfi- 
methylphenolX~Cp)Fe][PF,,] compiex was formed in 
50% yield, This is the first example of direct ligand 
exchange using a phenol. NMR data is presented in 
Table 2. Interestingly, the infrared spectrum showed a 
~,(OH) vibration at 3470 cm-~ (cf. of the phenol com- 
plex prepared in an S N Ar displacement reaction at 3495 
cm- t ), which suggests very weak intermolecular hydro- 
gen bonding. Thus suitably protected phenols can un- 
dergo ligand exchange, which should prove useful in 
future studies. 

Our lack of success in the synthesis of stericaily 
crowded [(r/-areneXCO)3Mn] + complexes led us to ex- 
amine the iron sandwich analogues. These proved sur- 
prisingly easy to make in modest to excellent yields 
(Table 2). Where comparisons are possible, the mi- 
crowave-mediated synthesis gives considerably better 
yields than those using conventional methods and in- 
volves very much shoveler reaction times. In the case of 
the 1,3,5-tr'i+tert-butyl complex, a variable temperature 
NMR experiment was conducted to see if such bulky 
substituents on the arene ring hinder rotation of the 
cyclopentadienyl ring. The ++C signal tbr the Cp broad+ 
ened significantly at -80"C which indicated a slowing 
down of the a+tation, but lower temperature experiments 
were not possible due to solubility problems. To raise 
the rotational barrier, we attempted to prepare the !,3,5+ 
tri+tert+butyl complex with C+H+LCH:+ as the other lig+ 
and via li[~and exchange with l,l°~+dimethyll~rrocene. 
This resulted in the fot+tnation of the desii+¢d complex in 
9% yield, but iu addition an 1!% yield of the 1,3++di+ 
n, rtobutyi complex was obtai~led. Such dealkylation was 
not observed in the synthesis of the Cp analogue+ it 
seems, therefore, that the loss of the tertobutyl group is 
due to release of steric strain+ The two products were 
not separable by column chromatography, but the ~:~C- 
NMR spectrum of each was sufficiently different to 
enable identification (Table 2). For [(r/-l,3,5-tri+tea- 
butylbenzene) (7/-methylcyclopentadienyl)Fe][PFc,], the 
CH signal tbr the arene ligand appeared as a sharp 
singlet at 79.56 ppm. This indicates that there is still 
t?ee rotation of the MeCp ligand at room temperature. 

Hitherto, there have been no reports of direct syntheo 
sis of phenol complexes usmg ligand exchange reaco 
lions. Nesmeyanov [17] reported only decomposition 
pl~ducts in his attempts to make the [(7/ophenol)(~,l- 
Cp)Fe][PF~,] complex. This complex can be made by an 
S N Ar displacement of chlorine from the chiorobenzene 
complex using NaOH in 50% aqueous acetone [18]. The 
reason for the failure of ligand exchange is probably the 
result of complexation of the oxygen site by AICI.~ 
causing strong deactivation towards attack by the FeCp + 

3. Experimental 

Bromopentacarbonyl manganese and chromium, 
molybdenum and tungsten hexacarbonyls were obtained 
from Aldrich Chemical and used without further purifi- 
cation. ~+C- and +~ P{~ H}-NMR spectra were run using a 
JEOL EX270 spectrometer. *~P shifts are in ppm from 
H3PO 4 and all coupling constants are in Hz. Mass 
spectra were obtained from a Kratos MS50 double 
focusing mass spectrometer with a FAB source and 
employing a matrix of 3-nitrobenzyl alcohol. The 
masses, M +. of the ions reported 0vere accurate to 
within ±0.5 mass num~rs. Microanalyses were per+ 
lbrmed using in-house fi~cilities (Perkin,oElmer, Series 2 
CHN/O Analyzer, Model 2400) Microwave+mediated 
~yntheses were conducted with a conventional unmodi+ 
fled domestic micr:,wave oven (Sharp Easy Chef+ Model 
R5A53, 850 W) using the apparatu~ desct'ibed in Ref~ 

3. I. Synthe,+is c+/' 1( ++loare,e)( CO).+ MnlIPf~ I t'o,q+lea+es 

Tile following method for the complex was adopted 
generally except for the chlorobenzene complex where 
the solvent, I,2,4-trichlorobenzene (TCB) was omitted. 
Bromopentacarbonyl manganese (0.50 g, 1.82 stool)+ 
mesitylene (0.5 g, 4.16 mmol) and Al powder (0.3 g+ 
18.5 stool) were mixed with TCB (5 g) in a small 
reaction beaker. Finely ground AICI~ (0°5 g, 3.76 stool) 
was added and the whole thoroughly mixed. The +cold 
finger' beaker [I] filled with solid CO+ was set in place 
and the whole microwaved for 3 s in on a medium 
setting. A small beaker of water was placed in the oven 
prior to use to absorb excess microwave radiation° On 
cooling, the mixture was carefully treated with ice water 
(30 mr) and filtered to give a yellow aqueous phase. 
The aqueous phase was extracted with toluene, ~epao 
rated, and 60% HPFc, (0.5 g, 2.0(] stool) added. The 
flocculent yellow precipitate was filtered off, washed 
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with distilled water and air-dried to give the product 
(0.33 g) in 45% yield. 

3.2. Synthesis of I{(rI-C ~ H s )(~-Cp)Fe], P(C6 H~ IIPF~ /2 

The general me~od adopted was as for the man- 
ganese complexes. Thus a mixture of W ( C O ) 4 ( P P h 3 )  2 
(1.64 g, 2.00 mmol), ferrt~ene (5 g, 26.9 mmol), AICI 3 
(7. I g, 53.8 mmol) and A! powder (3 g, 111.1 mmol) in 
TCB (l 5 g) micrawaved f~r 6 re_in on a medium setting 
yielded 1.7 g of crude product on adding 60% HPF 6 
(0.5 g, 3.00 mmoi). The product was purified by extrac- 
tion with hot acetone, followed by filtration and careful 
addition of ether to give the bis complex (0.79 g, 50%) 
as a dark green solid. Analysis: Found C, 42.27; H, 
3.32: Calcd. for C~sH:,sF~,Fe,,P~: C, 42.35; H, 3.17. 

NMR data in 721~']-a'cetone. ~' Pt'H}-NMR, ~,,, 
- , . 8  ppm, "C-NMR, 6c, uncomplexed ring carbons 
denoted with primes. CI' not observed, 136.91 ('~Jr, c, 
24.4) (C2', 6'); 133.08 (C4'); 130.~3 (3Jr~, 9.1) (CY. 
5'); 99.28 (=JPc, 22.6) (CI); 92.10 (~Jpc, 18.8) (C3, 5); 
90.74 ('~Jec, I1.0) (C4); 89.50 (~J~, 28.1) (C2, 6); 
78.80 Cp). The product using the chromium complex 
showed in addition to the bis complex small peaks at 
74.3, 63.8, 31.4 and = 3.6 ppm in the ~tP spectrum. The 
most downfield signal con'esponds to Ct(CO)~(PPh~): 
(73.1 ppm) [19]. In the case of the molybdenum com- 
plex, a small impurity appeared at 29.6 ppm which was 
not due to Mo(CO).~(PPh~), (51.8) [20] and was possi- 
bly Ph ~ l~). 

3 . 3 .  S y n t h e s i s  o f  ! / t q - C n  H , ~ I ~ j  
(i'p) Fe ] P~ 0 )( C, li~ ): i/PI;~ / 

A mis|me o1" Ph~PO (2.8 ~, 0.01 tool), ferroccne (5.6 
g, 0.03 tool), AICI:~ (8.6 g, (].06 tool) and AI powder 
(3.0 g, 0.111 tool) in TCB ( 10 g) was microwaved for 4 
rain on a medium oven setting. After the usual work=up 
and recrystallisafion from acetone/ether, 0.65 g (12%) 
of the mono-complexed product was obtained. Mass 
spectral data (M ~ ): Found, 398.7; Calcd. 399. 

NMR data in l'H~l-acetone: "H~,-DMSO (1:1). 
~IP{IH}-NMR, 81,, +29.8 ppm. C-NMR, /~c, CI not 
observed; 134.06 (C4'); 132.33 (2Jpc, 10.8) (C2', 6'); 
130.06 (~Ji,c, 107.6 (CI'); 129.94 (:*JJ,e, 12.7) (C3', 5'); 
90.18 (C4); 90.18 (~Jec, 9.8) (C3, 5); 88.98 (:Jl, c, 7.8) 
(C2, 6); 78.68 (Cp). Analysis: Found C, 50.31; H, 3.51; 
Calcd. for C~H:~)F,,FeOP~: C, 50.76; It, 3.70. 

3.4. Synthesis of stericalty hindered [(tl-areneg~ 
Cp)FeHPF 6 ] complexes 

These complexes were made using the general method 
described above (see Table 2 for reaction conditions). 
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