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Summary 

Reaction of [M(q4-PhCH=CRCH=CHCOPh) ($-C,H,)] , [M = Rh or Ir; R = H 
or Me] with HBF4 or HPF, affords the crystalline salts [M(q3-PhCHCRCHCH,- 
COPh) ($-C5H5)]Y, [Y = BF4 or PF6], in which the acyl CO group is coordinated 
to the metal. HCl and HBr also protonate the dienone complexes (M = Rh) at 
carbon, giving the covalent derivatives [RhX(q3-PhCHCHCHCH2COPh) ($- 
CSHS)] , [X = Cl, Br] . A mechanism involving endo addition of H’ to the q4- 
dienone ligand is in accord with deuteration studies. ‘H and 13C NMR spectra of 
the new complexes are discussed. The reactions’of [Rh(q”-PhCHCHCHCHPh)- 
($-CsH,)] with HCl and HBr are also reported. 

Protonation of complexes of the cyclopentadienyl-rhodium(I) and -iridium(I) 
groups with cyclic olefins such as cyclohexa-1,3-diene [Z] , cycloocta-l,&diene 
[3], cycloocta-1,3,5-Qiene [4] and cycloocta-1,3,5,7_tetraene [5] has been 
studied in some detail. In acid media proton exchange in q4cyclohexa-1,3- 
diene(~cyclopentadienyl)rhodium(I) occurs at the endo methylene position of 
cyclohexadiene via interaction with the metal. Further evidence for endo addi- 
tion of II’ was obtained from observations on complexes of limonene and CY- 
phellandrene [S] . Carvone(cyclopentadienyl)-rhodium [S] and -iridium [ 71, 
however, are protonated at the ketbnic oxygen, rather than at carbon. 

Reactions of dienetricarbonyliron(0) complexes with a variety of acids 
including hydrogen chloride, trifluoroacetic acid and fluorosulphonic acid have 
been summarized 181. Hydrogen chloride adds to butadienetricarbonyliron at 

l 
For part I see ref. 1. 
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room temperature to give the covalent complex chloro(syn-l-methylallyl)tri- 
carbonyliron [ 9]_ Whitesides and Arhart showed that addition of DC1 to 
(I-phenyl-3-methylbutadiene)tricarbonyhron at -78°C occurs stereospecifically 
to afford a product with an anti CH,D substituent [lo]. It is likely therefore 
that in the reaction of butadienetricarbonyliron the anti-1-methylallyl derivative 
is formed initially but then re arranges to the syn isomer. 

Studies of hydrogen/deuterium exchange in cyclohexadienetricarbonyliron 
complement those on the rhodium and iridium complexes, again showing that 
the addition occurs stereospecifically endo [lo]. Protonation of q4dienonetri- 
carbonyliron complexes, however, by fluorosulphonic acid or by sulphuric acid 
takes place at the carbonyl oxygen atom to give trans-hydroxypentadienyltri- 
carbonyliron cations, which rearran ge on warming to 0°C to isomeric cis- 
hydroxypentadienyl cations [11,12] . Cycloheptadienonetricarbonyhron is also 
protonated at the oxygen of the ketone group [13]. 

In view of these findings, and to aid the interpretation of some results on 
protonation of q4-dienol(~s-cyclopentadienyI)-rhodium and -iridium complexes, 
we have studied the reactions of the q4-dienone compounds I-IV, with acids HY 
having weakly (Y = CF,COO, BF,, PF,) or strongly (Y = Cl, Br) coordinating 
anions. 

Results and discussion 

When a solution of I in CDC13 is treated with trifluoroacetic acid at -40°C 
and then allowed to warm to room temperature, a deep orange solution is 
formed. The IH NMR spectrum shows the presence of an q3-allylic complex, 
formed by protonation at the terminal carbon atom of the diene system, ad- 
jacent to the keto group. 

,//” HY_ 

‘Ph 
M 
CP 

(I ,R = H.M = Rh; 

H3 

Ph 

CP 

+ 

Y- 

II .R = Me, 

lil.R = H.b 

Ip .R = Me,M = 

M = Rh; 
(P. R = H , M = Rh, Y = BF, ; 

5ZI.R = H.M = Rh.Y = PF6; 
1 = rr; 

= Ir) 
PIl,R = Me.M = Rh.Y = eF,; 

lZU:R = Me,M = Rh.Y = PF6; 

LT,R = H.M = 1r.Y = PFg; 

X.R = Me,M = 1r.Y = 13F4; 

XI.R = Me,M = 1r.Y = PF6) 

similar results are obtained with compounds II-IV. The cations can be isolated 

(Continued on p_ 234) 
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as air stable, crystalline tetrafluoroborates or hexafluorophosphates (V-XI), : 
either by addition of the solution in CHClJCF&OOH to HBF4 in diethyl ether 
or, usually in better yield, by treatment of the dienone complex directly with 
HPF, - E&O in ether (Table 1). 

The structure of the protonated complexes is proposed largely on the basis of 
NMR results (Tables 2 and 3). Off-centre double resonance carbon-13 spectra of 
the salts V, VII, IX and X all showed a triplet at about 45 ppm, indicating the 
presence of a methylene group. This is not immediately apparent from the 
hydrogen-l spectra as protons H4 and H4’ are magnetically inequivalent, C4 
lying adjacent to a chiral centre at C3_ 

Structural evidence will be discussed mainly with reference to compound IX. 
In this case the assignments of the proton resonances were aided by detailed 
double resonance experiments; those of the carbon-13 peaks were confirmed by 
selective irradiation at appropriate resonant frequencies in the proton spectrum_ 

The coupling constant J(H’H’) = 10.4 Hz is typical of a trans coupling in 
iridium complexes, while J(H2H3) = 6.7 Hz indicates a cis arrangement of the 
hydrogens. This places the 1-phenyl substituent syn and the 3-PhCOCH2 sub- 
stituent anti with respect to the allyl group. The q3-ally1 structure is further sup- 
ported by the observation of coupling between lo3Rh and the protons of the 
2-methyl group in the spectrum of VIII. Similar couplings are found in Z-methyl- 
allylrhodium complexes [14 ] _ Moreover the carbon-13 spectra of V and VII 
show Rh-C couplings only to C’, C* and C3, but not to C4 or C5. The coupling 
constant J(RhC*) = 5.3 Hz is lower than those to C!’ or C3, in agreement with 
previous findings [ 151. 

The structure proposed for compounds V-XI is similar to that found in the 
intermediate isolated from Friedel Crafts acylation of dienetiicarbonyliron com- 
plexes [ 16]_ An X-ray diffraction study of one such intermediate, tricarbonyl- 
(1-3-q-hexen-5one)iron hexafiuorophosphate, showed that the oxygen atom of 
the ligand is coordinated to iron, so that the 18-electron configuration of the 
metal is preserved [17]. The acyl CO stretching frequency in this compound is 
lowered to 1637 cm-‘. We also observe a considerable lowering of v(C0) in our 
products. In the precursor dienone complex I, v(C0) falls at 1650 cm-‘, while 
in the infrared spectrum of V there are two peaks at 1600 cm-’ and 1570 cm-‘, 
the second of which being broader and more intense, is assigned to v(CO), the 
other probably being due to aromatic vibrations. We therefore deduce that the 
acyl oxygen is also coordinated to the metal in complexes V-XI. This coordina- 
tion restricts rotation about the C3-C4 bond. The presence of a chiral centre at 
C3 makes the two protons H4, H4’ of the adjacent CH2 group magnetically 
inequivalent. The conformation of substituents about the C3< bond is shown 
below, looking from C4 towards C3. 

(Cl H4’ H4 

C2 H3 

The hydrogen-l NMR spectra of V-XI are characterised by a) a large geminal ’ 
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coupling constant J(H4H4’) of about 21 Hz. b) one very small vicimd coupling 
of ca. 2 Hz to the higher field proton of the C4H2 pair. c) a vicinal coupling of 
ca. 8 Hz to the lower field proton of the C4H2 group. 

A small vicinal coupling constant indicates a dihedral angle of about 90” 
between the planes C?-C3-H3 and C3-C4-H4’ [ 18 ] . This angle is 98” in tri- 
carbonyl(l-3-q-hexen-5-one)iron hexafluorophosphate, corresponding to a 
coupling constant of 2 Hz [19]. This identifies the higher field resonance with 
H”, which is also the proton which lies nearer to the metal centre (high field 
shift). 

Deuteriation of I-IV gives spectra in which the higher field resonance is 
absent. Addition of H’ or D’ is thus stereospecific and, as shown above, must 
occur from the endo side of the diene, possibly via a metal hydride. No inter- 
mediate metal hydride, however, was detected under the experiiental condi- 
tions used_ 

Treatment of (~4-1,3cliphenylbuta-l,3-diene) (q-cyclopentadienyl)rhodium 
[2O] (XII) with hydrogen chloride or hydrogen bromide in ether affords the 
complexes XIII and XIV in fair yield. Their proton NMR spectra generally 
resemble those of V-XI. The resonance assigned to H’ is at rather lower field 
than usual for an anti-H substituent, although there are precedents [21]. The 
value of J(H’H*) = 12 Hz, however, is consistent with trans coupling. H4 and H4’ 
are again magnetically inequivalent. It has been suggested that such marked 
inequivalence is characteristic of an anti CH2R substituent [22]. 

The dienone complex I likewise yields deep maroon air stable derivatives XV 
and XVI with hydrogen chloride and hydrogen bromide, respectively. The 
infrared spectra of XV and XVI show a strong band at 1675 cm-‘, which is 
assigned to v(C0). Coordination of the acyl carbonyl group to rhodium there- 
fore does not occur here: the metal attains an 18-electron configuration by 
bonding to chlorine. 

.,+, ux _ HZ 

-+ 

i3 Q ,’ 
H’ 

Rh 
CP / Ph 

Rh 

ef 

‘X 
(m,Q = Ph; 

I ,Q = COPhI 

tXiIl.C?= Ph,X= Cl; 

m.0 = Ph,X = Br; 

= .Q = COPh,X = Cl; 

23ZI .Q = COPh,X = Br) 

Whereas in the hydrogen-l NMR spectra of compounds V-XI the higher field 
resonance of the H4, H4’ pair is associated with the smaller coupling to H3, for 
ccmpounds XIII-XVI it is the resonance at lower field. If the carbonyl group 
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is not coordinated to the metal (compounds XV, XVI) or is absent (compounds 
XIII, XIV), rotation about the C3-C4 bond will no longer be restricted. The 
NMR spectra should therefore be discussed -with reference to the favoured con- 
formation about the C3-C4 bond. The proton which lies nearer to the metal 
(H4) would be expected to resonate at higher field, and also to couple more 
strongly to H3 (dihedral angle approaches 180” )_ That further from the metal 

H 4’ CD) 
Rh 

centre (H4’) will appear at lower field and couple less strongly to H3 (dihedral 
angle -60”). Stereospecific endo addition is again indicated by deuteriation with 
DBr; the lower field resonance is identified with H4’. 

Although excellent elemental analyses were obtained for XV and XVI, the 
NMR spectra revealed in each case, in addition to the major component, about 
5-10% of another very similar, probably isomeric compound_ This might be a 
conforrnational isomer, as found for [FeX(q’-allyl) (CO),] [23], but such con- 

formational equilibria have not been observed previously for complexes of the 
type [MX(q3-aUy1) (C,H,)] (M = Co [ 241, or Rh [ 14,153 ). The spectra of XIII 
and XIV, however, show the presence of only one species. It is tentatively sug- 
gested that the minor component may be an isomer of XVI with a syn CH,COPh 
substitclent. 

Experimental 

Reactions were carried out under dry nitrogen. All the compounds described 
in this paper, however, appear to be stable to air both in the solid state and in 
solution. Microanalyses were by Butterworth Laboratories Ltd. Infrared spectra 
were determined in Nujol mulls using a Perkin-Elmer 257 spectrometer and were 
calibrated by polystyrene film. Hydrogen-l (250 MHz) and carbon-13 (68.25 
MHz) NMR spectra were recorded on a Bruker spectrometer at King’s College, 
London. (q4-Diphenylbutadiene) ($cyclopentadienyl)rhodium was prepared 
by a modification of the literature method [201. The general procedure for 
making the dienone complexes I-IV has been described previously [ 1 J . 

Reaction of [M(dienone) (CJ15)], I-IV, with hexafiuorophosphoric acid 

A typical reaction is described. Compound I (0.26 g) in diethylether (70 cm3) 
was cooled to -10°C and HPF6 - EbO (0.1 cm3) was added with stirring. The 
reaction mixture was allowed to warm up to room temperature over 1 h. The 
orange precipitate was filtered off, washed with ether and purified by dissolving 
in nitromethane, filtering and reprecipitating with ether. Yield 0.232 g (65%). 

Reaction of jM(dienone)(C,H,)], I-IV, with trifluoroacetic acid foilowed by 
tetraflucroboric acid 

A typical reaction is described. The ketone I (0.28 g) was dissolved in chloro- 
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form (10 cm”) and trifhroroacetic acid (0.2 cm”) added. After stirring for 10 
min, the solution was poured &to diethyl ether (70 cm3) which contained tetra- 

fluoroboric acid (0.5 cm3, 42% aqueous HBF,). The orange precipitate was 
filtered, washed with ether and recrystallised from nitromethane/ether. Yield 
0.17 g (50%). 

Reaction of [Rh(q4-PhCH=CHCH=CHCOPh)(CsHs)] with hydrogen chloride 
The ketone I (0.383 g) suspended in diethyl ether (50 cm”) was treated with 

concentrated aqueous hydrochloric acid (0.1 cm3) and the mixture stirred for 
1% h. The complex dissolved to give a deep red solution from which maroon 
feathery crystals suddenly separated. The product was filtered off, washed with 
ether, dissolved in dichloromethane (10 cm3) and refiltered. On addition of 
petroleum ether (100 cm3) b-p. 60--8OOC) and cooling to -5°C overnight, the 
product XV (0.314 g, 75%) was obtained as deep maroon crystals. 

Complexes XIII, XIV and XVI were prepared similarly. 
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