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Summary 

Hydrogen chloride reacts with n-allylic tris(trifluorophosphine)rhodium( I) 
complexes Rh(n-all) (PF3)3 (all = C3Hs, cyclohexenyl, 2methyl-n-allyl, syn-l- 
methyl-n-allyl, l,l-dimethyl-a--allyI, syn-1,2-dimethyl-n-allyl, syn-1,3-dimethyl- 
n-ally1 and syn-1-ethyl-3-methyl-r-allyl) to yield [RhCI(PF,),] 2, PFB and the 
corresponding olefin. An intermediate rhodium(II1) n-ally1 hydride has been 
characterised at low temperatures by ’ H and I9 F NMR spectroscopy. The 
direction of hydrogen migration from metal to an asymmetrically coordinated 
allylic group has been studied and its relevance to transition metal catalysed 
olefin isomerisation reactions is discussed. Rh(n-CJ HS)(PF3)3 reacts with 
hydrogen and PF; to form RhH(PF3)4 at room temperature and with NO or 
NOCI to give Rh(N0) (PF3)3. 

introduction 

Oxidative addition reactions of rhodium(I) complexes are well-known 
[l, 21 . It was of interest to study the reactivity of several recently synthesised 
n-allylic tris(trifluorophosphine)rhodium(I) complexes [3, 41 towards hydrogen 
chloride. In particular an attempt has been made to identify n-allylic hydride 
rhodium species since this type of transition metal complex has been postulated 
(51 as a possible intermediate in the isomerisation of olefins catalysed by transi- 
tion metal complexes*. The reactions of Rh(n-C3H5)(PF3)x with molecular 
hydrogen, nitric odde and nitrosyl chloride are also reported. 

. A pre~lnary ac~~~~t of part of this work has appeared 120 1. 
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l3e.suJt.s and discussion 

The reactions between hydrogen chloride and a series of n-allylic Rh(PF3)3 
complexes, I-VIII (Fig. 1) have been studied, and the intermediate steps mom- 
tored by I9 F and i H NMR spectroscopy. The reactions were performed in vacua 
in sealed NMR tubes and the products handled by high vacuum techniques. 

When r-allyItris(trifluorophosphine)rhodium(I), Rh(z-C,H,)(PF,),, is 
sealed off with hydrogen chloride in an NMR tube held at liquid nitrogen tem- 
percture, and the tube immediately inserted into the spectrometer probe pre- 
cooled to -75”, the ‘“F NMR spectrum shows, in addition to be expected 
resonances due to I, a much weaker resonance centred at + 13.9 ppm relative to 
CC13F. The new resonance (Fig. 2) consists of eight lines of equal intensity. The 
‘H NMR spectrum of the mivture at the same temperature shows an additional 
broad resonance at 7 28.8 which is characteristic of a transition metal hydride. 
These results suggest the presence,of a z-allylhydrido(tifluorophosphine)rhodium 
(III) complex, RhClH(5r-C3H,)(PF3), in the mixture (.u is probably 2). The eight 
line pattern in the I9 F NMR spectrum represents the strongest lines of the X part _ 
of an [_X3A] 2 spin system (X = fluorine, A = phosphorus) and arises from spin 
coupling between fluorine and phosphorus r 'J(PF) = 1391 Hz], fluorine and 
rhodium [‘J(RhF) = 20 Hz], and hydrogen and fluorine [ 3J(FH) = 8 Hz]. No 
extra resonances for the ally1 protons in RhClH(n-C,H,)(PF3), are observed, but 
it k likely that these are masked by the stronger ally1 resonances of 1. 

Confirmation of the assignment of the new n-allylhydrido complex comes 
from the observation that the I9 F NMR spectrum of the products of the reaction 
between I and deuterium chloride at -75” simplifies to the expected mirror 
image pattern of lines for an [X,A]? spin system split further by the lo3 Rh 
nucleus (Fig. 2). 

As the temperature s raised above -75” the resonances in the 19F NMR 
spectrum assigned to RhCLV(n-C,H, )(PF,I, gradually diminish in intensity and 
finally disappear at -50”. Similar behaviour is observed in the ‘H NMR spectrum 

H H 

(VI (Via. +dnrr-~~om~r.VIbl 

(L=PF,l 

M@ 
(VII) (VIII) 

Fig. 1. n-.Ulyl.~c LN(~nuOrophosphme)rhodlum complexes I-VIII. 
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Fig. 2, The “F NhlR spectra oi the products of the re.zctmns at -75” belweeo I and (a) hvclrogen chloride. 
(b) deutenum chlonde m CCIJF solutron. The scale is io HZ relative to CCI3F. 

and new resonances assignable to 1-propene appear above -50”. A sharp doublet 
characteristic of [ RhCI(PF,),], undergoing intermolecular exch‘ange with tri- 
fluorophosphine is observed in the i9 I? NMR spectrum [6, 71 and [RhC!(PF3)2]2 
may be isolated and characterised. The overall reaction can therefore be represented 
by eqn. 1. When an escess of hydrogen chloride is used the 1-propene formed 

Rh(n-C&)(PF& + HCl -L ; [RhCI(PF,)z]2 + C3H6 -i PF3 (1) 

slowly undergoes Markownikoff addition to form isopropyl chloride. The reac- 
tion between the other n-ally& complexes, II-VIII, and hydrogen chloride were 
studied in a similar manner, and all proceed according to the general equatiop 2. 

Rh(n-allyhc) (PF3)3 + HCl -t f [ RhCl( PFa)?] z + olefin + PF, (2) 

The olefinic products, which were all identified by ‘H NMR spectroscopy, are 
shown in Table 1. Subsequent reaction with excess hydrogen chloride is found 
to be fastest for olefins which can give rise to tertiary carbonium ion inter- 
mediates. Ln the reaction between Ii and hydrogen chloride the %methyl-l- 
propene formed reacts immediately with excess hydrogen chloride to form 
tert-butyl chloride while VI and hydrogen chloride afford 2chloro-a-methyl- 
butane. Since the latter could arise by rapid Markownikoff addition of hydrogen 
chloride to either of the possible olefinic products, 2-methyl-2-butene or 
Zmethyl-1-butene, an unambiguous assignment of the olefins initially formed 
is not possible in this case. 
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TABLE 1 

OLEFIKIC PRODUCTS OF THE REACTIONS BETWEEN COMPLEXES I-VII AND HYDROGEN 
CHLORIDE 

Complex Oiefmu: products 

I 

11 

ill 

IV 
V 
VI 

VII 
VIII 

1.Ropene 
2.vetbsl-l-ProPenea 

Cyclobexene 
1-Butene + Z-bulene 
3.hletbyl.l.butene + 2.methyl-2-butene” 
2.hlethyl.2.hulene”~ b + 2.methyl-I-butene a. b 

2.Pentene 
2.Hexene + 34ieuene 

= identtiwxl as hlukowtukoff sddlrlon product with evcec-5 HCI. ’ See text. 

The reactions between complexes I-VIII and hydrogen chloride most 
Likely proceed via unstable n-al!ylic hydridorhodium(lI1) intermediates, al- 
though this has been established positively only for complex I. The most likely 
mechanism (see Scheme 1) involves an initial ligand dissociation step to afford 

SCHEF.lE 1 

-L 
Rh(Tr-allyllc)L:, _B 

+HCI Rh( n-aIIyllc)L2 - 
+L (A) 

b 

(8) L= PF, 

the coordinatively unsaturated species A which undergoes oxidative addition 
with hydrogen chloride giving the 6.coordinate intermediate B. In the final step 
a hydrogen migration from rhodium to the allylic ligand produces [ RhCI(PF,), J 2 
and olefin. In reactions involving complexes containing a symmetric n-allylic 
&and, only one oiefinic product is observed in each case as expected. The 
propene formed by addition of deuterium chloride to I, as expected, contains 
de-uteriurn only in the terminal position. In the case of the asymmetric rr-allylic 

complexes IV and VIII, roughly l/l mixtures of isomeric olefins are obtained, 
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indicating that hydrogen atom migration to both terminal carbon atoms of the 
n-allylic ligand occurs almost equally. in the reaction between V and hydrogen 
chloride, the formation of a 2/l mixture of 2-methyl-2-butene and 3-methyl-l- 
butene suggests there is some preferential migration to the least-substituted 
terminal carbon atom. 

These observations establish for the first time the feasibility of hydrogen 
atom migration from a transition metal to either end of an asymmetrically 
coordinated n-allytic group. This type of 1,3-hydrogen shift is the essential step 
which has been postulated to occur in transition metal catalysed olefm isomerisa- 
tion reactions involving a m-allylic transition metal hydride intermediate [ 51. 

R’-CH2CH +H --A 

& H 

R’-CH=CHCH,R 

Further support for this mechanism comes from the work of Bonnemann [8] 
who has shown recently Lhat an equilibrium esists at low temperatures between 
a propenenickel(0) complex and the corresponding ;r-alIylhydridonickei(1~) 
compound: 

< 

/ *. 
“NdPF3) 

CH3 

- 50° 

7 

There is a growing body of other induect evidence for the participation of 
n-allylic hydridometal intermediates in this type of reaction from several recent 
studies on homogeneous systems invoiving iron carbonyl complexes containing 
tritiated I-octene [9], deuterated 1,4-cyclohesadiene [lo], deuterated ally1 
alcohol [ 111, deuterated ethyl-1-pentene 1121, e.yo and endo alcohols [ 131 and 
also in certain heterogeneous systems (e.g., zinc oxide [14]). 

It is interesting to note that during a related study using n-allytic tris- 
(trifluorophosphine)cobalt( I) complexes [ 15, 161 we find that the reactions 
with hydrogen chloride are very much slower than the analogous rhodium com- 
pounds. This probably reflects the much easier intermolecular phosphine ex- 
change process which is known to occur in the rhodium series [3, 41. 

Reactions of I with molecular hydrogen, nitric oxide and nitrosyl chloride 
Complex I reacts smoothly at room temperature with a mixture of hydrogen 

and trifluorophosphine (total pressure 1 atmosphere) to yield 1-propane and 
hydridotetrakis(tiifluorophosphine)rhodium in high yield (eqn. 3). In the 
absence of PF3 only moderate yields of RhH(PF3)4 result together with 1-propene, 
propane and an uncharacterised black solid which probably contains metallic 
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rhodium. It is interesting to note that the analogous cobalt comples shows no 
reaction with hydrogen under similar conditions. 

HJPF3 

Rh(n-C,H, WF,), - RhH(PF,)a + CXHG 
25” 

(3) 

Both nitric oxide and nitrosyl chloride react with I at room temperature to 
from the dark yellow volatile liquid comples nitrosyltris( trifluorophosphine). 
rhodium, Rh(NO)(PF,), (eqn. 4). The structure of this compound, which was 
first prepared by Kruck and Lang [17] by a different route, has been reported 
recently [ 181. 

Rh(n-C& )(PF,)x No - R~tNO)(PF3)3 

Rh(n-CxHj)( PF3)3 NoCI Rh(NO)(PF’3)3 + tRhWPF3hI 2 

(4) 

Esperimental 

The n-allylic trrs(trUluorophosphine)rhodium complexes were made by 
published methods [3,4] and purified prior to use. The reactions betlveen 5~- 
allylic tris(trifluorophosphine)rhodium( I) complexes and hydrogen chloride 
were studied by sealing the reactants in NRIR tubes and monitoring the course 
of the reactions using ” E’ and ‘H NMR spectroscopy. ‘H and I9 F NMR spectra 
were recorded using a Varian HA100 NMR spectrometer operating at 100 MHz 
and 94.1 MHz respectively. 

Olefinic products w?re identified by comparison of their *H NMR spectra 
with authenic samples. The dimeric rhodium(l) complex [ RhCI(PFJ)z] ,7, which 
was also a product of the reactions, was isolated after the reactions were com- 
plete and characterised by comparison of its melting point and infrared spectrum 
[6,71. 

Deuterium chloride was prepared by dropping deuterium oxide on to 
phosphorus pentachloride and was purified by fractiohation. Its purity was 
checked by mfrared spectroscopy. 

The reaction between I and hydrogen chloride 
Compies I (0.114 g, 0.279 mmol) and HCI (0.010 g, 0.274 mmol) were 

sealed with CCl,F in vacua in an NMR tube at liqurd nitrogen temperature and 
inserted into the NMR spectrometer probe precooled to -75”. The “F spectrum 
of the solution showed, in addition to resonances assigned to I, a new resonance, 

[% = 13.9 ppm, ‘J(RhF) = 20, ‘J(PF) * 1391, ‘J(FH) = 8 Hz], assigned to the 
compIex RhClH(n-C3H5)(PF3)z. The ‘H NMR spectrum at this temperature 
showed, in addition to the resonances of I, a broad high field resonance (T 28.8). 
At room temperature the final 19F NMR spectrum consisted only of a very sharp 
doublet [GJ~ = 19.0 ppm, ‘J(PF) = 1385 Hz] characteristic of [ RhCl(PF,)2]2 
undergoing intermoIecular exchange with trifluorophosuhine [ 6,171. The ‘H 
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NMR spectrum showed only resonances assignable to 1-propene. Removal of 
the highly volatile products and solvent under reduced pressure afforded 
[RhCI(PF,),], (0.062 g, 0.099 mmol). 

Similar esperiments employing an excess of hydrogen chloride afforded 
not I-propene but isopropyl chloride, formed by Markownikoff addition of 
hydrogen chloride to 1-propene. 

In all the following esperiments the course of the reaction was monitored 
by ‘H and “F NhlR spectroscopy. Reactions were complete after 24 h. 

The reaction between I and deuterium chloride 
The reaction between I (0.202 g, 0.495 mmol) and deuterium chloride 

(0.017 g, 0.466 mmol) was studied in a similar way. At -75’, the “F NMR 
spectrum showed, in addition to the spectrum of I, a new resonance 
[a, = 13.7 ppm, ‘J(RhF) = 19, ‘J(PF) = 1390 Hz] assigned to the comples 
RhCI(‘H)(x-C3HS )(PF,),. On warming to room temperature the I9 F NMR 
spectrum finally consisted only of a sharp doublet [cPF = 18.2 ppm, ‘J(PF) = 
1364 Hz], characteristic of [ RhCI(PF3)_- ] 2 undergoing intermolecular eschange 
with t-rifluorophosphine. The ‘H NMR spectrum showed only resonances assign- 
able to [3-‘H,]-1-propene. 

Relzct;on between iI and hydrogen chloride 
Comples II (0.050 g, 0.118 mmol) and hydrogen chloride (0.006 g, 

0.165 mmol) were sealed with CCl,F in vacua in an NMR tube. The 
19F NMR spectrum of the products was similar to that described above whtie 
the ‘H NMR spectrum showed only resonances assignable to tert-butyl chloride 
and 2-methyl-1-propene. Removal of the highly volatile products and solvent 
under reduced pressure afforded [ RhCI(PF,)z], (0.028 g, 0.045 mmol). 

Reaction between IV and tiydrogetz ciriorlde 
Complex IV (0.060 g, 0.142 mmol) and hydrogen chloride (0.016 g, 

0.439 mmol) were sealed in with CCISF in vacua in an NMR tube. The 19F 
NMR spectrum of the products was similar to that above, while the ‘H NklR 
spectrum consisted only of resonances assignable to roughly equimolar amounts 
of 1-butene and 2-butene. Removal of the highly volatile products and solvent 
under reduced pressure afforded [RhCI(PFa)2]z (0.032 g, 0.059 mmol). 

Reaction between V and hydrogen chloride 
Complex V (0.039 g, 0.089 mmol) and hydrogen chloride (0.005 g, 0.137 

mmol) were sealed with CC&F in vacua in an NMR tube. The 19F NMR spectrum 
of the products was similar to that above and the ‘H NMR spectrum showed 
only resonances assignable to 3-methyl-1-butene and 2-chloro-Z-methylbutane. 
Removal of the highly volatile products and solvent under reduced pressure af- 

forded [RhCl(PF,),], (0.024 g, 0.038 mmol). 

Reaction between VI and hydrogen chloride 
A roughly equlmolar mixture of isomers Via and Vib (0.041 g, 0.094 mmol) 

and hydrogen chloride (0.005 g, 0.137 mmol) were sealed with CC&F in vacua 
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sealed in vacua, and kept at room temperature for 10 days. Repeated fractiona- 
tion after this time afforded unreacted I (0.20 g, 0.049 mmol) at -36.53 and at 
-78’ a dark yellow volatile liquid, tris( trlfluorophosphine)nitrosy!rhodium(-I), 
Rh(PF& (NO) (0.019 g, 0.048 mmof) (40%). infrared spectrum: 181Ovs, 
926us, 9OOvs, S90(sh), 860~s cm-’ (vapour phase). This spectrum is identical 
with that reported for Rh(PF,),(NO) in the literature [18,19]. An uncharacter- 
ised brown solid remained in the axnpoule. 

Reaction between I and nitrosyt chloride 
Comples I (0.050 g, 0.122 mmol) and CWO (0.007 g, 0.107 mmol) were 

sealed in vacua, and allowed to warm slowly to room temperature. Fractionation 
afforded unreacted I (0.025 g, 0.061 mmol), Rh(PF,),(NO) (0.010 g, 0.025 
mmol) and {RhCI(PFx)~]? (0.004 g, 0.006 mmol). The black solid remaining in 
the ampoule was not characterised further. 
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