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Protonation of Unsaturated Hydrocarbon Ligands: 
Regioselectivity, Stereoselectivity, and Product Specificity 

Richard A. Henderson* 

Understanding the mechanisms of pro- 
tonation of hydrocarbon ligands is fun- 
damental t o  a wide range of chemistry 
including organic synthesis, organo- 
metallic chemistry, and even bioinor- 
ganic chemistry. Protonation at  carbon 
or metal sites is often slow. with the re- 
sult that in species containing both types 
of sites, initial protonation can be at 
either the metal or the carbon. This has 
fundamental consequences on the reac- 
tivity of hydrocarbon ligands, which are 

highlighted in this article. In particular, 
many reactions are apparently the result 
of a regioselective protonation on the 
basis of structural analysis of the isolat- 
ed products. In fact, these products are 
often formed by an indirect route in- 
volving kinetically controlled protona- 
tion at the "wrong" site followed by re- 
arrangement to form the thermodynam- 
ically controlled, apparently regioselec- 
tive. product. Other aspects of the pro- 
tonation mechanisms of complexes 

containing hydrocarbon ligands are dis- 
cussed. with an emphasis on the manner 
in which competitive protonation at 
metal or ligand can be exploited to select 
which hydrocarbon is produced and to 
control the stereochemistry of the hy- 
drocarbon. 

Keywords: complexes with carbon lig- 
ands * hydrocarbons . protonation * 

reaction mechanisms 

1. Introduction 

The binding and activation of small molecules a t  metal sites 
is an area of research which is of interest to a wide range of 
chemists--from those involved in the simple stoichiometric re- 
actions of inorganic compounds to those defining the elemen- 
tary reactions of organometallic homogeneous catalysts, metal- 
loenzymcs. and even heterogeneous catalysts. In this article I 
will concentrate on the protonation of small, unsaturated hy- 
drocarbon residues bound to relatively simple. electron-rich 
transition metal sites. 

The chemistry of carbon residues bound to metal sites has 
traditionally been considered the domain of organometallic 
chemists: however, for many years (since the discovery of the 
cobalt carbon bond in the vitamin B,, coenzyme)['] i t  has been 
appreciated that bioinorganic chemistry can have an 
organometallic flavor."] Clearly in the vitamin B, case. the 
connection between organometallic and bioinorganic chemistry 
is based on a structural feature. However, if some of the elemen- 
tary reactions of metalloenzymes are considered, then further 
aspects common to organometallic and bioinorganic chemistry 
become evident. Examples are the 1 &shifts associated with sev- 
eral types of enzymes, which are initiated by homolysis of the 
cobalt - carbon bond in the vitamin B,, coenzyme;r31 the reduc- 
tion of carbon dioxide to methane by dihydrogen in 
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methanogenic and acetogenic bacteria containing carbon 
monoxide dehydrogenase (in anaerobic bacteria a nickel-con- 
taining enzyme and in aerobic bacteria a molybdopterin en- 
zyme);["] and the mono- or dioxygenalion of organic molecules 
by methane r n ~ n o x y g e n a s e [ ~ ~  and catecholases["] (iron-contain- 
ing enzymes). All involve the reaction, or intermediacy. of spe- 
cies containing metal-carbon bonds. 

A family of enzymes that are of particular interest (at least to 
the author!) are the nitrogenases. These enzymes contain iron 
together with molybdenum or vanadium and transform dinitro- 
gen into ammonia with the concomitant release of some dihy- 
drogen in vivo [Eq. (l)]."' I n  vitro the enzyme is capable of 

transforming a wide range of other small, unsaturated mole- 
cules by a sequence of electron and proton transfer reactions. 
The range of alternative substrates include acetylenes, cyclo- 
propenes, azides, isonitriles. and cyanides. It i s  worth noting 
that in several of these a metal-carbon bond must be formed 
upon binding of the substrate. Of these substrates, the reactions 
of the nitrogenases with acetylene to form ethene and ethane 
[Eqs. (2) and (3)], respectively. warrant further comment. 

The nitrogenases exhibit a different product specificity in 
their reactions with acetylene. The molybdenum-based nitroge- 
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nase converts acetylene into ethene exclusively, whilst the vana- 
dium-based enzyme gives predominantly ethene but also some 
ethane (about S % ) .  In addition, both nitrogenases exhibit a 
stereoselectivity in their reactions with acetylene. In the presence 
of D,O both enzymes give cis-CHDCHD as the exclusive 
product. The manner in which the enzyme accomplishes such 
stereoselectivity and product specificity by simple electron and 
proton transfer reactions was the inspiration of much of our 
own work in this area. 

In this article we shall see that the fundamental mechanistic 
chemistry associated with the protonation of hydrocarbon 
residues bound to a transition metal center is a consequence of 
slow protonation at  both metal and carbon sites. Only by under- 
standing the basic mechanistic principles associated with proton- 
ation of simple complexes containing hydrocarbon residues can 
we appreciate how to harness this reactivity to accomplish 
stereoselective or product-specific reactions. 

2. General Considerations on the Rates of 
Protonation 

Throughout this article we shall be concerned with the proton- 
ation of unsaturated carbon residues bound to metal sites; con- 
sequently it is pertinent to start with a short, entirely general, 
discussion of the factors that influence the rates of protonation 
at  various sites. This will necessarily be a "broad brush strokes" 
approach, and the interested reader is referred to specialist re- 
views of this area for a more detailed discussion.['- 

namic driving force of the reaction, K a ,  (that is, loApKa). If the 
forward reaction is not thermodynamically favorable, the rate 
of the reaction is dependent on  the thermodynamic driving 
force, as given by the Br~cnsted relationship in Equation ( S ) ,  

k = GAR ( 5 )  

where G, and x are constants. Thus, for the protonation of a 
series of structurally analogous bases, the curve of the plot of 
logk against log K, initially has a slope of unity under conditions 
where the proton transfer is thermodynamically uphill, but lev- 
els off to  a slope of zero when the proton transfer is thermody- 
namically favorable. 

Exceptions to  this general rule occur when there is a consider- 
able change in the structure of the 0, N, F, or S acid or base 
upon proton transfer, and then the rate is slower than the diffu- 
sion-controlled limit. For instance, the deprotonation reaction 
in Equation (6) is a thermodynamically favorable reaction, but 

-O,NNCH,CH,NHNO, + NH, 
( 6 )  

-O,NNCH,CH,NNO; + NH: 

the forward rate constant ( k a  lo5 dm3 mol- 's- ') is five orders 
of magnitude slower than the diffusion-controlled limit." 
This relatively slow rate of proton transfer indicates that there 
is a significant barrier to removal of the proton from the 
monoanionic species, which is probably associated with the de- 
localization of the lone pair of electrons over the NNO, residue. 

2.2. Proton Transfer at Carbon Sites 
2.1. Rates of Proton Transfer 

In general, for the simple process described by Equation (4) 
there is no chemical barrier for thermodynamically favorable 
reactions involving attachment of the proton to bases a t  an 0, 

H' + X- e HX (4) 

N, F, or S site. The rate of the reaction is restricted only by 
the rate a t  which the two components diffuse together 
( k d i f f a l  x lo1' dm3rnol-'s-'). Therateofthereversereaction 
is necessarily smaller by a factor dependent on the thermody- 

We can consider the deprotonation of the CH,NO, residue in 
nitroethane, as shown in Equation (7), to be the carbon ana- 

MeCH,NO, + NH, MeCHNO; + NH: (7) 

logue of the reaction in Equation (6).["] The rate of this depro- 
tonation is k = 7 x dm3mol-'s- ' .  This example illus- 
trates an entirely general principle: deprotonation of a carbon 
residue is markedly slower than deprotonation of the 
"analogous" nitrogen-based residue. This difference between 
the normal behavior exhibited by 0, N, F, or S sites and carbon 
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sites is further emphasized by comparing the rates of the 
proton transfer reactions shown in Equations (8) and (9).[''] 

h4cCH,N02 + O H  McCHNO, + H,O (8) 

C,H,OH + O H  .+- C,H,O- + H,O (9) 

Although phenol is a weaker acid than nitroethane, and conse- 
quently the thermodynamic driving force is larger for reac- 
tion (8). the rate of deprotonation of phenol is diffusion-con- 
trolled ( k  = 1.5 x 10" dm3 moI-'s- * I ,  whereas the deprotona- 
tion of nitroethane is much slower (k  = 5.2 dm3 mol- ' s -  I ) .  

There are two reasons why the rates of proton transfer involv- 
ing carbon sites are slow. First, with 0, N, F, or S sites, proton 
transfer i s  preceded by the formation of a hydrogen bond be- 
tween the sites involved in the proton transfer, and this an- 
choring of the two sites facilitates the subsequent transfer of the 
proton. Such hydrogen bonding is much weaker in the case of 
carbon-based residues. Second, carbon is weakly electronega- 
tive, and thus lone pairs of electrons on a carbon atom become 
delocalired towards more electronegative neighboring atoms. 
This delocalization involves a change in the electronic structure 
and in the position of all the nuclei involved, and consequently 
results in a slow rate of proton transfer. 

Clearly. if electronic and structural reorganization factors be- 
come less important in the reactions of carbon-based sites the 
rates of proton transfer can become fast. Thus, in the deproton- 
ation of cyano or disulfano compounds,[141 the rates of proton 
transfer for thermodynamically favorable reactions are 
k-10- -- lox dm"mol- 's- ' .  Although these rates are still at 
least 100 times less than the normal diffusion-controlled limit, 
they are significantly faster than those normally observed with 
carbon-based residues. The rapidity of these reactions indicate 
that after deprotonation of the conjugate acid the lone pair of 
electrons resides predominantly on the carbon, rather than be- 
ing delocalized. 

2.3. Proton Transfer at Metal Sites 

In general. proton transfer to and from metal sites is 
slow."", The origin of this slowness is associated with the 
significant electronic and structural reorganization that must 
occur at the metal upon proton transfer. In an extensive series 
of studies on the rates of deprotonation of hydridic complexes 
by aniline. a range of reactions exhibiting a variety of thermody- 
namic driving forces (from exothermic to endothermic) have 
been studied. and a variety of rate constants have been 
observed: [CoH(CO),] ( k  =1.7 x lo6 dm3mol- 's- ' .  ApK, = 

- 2.3);  [FeH,(CO),] ( k  = 5 . 4 ~  104dm3mol- ' s - ' ,  ApK, = 

+ 0.8); and [OsH,(CO),] (k  = 1 . 0 ~  lo-' dm3mol- ' s - ' ;  
ApK, = + 10.2).['61There are two features to note that are typ- 
ical of proton transfer reactions a t  metals: first, the rates vary 
with the thermodynamic driving force of the reaction, and sec- 
ond, the rates never attain the diffusion-controlled limit. 

In summary then, although the rates of protonation are usu- 
ally defined by the rate of diffusion of the two components (the 
acid and the base), two notable exceptions are the protonation 
of carbon sitcs and the protonation of metal sites. Consequent- 

ly, the difference in the rates of protonation of thc ligand and the 
metal in the complexes containing hydrocarbon ligands may be 
rather small, and, depending on the system under investigation, 
either the metal or the hydrocarbon can be the more rapidly 
protonated site. 

3. Regioselective Protonation of Complexes 

On studying the protonation of unsaturated carbon-based 
residues bound to metal sites the first pertinent question, in the 
light of the discussion above, is, "Which site is protonated first: 
metal or carbon?" This is a question that cannot always be 
answered by synthetic chemistry. Merely to isolate the product 
from the reaction of an acid with any particular complex will 
often result in the identification of the thermodynamically con- 
trolled product. What we want to identify is the initial site of 
protonation: the kinetically controlled product. Only if the in- 
terconversion of the kinetically controlled and thermodynami- 
cally controlled products is slow will it be possible to identify the 
true initial site of protonation by synthetic chemistry. In order 
to establish unambiguously which site is protonated first. the 
reaction must be monitored by a sufficiently rapid method. The 
most commonly used technique is stopped-flow spectrophoto- 
metry, which can study reactions that take longer than about 
two milliseconds to complete. More conventional, and diagnos- 
tic, spectroscopy such as solution IR and multinuclear NMR 
spectroscopies can be used, but often low tempei-atures must be 
employed to slow these reactions sufficiently and ensure that no 
intermediates have avoided detection. 

Protonation at  the metal and the hydrocarbon can be com- 
pletely isolated processes. For instance, the reaction of acids 
with [Ru(g5-C,H,),] results in protonation of the metal as 
shown in Scheme 1. However, a t  the same time. H - D exchange 
of the cyclopentadienyl 
protons occurs indicat- 
ing protonation of 

ands.['71 As the proton- 
ation of the metal be- - 
comes more extensive R" 

(for instance, when & 

4 '* 
the hydrocarbon lig- + du-" 

P 
I 

concentrations stronger acids or of higher acid A:+ 
& are used), the extent of 

H - D  exchange of the 
ring protons dKreases. 
That is, protonation of C A I 2 1  

the metal and hydro- 
carbon are competitive processes, and protonation at the metal 
deactivates the cyclopentadienyl ring towards protonation. 

However, a more common situation is that protonation at the 
metal or the hydrocarbon residue are not mutually independent, 
because of facile pathways that can transfer the proton from the 
metal to the carbon. This leads to another pertinent question: 
"What is meant by a regioselective protonation'?" If we consider 
just the stoichiometry of the reaction and the structure of 
the product, then (for instance) the conversion of an alkylidyne 
into an alkylidene, as shown in Scheme 2. is a regioselec- 

Scheme 1. The reaction of acids w i t h  [Ru( f -  
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7‘ tive protonation. However, if 
M<; we consider the reaction 

mechanistically, this apparent 
regioselectivity could result by 
three pathways: direct proton- 

y ?+ ti+ 7 H12f ation of the carbon atom, pro- 
M+R - M<R tonation of the metal followed 

by intramolecular migration 
dyne complexes. to the carbon, or protona- 

tion of the metal followed 
by an acid- base catalyzed rearrangement. 

We shall see in the examples that follow in this article that true 
regioselective protonation i s  rare, and initial protonation at the 
“wrong” site still allows formation of the product by in- 
tramolecular or acid-base catalyzed pathways. We shall also 
see that no generalization can be made about which site (metal 
or hydrocarbon) is protonated first. It appears that the energetic 
barriers to protonation at the metal and a coordinated carbon 
are rather similar, and which i s  protonated the faster cannot be 
defined a priori. In the remainder of this section we shall consid- 
er some simple stoichiometric reactions, which together illus- 
trate the sequence of elementary reactions shown in Scheme 3 .  

H+ 
M 3 R  - 
$ 1  / l-H+ 

Scheme 2. Thc protonalion ofalkyli- 

Scheme 3 A typical pi-otonation of an alkynyl ligand t o  form a \inyIidrne 

This sequence has been chosen because each step i t  contains i s  
stoichiometrically very simple, involving the addition of only a 
single proton, and consideration of the structure of the product 
would indicate the regioselective addition of a proton. However. 
studies on each step demonstrate that the interconversions are 
often mechanistically more complicated, less direct. and certain- 
ly less obvious. These studies demonstrate some useful mecha- 
nistic principles upon which we shall build in later sections. 

The addition of a proton directly to its final residence, 
whether i t  be the metal or the carbon, exhibits a simple first- 
order dependence on the concentration of the acid. In the 
mechanistic srudies that follow, two features are diagnostic of a 
more complicated mechanism: 1) a complicated rate law, and in 
particular a complicated dependence on the concentration of 
acid, and 2) the spectroscopic detection of an intermediate, the 
kinetically controlled product. 

Scheme 4. Binding of PhCCH to fo~-[W(thf)(CO),(dppe)l and I-earrangement to 
the vinylidcne complex. 

of rc donation from the alkyne, the rearrangement to form the 
vinylidene is promoted by the unfavorable four-electron, two- 
center bonding between the alkyne x orbitals and the filled metal 
d orbitals. Equally. the rc complex might rearrange, because the 
carbon monoxide coligands render the coordinated PhCCH suf- 
ficiently acidic for the proton to be released with concomitant 
formation of the alkynyl species. Subsequent protonation of the 
alkynyl ligand at the carbon atom remote from the metal gener- 
ates the vinylidene complex. Certainly. protonation of isolated 
alkynyl complexes gives vinylidene species, and this reaction has 
been studied mechanistically. 

The rate of protonation of [Ru(q5-C5H5)(CCMe)(PMe,),] by 
[W($-C,H,)H(CO),] shown in Equation is only ten 

[Ru(ri’-C,H,)(CCMe)(PMe,),l + [W(qs-C,H,)H(CO),I + 

(10) 
(Ku(qs-C,H,)(CCHMe)(PMe,),1’ + [W(qs-C,H5)H(CO),]- 

times faster than the rate of proton transfer from this hydrido 
complex to PhNHz ~ although the alkynyl to vinylidene reaction 
is thermodynamically favorable by 1.5 kJ mol- ’. whilst the pro- 
ton transfer to PhNHz is unfavorable by 1.8 kJrno1-I. This 
relatively small difference in the rates of proton transfer indi- 
cates that, in general. the protonation of the alkynyl complex 
involves substantial structural and electronic reorganization. 

Mulliken population analysis from molecular orbital calcula- 
tions indicates that the gross atomic charge at  the carbon atom 
remote from the metal is not significantly different for alkynyl 
and corresponding vinylidene Consequently. if pro- 
tonation of the alkynyl is charge-controlled and occurs at the 
remote carbon atom, it could be argued that protonation of the 
vinylidene would also occur at the remote carbon atom to form 
the alkylidyne. As we shall see in the next example, it is not this 
simple. 

3.2. Protonation of a Vinylidene Ligand to an Alkylidyne 
3.1. Protonation of an Alkynyl Ligand to a Vinylidene 

This common reaction[’81 is typified by the reac- 
tion of PhCCH with .fix-[W(thf)(CO),(dppe)] (dppe = 

Ph2PCH2CH,PPh,; thf = C4H80)[1y1 shown in Scheme 4. Af- 
ter the initial binding of the alkyne to the metal, rearrangement 
to the isomeric vinylidene complex occurs when the solution is 
warmed to 50 -C. Despite the prevalence of this transformation, 
the mechanism has not been studied in detail. However, molec- 
ular orbital calculations suggest that because of the importance 

Protonation of vinylidene complexes invariably gives the cor- 
responding alkylidyne in an apparently regioselective protona- 
tion of the remote carbon atom.[221 However, mechanistic stud- 
ies on the reaction of the rhenium complex12”241 [Eq. ( 1 1 )1 

( 1  1 )  

demonstrate that this transformation can occur by three path- 
ways (Scheme 5 ) .  

/,vrnr-[ReCI(CCHPh)(dppr),l + NHEt;  --, 

!wr?s-[ReCI(CCH ,Ph)(dppe),l’ + N Et, 
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1‘ 

Schenic 5 Thi-cc potential pathwaqs Ibi- the protonation ora vinylidenecomplex to  
the corrc\pondin. alkylidync complcx 

Consideration of this mechanism. assuming that k 2 .  k , ,  and 
k, are the rate-limiting steps and that K ,  is a rapidly established 
protonation equilibrium. demonstrates that the rate law for the 
formation of the alkylidyne product is given by Equation (12). 

X,K,[Ntlk.t;] [NEt,] + (k,K,[NHEt;] [NEt,] + k,)[NHEt;] 
1 + K,[NHEt;]  [NEt,] 

(12)  /,,>b< = -- - - -~ 

Clearly. the complex acid dependence associated with this mech- 
anism is readily distinguished from the simple first-order depen- 
dence on the concentration of acid expected for a direct proton- 
ation of the remote carbon site. 

The most important feature of this mechanism is that direct, 
regioselective protonation of the vinylidene ligand (k , )  is slow. 
whilst protonation at  another site, probably the metal (Kt) ,  is 
rapid. It is important to emphasize that the formation of this 
hydride is enforced because of the difference in the rates of 
protonation of the carbon and metal sites. Chemical intuition 
tells us that this protonation must deactivate the vinylidene 
towards protonation by decreasing the electron density at the 
ligand. Nevertheless. formation of the alkylidyne subsequently 
occurs by both an intramolecular (k , )  and an acid-catalyzed ( k , )  
pathway 

In experiinents with no added NEt,. the equilibrium K ,  lies 
far to the right-hand side (K,[NHEt:]/[NEt,] >> 1) .  and the 
rate law is given by Equation (13). Under these conditions. 

a linear dependence on the concentration of acid is observed, 
with a finite intercept, and the initial absorbance of the ab- 
sorbance- time curve is distinctly different from that expected of 
rmw[ ReCI(CCHPh)(dppe),], corresponding to the formation 
of thc hydride within the dead time of the stopped-flow appara- 
tus. Analysis of the data gives k ,  =7.3 x lO-’s-‘. k:/ky = 

l.lh.;ind k ,  = 9.4 dm3mol-’s-  I .  k!’;k: = 1.35. The acid-inde- 
pendent term in the rate law is associated with an intramolecular 
migration ol‘the hydride ligand to the remote carbon atom. The 
isotope cff’cct associated with this pathway is a consequence 
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of the rate-limiting movement of a hydride (dcuteride) whose 
origins are the addition of a proton (deuteron) 10 the metal. 

In  the presence of an excess of NEt, the position of the 
equilibrium. K ,  . lies to the left-hand side. Consequently. 
K,[NHEt:]/[NEt,] << 1 ,  and the rate law reduces to that shown 
in Equation (14). From analysis of the data collected 

i 14) kt>b, = k ,  + ( k ,  + k,[NEt,] K,[NHEt;]:[NHEt;] 

under these conditions and using the previously determined val- 
ue of k, ,  we can calculate, k , ; K ,  = 1 7 . 6 d m 3 m o l ~ 1 s - ’  and 
k ,  = 10.5 d m 3 m o l - ~ 1 s - 1 .  Furthermore. since we can estimate 
that K ,  is greater than 4, k ,  is larger than 70.4 d m 3 m o l - ’ s  
The values of k ,  and k ,  both correspond to the protonation of 
the vinylidene ligand, but the much lower value of k ,  (corre- 
sponding to the protonation of the vinylidene ligand in r m ? . Y -  

[Re(H)CI(CCHPh)(dppe)J+) confirms the earlier intuitive con- 
clusion that initial protonation at the metal decreases the 
basicity of the hydrocarbon residue. 

The formation of the alkylidyne complex is associated with a 
strong thermodynamic driving force, but kinetic factors initially 
result in the protonation of the “wrong” site-- -the rhenium cen- 
ter. Subsequently the complex transfers the proton from the 
metal to  the carbon atom by both an  acid-catalyzed rearrange- 
ment and a pathway ( k , )  that appears to be intramolecular. 
Although the details of the intramolecular route have yet to be 
defined. it seems unlikely that the proton just “hops” from 
metal to the remote carbon atom. A more likely mechanism 
involves rate-limiting intramolecular migration to form a vinyl 
species, which subsequently protonates to form the corrcspond- 
ing alkylidene (Scheme 6). Subsequent proton loss from the car- 

1‘ H ”‘ -Hi 
A / -  7 

Re=[=(’ - 
C’ v?‘L 

1’ 

\ -  

/ I  

\ ”  
ReGC-C 

Scheme 6. Proposed mechanism for the intramolecular hydro.cn transfer lroiii the 
metal center to the remote carbon atom of the vinqlidcnc complex. r ~ i i i i . ~  

[Re(H)CI(CCHPh)(dppe),lt. 

bon adjacent to the metal produces the alkylidyne complex. This 
type of acid-catalyzed rearrangement of vinyl species has been 
observed in the reactions of rirriz.s-[Mo(q2-MeCCH),(dppe),l 
(see Section 4.1). 

In discussing this example I have stressed the details of the 
absorbance- time traces. The importance of establishing that 
the absorbance change being monitored is that expected for the 
reaction in question cannot be overemphasized. In addition. the 
observation that the initial absorbance is different from that of 
the reactant is indicative of the rapid formation of an intermedi- 
ate. Even if the initial absorbance change had not been noticed 
(or, as happens in other systems, is much less marked) the exper- 
imenter would be alerted to something having occurred within 
the dead time of the apparatus by the kinetics of the subsequent 
step. An acid-independent pathway is very difficult to rational- 
ize in such a stoichiometrically simple protonation reaction ! 
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3.3. Protonation of an Alkylidyne Ligand to an Alkylidene 3.4. Protonation of trans-[Re(CH,CCPh)Cl(dppe),] 

Protonation of alkylidyne complexes can occur a t  either the 
metal or the carbon atom bound to the metal, and the factors 
that distinguish between protonation of the two sites are rather 

For  instance, protonation of [W(CH)L,Cl] gives the 
hydride [WH(CH)L,CI]+ when L, is Me,PCH,CH,PMe, and 
the alkylidene [W(CH,)L,CI]' when L is PMe,. 

Molecular orbital calculations[261 indicate that the HOMO in 
alkylidyne complexes may be metal-centered or ligand-centered, 
or  it may be the orbital of the metal-carbon n bond. Calcula- 
tions of' this type also indicate that the alkylidyne residue is 
always negatively charged, and in particular for the fragment 
MoCCH,tBu, the build-up of charge is a t  the carbon atom 
adjacent to the metal. If the protonation of this residue is 
frontier orbital controlled, then attack is a t  the metal (where the 
HOMO is centered), whereas if the protonation is charge-con- 
trolled, attack is at the carbon.[271 Studies on [Mo(q'-C,H,)- 
(CCH,tBu){P(OMe),},] indicate that protonation is charge- 
controlled; the initial site of attack is the carbon atom, and 
subsequent formation of the hydrido species occurs by an in- 
tramolecular hydrogen shift from the alkylidene group as shown 
in Scheme 7. Studies on [W(CP~)(CN~BU)CI(CO)(PM~~)~] ,  in 

\ \ 

Scheme 7 Proposed mechanism for the protonation of [Mo(~'-C,H,)(CCH21Bu)- 
jP(OMe),j ,I 

which three sites (metal, isocyanide, or alkylidyne) are potential- 
ly protonatable, indicates that the alkylidyne is proronated pref- 
erentialIy.r281 

It is worth noting that some alkylidene complexes can under- 
go rearrangement into the corresponding alkene, and in certain 
cases this process has been shown to be acid-catalyzed 
(Scheme 8) ,[291 The mechanism presumably involves the forma- 

Scheme 8.  Acid-catalyzed rearrangement of an alkylidene complex to form an 
alkene complex. 

tion of a transient alkyl species, which then undergoes a n  in- 
tramolecular hydrogen migration from the remote carbon atom 
(/?-hydrogen transfer) and subsequent proton release. However 
such rearrangements are not always acid catalyzed, as for ex- 
ample the intramolecular conversion of [Re($-C,H,)(CHEt)- 
(NO)(PPh,)] into [Re(q5-C,H,)(~Z-MeCHCH2)(NO)(PPh,)] .[301 

There are two other examples in which apparent regioselec- 
tive protonation occurs, but mechanistic studies demonstrate 
that the pathway is complicated, These examples will be dis- 
cussed in this section, although they d o  not fall into any of the 
above headings. 

The reaction of anhydrous HCl with the substituted coordi- 
nated allene complex, trans-[Re(CH,CCPh)CI(dppe),l gives an 
$-vinyl species in an apparently regioselective protonation as 
described by Equation (IS).[", 321 This reaction exhibits a 

rrans-[Re(CH,CCPh)Cl(dppe),l + HCI -- - (15) 
/rcms-[Re(q2-CH,CCHPh)Cl(dppe),l+ + CI 

simple first-order dependence on the concentration of the com- 
plex but a complicated dependence on the concentration of HCl 
as shown in Figure l.[331The complexity of this acid dependence 

I -/ 

[Re [ = 0.5 mmol dm? 1 
0 i z  3 4 5  

lHCll / mmol dm-3 - 
Fig. I .  Dependence of the observed rate constant k , ,  on acid concentration for the 

protonation of nvins-[Re(CH,C CPh)Cl(dppe)J 
I 

is clearly inconsistent with any trivial mechanism involving di- 
rect protonation at  the phenyl-substituted carbon atom, but is 
consistent with the mechanism shown in Scheme 9, in which 
the first step is the protonation of the metal ( K , > 8 0 ;  
k ,  2 1 x lo6 dm3 mol- ' s -  I )  to give the hydrido species 

CI C I  

C I  
/ 

7, 
CI 

Scheme 9. Proposed mechaii~sm of the protonation of rruns-[Re(CH,CCPh)- 
C K ~ P P ~ ) J  
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[Re(CH,CCPh)(H)Cl(dppe),]+, which occurs within the dead 
time of the stopped-flow apparatus (2 ms). This protonation 
would appear to be frontier orbital controlled, since extended 
Hiickel calculations[32' indicate that the HOMO of trans- 
[Re(CH,CCPh)Cl(dppe),] comprises predominantly the dxy/dyz 
orbitals on the rhenium atom (54%); the remaining elec- 
tron density is divided between the phenyl-substituted carbon 
( 3 6 O / 0 )  and the unsubstituted carbon atoms (10%) of the double 
bond. 

The addition of the proton, albeit at the metal rather than the 
carbon, means that the stoichiometric requirements of reac- 
tion (15) have been met. The subsequent formation of the 11'- 
vinyl complex is associated with the rate law shown in Equa- 
tion (16). This rate law describes two pathways: an intramolec- 

--- 

3.5. Protonation of tvans-[W($-C,H,),(dppe)z] 

The reaction of an excess of anhydrous HX (X = C1 or Br) 
with trans-[W(q2-C,H4),(dppe),] gives the pentagonal-bipyra- 
midal hydrido species shown in Equation (1 7) .L341 Protonation 

would appear to involve regioselective attack at the metal cen- 
ter. When studied on a stopped-flow spectrophotometer, the 
reaction clearly occurs in two distinct phases. Typical ab- 
sorbance-time traces for this reaction, at high and low concen- 
trations of acid, are shown in Figure 2. At all acid concentra- 
tions the curves are exponential, and at  low concentrations of 

Lob. = IX, + K2[HCI]JCI-] Ek,[B])!'(l + K,[HCI]/[CI-]) (16) acid the initial absorbance is that of trun.s-[W($-C,H,),- 
rl (dppe),], and the final absorbance is that of the hydride 

ular route (kj = 94 s-') and an acid-base catalyzed route. The 
latter pathway involves rapid protonation of the hydrido com- 
plex ( K ,  = 1.37 dm3mol- '), followed by rate-limiting deproton- 
ation of the metal by any base present in the system ( k J .  The 
bases present in the system are the solvent (THF: k,,, = 

2.7dm3mol- 's- ' ) ,  C1- (kc,  = 2 . 4 ~  104dm3mol- 's- ' ) ,  and 
even the chloro group in HC1 (kHc, = 3.4 x lo4 dm3mol- ' s-  '). 

The intramolecular pathway may be a direct, intramolec- 
ular transfer of the hydrogen from the metal to the carbon 
terminus. Consideration of the X-ray crystal structure of 
trun.r-[Re(CH,CCPh)Cl(dppe),l indicates that in the inter- 
mediate [Re( C H ,CCPh)(H>Cl(dppe),] + the hydrido ligand 
may be no more than 1.5-1.8 from the phenyl-substituted 
carbon atom --sufficiently close to permit a reasonably facile 
transfer. 

7 

r-- 

product. However, a t  higher concentrations of acid, although 
the final absorbance still corresponds to that of the hydride, the 
initial absorbance is now markedly lower than that of the parent 
complex, and at  intermediate acid concentrations intermediate 
initial absorbances are observed. The dependence of the initial 
absorbance on the concentration of HX can be quantified as 
shown on the left-hand side of Figure 2:  this analysis demon- 
strates that within 2 ms an equilibrium associated with the addi- 
tion of a single proton to trans-[W(qZ-C,H4),(dppe),l is estab- 
lished. However, this proton must have been added to the wrong 
position, since a further reaction (associated with the exponen- 
tial decay) is required to form the hydride. 

The subsequent formation of the hydrido product occurs by 
two pathways: one acid-independent and another showing a 
first-order dependence on the concentration of acid. All of this 
behavior is consistent with the mechanism shown in Scheme 10. 

f / S  - 
0 10 20 30 40 50 

IHCI1 / mmol dm-' - 
Fig. 2. The proLonation of r,-uns-[W(ii'-C,H,),(dppe),I (top) and the experimental absorbance-time traces (bottom center). The dependence of the inirinl absorbance on  
acid concentration is depicted on the left ( c ~ .  extinction coefficient of the starting material, xP: extinction coefficient of the product. [W]. total tungsten concentration) and 
the plot5 of the observed rate constant k,,, against acid concentration for HCI and DCI on the right 
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Scheme 10. Proposed mechanism for the protonation of I , .~I~I.~-[W(I/ '-C,H,)~- 
(dppeL1. 

Thus in a rapid equilibrium the ethene ligand is protonated 
(K,  = 4.1 dm3mol-' ,  with HCl), which generates the ethyl spe- 
cies. At low concentrations of acid subsequent rate-limiting in- 
tramolecular migration of a hydrogen atom from the remote 
carbon atom of the ethyl ligand to the metal (/?-hydrogen trans- 
fer) forms the hydrido product ( k ,  = 0.15s-'). At higher con- 
centrations of acid a further pathway involving direct protona- 
tion of trans-[W(~?~-C,H,),(dppe),] at  the metal contributes to 
the reaction. This latter pathway is associated with a significant 
primary isotope effect (ky!ky  = 2.43). 

Thus, although the stoichiometric equation indicates that the 
ethene ligands are innocent spectators to the reaction occurring 
at the metal site, mechanistic studies show that in at least one of 
the pathways the ethene ligands are intimately involved in trans- 
ferring the proton to the metal. This noninnocent role for the 
ethene ligands is confirmed in the studies between fr-ans-[W(q2- 
C,H,),(dppe),] and an excess of anhydrous 2HBr. Isolation of 
the product and its characterization by 'H N M R  spectroscopy 
showed that deuterium was incorporated both at the hydride 
position and in the ethene ligands. 

In frans-[W(q2-C,H,),(dppe),l the rate of protonation of 
the coordinated ethene can be estimated as k ,  2 1 x lo6 
dm3mol- ' s - ' ,  and the rate of protonation of tungsten is k ,  = 

2 x 10' dm3mol- ' s - ' .  Hence the rate of protonation of the 
carbon is a t  least ten thousand times faster than at  the tungsten. 
In the analogous molybdenum system, the ethene is again proton- 
ated more rapidly than the metal but now by only a factor of 
100. This less marked difference in the molybdenum complex is 
because the protonation at  molybdenum is faster than at tung- 
sten in analogous complexes. Studies on the proton transfer 
reactions of metal hydride complexes indicate that the rate con- 
stant for metal-to-metal proton transfer decreases down a 
group: Cr > M o  >> W. 

These studies on fran.s-[M(q'-C,H,),(dppe),l (M = M o  or  
W) define unambiguously the more rapidly protonated site. 
However, this is the exception rather than the rule. For instance. 
in the closely related propyne complex fr-ctns-[Mo(rl2-MeCCH),- 
(dppe),], the propyne gives the vinyl species frans-[Mo(CHCH- 
Me)(q2-MeCCH)(dppe),] + within 2 ms. However. the proton's 
route to this site cannot be identified. It is possible that the 
proton adds either directly to the carbon site or binds initially to 
the metal with subsequent intramolecular migration to the car- 
bon. In the latter case a lower limit for the rate of protonation 
ofthemetalcan bees t imatedaskz l  x lo6 drn3mol- 's - ' .This  

value is much faster than the rate constant for protonation of 
the metal site in the analogous ethene complex, but is still ten 
thousand times slower than the diffusion-controlled limit. 

The chemistry established in this system is the foundation of 
the work on product specificity discussed in Section 4. 

4. Using Protons as a Means of Product Control 

In the discussion so far three general mechanistic principles 
have emerged for the protonation of complexes containing un- 
saturated hydrocarbons: 1)  The initial site of protonation may 
not be the final residence of the proton. 2) Protonation can 
occur a t  both the metal and the hydrocarbon ligands. 3) Acid- 
catalyzed or intramolecular rearrangements can, in effect, trans- 
fer a proton between the metal and the ligand. 

In the remainder of this article we shall see how these mecha- 
nistic features, and in particular that protonation can occur 
either the carbon or the metal. can be used to our advantage- 
first to control the selective production of alkane, alkene, or 
alkyne from alkene-based complexes, and second to control the 
stereochemistry of hydrocarbon products. 

4.1. Protonation of trans-[Mo(?'-C,H,),(dppe),l: 
Formation of Ethene and Ethane 

The protonation of rran.~-[Mo(~~-C,H,),(dppe),] with anhy- 
drous HCl gives mixtures of ethane and ethene together with 
well-defined metal complexes. A limiting stoichiometric reac- 
tion is given by Equation (18); however, as we shall see later, 

r,.on.c-[Mo(ii'-C'H,),(dppe),l + 2 HCI - . t  

tr.c117s-[MoCl,(dppe),I +C,H, + C,H, 

this equation is only valid a t  relatively low concentrations of 
acid; a t  high concentrations of acid other products are 
formed.[351 Clearly this is a multistage reaction involving, a t  the 
very least. diprotonation of one of the ethene ligands, transfer of 
two electrons from the metal to  the protonated ligand, release of 
one molecule each of ethene and ethane, and the binding of two 
chlorine atoms to the molybdenum center. This complexity is 
reflected in the stopped-flow absorbance- time trace for this 
reaction (Fig. 3). Three distinct stages are evident: an initial 
absorbance jump, complete within the dead time of the appara- 
tus, is followed by an exponential absorbance decrease and 
finally an absorbance increase, which is also exponential. This 
trace is a kineticist's dream that can rapidly become a nightmare 
in trying to define what elementary reactions are associated with 
each stage. If we were to come "cold" to  this multistage trace, 
there would be little chance of unambiguously identifying the 
steps occurring at  each stage. However, the previous study on 
the analgous tungsten complex described in Section 3.5 has 
identified the characteristic behavior associated with the initial 
protonation of this type of complex. 

The first two stages of the reaction of HCl with frans-[Mo(q2- 
C,H,),(dppe),] recorded with a stopped-flow apparatus show 
behavior similar to that observed for the tungsten analogue 
(Section 3.5):  an initial absorbance decrease, complete within 
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Fig. 3 The protonation of ~,.ai~.\-[Mo(,i'-C,H,),(dppe),l to form ethene and ethane: the experimental absorbance p time trace and the dependence oi' the rates of relevant 
stages o f  the reaclion on acid concentration ([Mo]. total molybdenum concentration, c.: extinction coefficient of the starting material. c,: extinction coefficient ofthe product 
[HCI]. = [HCI] - [Mo] (corrected acid concentration)). 

2 ms. whose magnitude depends on the concentration of acid, between this system and the protonation of the tungsten corn- 
followed by an  exponential decay: the latter process shows a plex is that in this molybdenum system an equilibrium mixture 
dependence on the concentration of HCI as illustrated in Fig- of the parent complex, the ethyl complex, and the hydrido spe- 
ure 3.I") Consequently. we can be confident that these first two cies is produced. This conclusion is consistent with previous 
phases correspond to the formation of the hydrido species work,1361 which showed that in solution [Mo(C,H,)(q2- 
[M~H(q'-C~H,) , (dppe)~]+ by two pathways: 1) rapid protona- C,H,)(dppe),]+ is in dynamic equilibrium with [MoH(q2- 
tion of the ethene ligand ( K ,  =18dm3mol- ' ) ,  followed by C,H,),(dppe),]+ and that the magnitude of the absorbance 
intramolecular /]-hydrogen transfer from the ethyl ligand to the changes for these stages depend upon the acid concentration. 
metal ( k 3  + k~ 3 )  = 0.22 s-I .  and 2) direct protonation of A further absorbance increase is observed over the last 
the metal in ir~tn.s-[Mo(q~-C,H,),(dppe)J ( k ,  = 4.6 x 10' 20 seconds of the absorbance-time trace, the magnitude and 
dm'mol ~ s I .  k , / k ,  = 1.64, Scheme 11). The only difference rate of which depends on the concentration of acid. This 

stage corresponds to the protona- 
tion of the equilibrium mixture 
of tram-[ Mo( q2-C 2H4)2( dppe),] , 
[MoH(g2-C,H,),(dppe),1+, and 

produce the dihydrido species 

The kinetics of the third stage ex- 
hibits a simple two-term rate law: 
one term is independent of the con- 
centration of acid and the other 
shows a first-order dependence on 
the concentration of acid. Protona- 
tion of the equilibrium mixture 
formed at  the end of the second 
stage disturbs the position of this 

IMo(C,H,)(~2-C2H,)(dPPe)21+ to 

[MoH,(~2-C,H,)z(dPPe)*lz + .  

Hx 

Scheinc I I .  Elementary reactions for the protonation of n.o~~.s-[Mo(il~-C~H,),(dppe)~] to form ethene and ethane. 
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equilibrium, and analysis of the kinetics for the third stage doublets increases, then slowly decreases as, finally, the peaks of 
reveals that the term independent of the concentration of one of the products appear. The spectrum that consists of a 
acid corresponds to ( k ,  + k - , ) ,  that is, to the sum of the deceptively simple pair of doublets is that of the equilibrium 
rate constants for the equilibrium between [Mo(C,H,)(q2- mixture of [Mo(C2H5)(q2-C,H4)(dppe),]+ and [MoH(q2- 
C,H,)(dppe),l+ and [MoH(pZ-C,H.),(dppe),]+. The value of C,H,),(dppe),]+ and has been observed in earlier variable tem- 
( k ,  + k - , )  is already known from the analysis of the kinetics of perature studies on t h i ~ [ ~ ~ ] a n d  analogous systems.[371 However, 
the second stage and is in excellent agreement with the value this is the first time this spectrum has been observed 
derived from analysis of the third stage. for an intermediate in the protonation reactions of trans- 

The discussion so far presents an internally consistent kinetic [Mo(q2-C,H4),(dppe),]. 
model for the early stages of the reaction of tr-ans-[Mo(q*- This study confirms the nature of the intermediates at the end 
C,H,),(dppe),], and this mechanistic behavior is reconcilable of the second stage, which was proposed on the basis of the 
with that of the tungsten analogue. However, the identity of the kinetic analysis. Furthermore, a t  higher concentrations of acid 
intermediates has been confirmed by spectroscopic detection, we observe the expected contribution to  the spectrum associated 
isolation, and characterization. In particular the species formed with the presence of [M~H,(q~-C,H,),(dppe)~]' +. The spec- 
a t  the end of the second stage has the same electronic spectrum trosopic changes are similar to those shown in Figure 4, but now 
as that of isolated [MoH(q2-C,H4),(dppe)~]HCI,. However, as the spectrum of the intermediate is slightly different. It still 
is typical of electronic spectra in general, this spectrum consists consists of a pair of doublets, but the chemical shift separation 
of rather broad peaks and is not particularly diagnostic. Cer- between the doublets is smaller [6 = - 76.2 (d), 6 = - 92.2 (d)], 
tainly no structural information about the intermediate can be and the doublet separation itself (which is the phosphorus- 
obtained by this method. A much better identification of the phosphorus coupling constant, Jp,p = 73.5 Hz) is about 8 Hz 
intermediates results from studying the reactions in the probe of smaller than in the spectrum observed at  low concentrations of 
an N M R  spectrometer. acid. The spectrum at high acid concentrations is consistent with 

Figure 4 illustrates the course of reaction (18) as monitored the presence of a species that is structurally similar to that de- 
by 31P{'H] N M R  spectroscopy. In order to detect the interme- tected at  low concentrations ofacid, and the smaller value ofJp,, 
diates, which at room temperature only have a fleeting exis indicates an increased protonation of the 

[MoH(~2-CzH4)2(dPPe)zl- 
HCl, has been isolated from 
the reaction mixture a t  low 
concentrations of acid by 
rapid crystallization, but at- 
tempts to isolate [ M O H , ( ~ ~ -  
C,H4)2(dppe),]2+ were un- 
successful, even at  high 
concentrations of acid. The 
only species isolated was the 
monohydride, presumably 
because of the poorer solu- 
bility of this species and the 
rapidity of the monohy- 
dride-dihydride protona- 
tion equilibrium. 

The multiple protona- 
tion equilibria shown in 

$5 =%==== 

~ 
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Scheme 11 are established 
within about 20 s. However, - " 
the evolution of both ethane 
and ethene (monitored by 
GLC) from the reaction 

Fig. 4 The time course of the protonation of r,.riin-[Mo(iiL-CZH.),(dppe),l to form ethene and ethane, monitored by 3 'P[1Hi  
N M R  spectroscopy. 

tence, the reaction is performed at relatively low concentrations 
of acid and low temperatures (typically - S O T ) .  The use of 
,'P{ 'H} N M R  spectroscopy has the advantage that only signals 
associated with the complex are present, and the other compo- 
nents of the mixture (the acid and solvent etc.) d o  not compli- 
cate the spectrum. The singlet at 6 = - 78 in the first spectrum 
of this series is that of the parent complex, t ~ a n s - [ M ~ ( q ~ -  
C,H,),(dppe),] . As time passes, this peak decreases in intensity, 
and a new set of signals appear [6 = - 80.0 (d), 6 = - 92.2 (d); 
Jp,p = 81.8 Hz; AA'BB' pattern]. The intensity of this pair of 

mixture has a half-life of 
about 40 min. The rate of formation of either hydrocarbon is 
independent of the concentration of acid, but the relative pro- 
portions of ethane and ethene depend markedly on the concen- 
tration of acid (Fig. 5). Thus at relatively low concentrations of 
HCI one equivalent each of ethane and ethene are produced. At 
higher concentrations of acid the carbon mass-balance is main- 
tained, but the proportion of ethane progressively decreases, 
and the proportion of ethene increases correspondingly until, a t  
[HCl] = 200 mmol drn-,, two equivalents of ethene are pro- 
duced. 
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1001 cz 1-1 4 

iHC!l i mmol dm-3 - 
Fig. 5 .  Dependence of the 
product distribution on 
the acid concentration foi- 
the protonation of rn ir i \ -  

[Mo( i~~-C,H,)~(dppe)~l  

The mechanism by which these hydrocarbons are formed is 
shown in Scheme 11, At low concentrations of HCl the predom- 
inant species in solution are the complexes of the equilibrium 
mixture of tr.clns-[Mo(q2-C,H,),(dppe)z], [MoH(p2-C,H,),- 
(dppe)J + . and [Mo(C,H 5 ) (  q2-C2H4)(dppe),] * . Rate-limiting 
dissociation of the ethene ligand from [Mo(C,H,)(qz- 
C,H,)(dppe),] + ,  followed by rapid attack of chloride at the 
metal commits the ethyl ligand to form ethane, presumably by 
rapid protonation of the ethyl ligand. Thus, under these condi- 
tions. one equivalent each of ethene and ethane are produced 
together with rran.s-[MoCl,(dppe),]. 

At higher concentrations of HCI further protonation occurs 
at the metal. and [MoH,(q2-C2H4),(dppe),12+ dominates the 
equilibrium mixture. This further protonation at the metal labi- 
Iizes both ethene ligands towards dissociation. and thus at high 
concentrations of acid two equivalents of ethene are produced 
together with [MoH,C12(dppe)2]. 

The product [MoH,Cl,(dppe),] has been isolated and charac- 
terized. Indeed it is this species whose spectrum is observed in 
the last spectrum recorded in Figure 4. The product formed at 
low concentrations of acid, ttans-[MoCl,(dppe),], has also been 
isolated and characterized by the common techniques, in partic- 
ular by its characteristic electrochemical behavior.[341 However, 
this compound has a d4 ( S  = 1 )  configuration and is silent in 
both EPR and NMR spectroscopy. 

The mechanism shown in Figure 3 quantitatively predicts the 
hydrocarbon product distribution. Since the rate of production 
of both ethane and ethene is essentially the same, the composi- 
tion of the hydrocarbon mixture varies with the concentration 
of HCI according to Equation (19), which has made allowance 

for the h c t  that one equivalent of ethene is produced in both 
pathways. All the elementary rate constants in this equation are 
known from the kinetic analysis. When the values are substitut- 
ed into this equation the curves obtained are an excellent fit to 
the experimental product distribution as shown in Figure 5 .  

One of the most important aspects of this hydrocarbon 
product distribution is that i t  is counterintuitive. After all, in 
order to produce ethane by the protonation of an ethene ligand, 
the ethene must be supplied with two electrons and two protons. 
In a system such as that described here, where the two electrons 
are already “stored” in the metal, it would seem intuitive that 
the higher the concentration of acid, the more likely it  is that the 
ethene will protonate. and hence it would be predicted that 
ethane would be produced preferentially at high concentrations 
of acid. This is the opposite to the behavior actually observed. 
However. the observed product distribution is readily under- 
stood when it is appreciated that protonation can occur a t  either 
the metal or the hydrocarbon, and the site that is protonated 
defines the hydrocarbon product. 

The mechanism in Scheme 11 shows that there is no problem 
in protonating the ethene in these complexes (indeed it is these 
ligands which are protonated most rapidly), and when proton- 
ated ethane is produced. However, at high concentrations of 
acid further protonation of the metal occurs and results in the 
deactivation of the ethene ligand towards protonation and the 
labilization of the system to the dissociation of ethene. 

Just by adding protons the product of the reaction can be 
controlled. The origin of this control is the sites of protonation: 
metal or ligand. The product of the reaction can also be con- 
trolled after the protonation step by changing the coligands on 
the complex as illustrated in Scheme 12. Having formed t r m s -  

P+ 

, 
co 

Scheme 12. Controlling the product distribution after 11ie piotonation of 
[Mo(C2Hi)(ri2-C,H,)(dppe),l b! varling the coligands. 

[ M O ( C , H , ) ( ~ ~ ~ - C , H , ) ( ~ ~ ~ ~ ) ~ ] + ,  rate-limiting dissociation of 
the ethene ligand is usually followed by binding of chloride. 
However, carbon monoxide can bind preferentially to form 
trans-[Mo(C,H ,)(CO)(dppe)J + . The electron-withdrawing ef- 
fect of the coordinated carbon monoxide results in proton loss 
from the ethyl ligand, subsequent release of ethene. and ultimate 
formation of rruns-[Mo(CO),(dppe),]. Thus. even at low con- 
centrations of acid the system can be forced to evolve only 
ethene if the coordination sphere of the complex is perturbed. 

Under an atmosphere of dihydrogen the situation is less clear 
cut, but about 20% of the hydrocarbon relensed at an HCI 
concentration of 200 mmol dm-3  is ethane, whereas under an 
atmosphere of argon no ethane is produced under these condi- 
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tions. It would therefore appear that dihydrogen can also bind 
to the vacant site generated on dissociation of ethene from 
[MoH,(q2-C,H4),(dppe),12 + to form a species (presumably 
[M~H,(q~-C,H,) (dppe)~]~  +), which is sufficiently hydride-rich 
to  produce some ethane from this route. 

4.2. Protonation of rvans-[MoH(q'-C,H,)(dppe),j : 
Formation of Propene and Propyne 

The protonation of any alkene other than ethene introduces 
another potential type of reactivity, which is a consequence of 
the intramolecular rearrangement possible with higher alkenes 
shown in Scheme 13. Only one molecule of propene will bind to 

Scheme 13. The dynamic equilibrium between [Mo(r12-MeCHCH,)(dppe),l and 
[MoH(r13-C,H,)(dppe),1 illustrating the additional pathway for higher alkenes. 

the {Mo(dppe),} site, and variable temperature N M R  spec- 
troscopy has shown that [Mo(qZ-MeCHCH,)(dppe),l is in dy- 
namic equilibrium with [MoH(q3-C3H5)(dppe),I The solid 
state structure of this complex and the tungsten analogue has 
been established by X-ray crystallography.[401 The structures 
are essentially the same, and that of [WH(q3-C,H5)(dppe),] is 
shown in Figure 6. Two important structural features evident 

Fig 6. The crystal structure of[MoH(r13-C,H,)(dppe),1. Selected bond lengths [A] 
and theangleoftheallylgroup[']: W-P(averdge)2.465*0.007. W -C51 2.37316). 
W-C53 2.334(14), W-C52a 2 258(30). C51 -C52a 1.35(4). C53-  C52a 1.23(4). 
w- H 1.03(9): C51-C52d-C53 139(3). 

from this study are pertinent to the discussion of the reactivity 
of this complex. First, the hydride (which was located) is trans 
to the allyl group; but, clearly, in solution this hydride must 
move around the metal surface if it is to transfer intramolecular- 
ly to the allyl residue. Second, there is nothing unusual about the 
geometry of the allyl group: the carbon-carbon bond lengths 
are typical of a n  allyl group and the CCC angle is not flattened. 

The reactivity that [MoH(t13-C,H,)(dppe),1 exhibits in its reac- 
tions with anhydrous HCI [Eqs. (20) and (21)] led us to look for 

rr-iiii.~-[MoH(,~'~C,H,)(dppe),l + 2 HCI --j 

[MoH,Cl,(dppe),] + M e C H C H ,  

tr.~ii.s-[MoH(r~~-C,H,)(dppe)~] + 2 HCI - 
[MoH2Cl,(dppe)Z] + H ,  + MeCCH 

such a distortion in this molecule.i411 At all acid concentrations 
the same metal product. [MoH,Cl,(dppe),] is formed. However, 
the hydrocarbon product is propene at  low concentrations of 
HCI, but propyne at high concentrations of acid. That is, by 
protonating a complex derived from an alkene we can produce 
an alkyne! 

In order to understand this reaction in more detail it has been 
studied mechanistically. Before the mechanism is discussed a 
further structural aspect of the work has to be clarified. The 
equilibrium between the propene and allyl forms of the molyb- 
denum complex is rapid at  25.0 "C, and thus it is unclear which 
form is the reactive entity in the protonation reactions. Two- 
dimensional {'H-13CJ NMR spectroscopy has been used to 
assign unambiguously the peaks in the 'H NMR spectrum that 
are attributable to  [Mo(q'-MeCHCH,)(dppe),] and [MoH(q3- 
C,H,)(dppe),]. In this way it was established that at -40 'C  the 
allyl species only is present. At this temperature, the system still 
reacts with HCI to form propyne at  high concentrations of acid. 
This indicates that the ally1 form is the reactive species, and this 
is confirmed in studies with the tungsten analogue.[421 trans- 
[WH(q3-C,H,)(dppe),] is always in the allyl form; even at  
+ 40 'C there is no sign of the propene species, and the hydride 
signal (6 = - 2.8, quintet, JH,? = 35 Hz) is still well resolved. 
This complex reacts with anhydrous acid to produce propene at 
low concentrations of acid and propyne at  high concentrations 
of acid. 

A study of the reaction of trans-[MoH(q3-C3H,)(dppe),l with 
an excess of anhydrous HCl on a stopped-flow apparatus shows 
the same simple behavior under all conditions: an exponential 
absorbance-time decay.[411 The final absorbance apparently 
corresponds to that of the product, [MoH,Cl,(dppe),] (see later 
discussion), but the initial absorbance is slightly lower than that 
expected for trans-[MoH(q3-C,H,)(dppe),l. The difference be- 
tween the expected and the observed initial absorbance is inde- 
pendent of the concentration of acid. The reaction exhibits a 
first-order dependence on the concentration of complex and a 
dependence on the concentration of HC1 as described by Equa- 
tion (22). These simple kinetics are to be contrasted with the 

hydrocarbon product distribution shown in Figure 7, which 
changes quite dramatically in the acid concentration range over 
which the kinetics are defined. At low concentrations of acid, 
propene is the predominant product. At higher concentrations 
of acid, the carbon mass-balance is maintained. but the propor- 
tion of propene decreases whilst the amount of propyne increas- 
es proportionately until at [HCI]> 200 mmoldm-3 propyne is 
the exclusive product. This behavior is analogous to  that ob- 
served with the ethene system: the more unsaturated hydrocar- 
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lo 
Fig 7. The dependence of 
the hydrocarbon product 
distribution on acid con- 

bon is formed only at  the higher concentrations of acid. The 
mechanism of the reaction is shown in the lower portion of 
Scheme 14. Initial, rapid protonation of riuns-[MoH(q3- 
C3H,)(dppe)Z] at either the metal or the allyl group pro- 
duces [MoH,(rl3-C3H,)(dppe),1+ and [MoH($MeCHCHJ- 
(dppe),] +. respectively. The cationic propene complex subse- 
quently undergoes rate-limiting dissociation of the propene 
( k 3  = 4.3 s ' ) and ultimate formation of [MoH,Cl,(dppe),]. 

At low concentrations of acid, any [MoH,(q3-C3H,)(dppe),]+ 
formed conberts into [MoH(g2-MeCHCH,)(dppe),l', either by 
an intramolecular migration, or by proton dissociation to  re- 
form the parent allyl complex. Hence. under these conditions. 
one cquivalent of propene is formed. 

At higher concentrations of acid a further protonation of 
[M0H~(i1~-C',H,)(dppe),l' can occur, probably at the allyl 
group to form [MoH,(g2-MeCHCH,)(dppe),l'+ ( k ,  = 

Scheme 14. Propo\ed mechanism for the formation of propene and proplne by the 
proton.ihon 01 i rw \ - [MoH(q  ' - C , H , ) ( d p p ~ ) ~ l  

3 . 8 ~  lo3  dm3mol- 's- ' ) .  and this commits tht <ystcm to the 
formation of propyne. The important mechanisLic point is that 
this second protonation labilizes the system, no1 t o  the loss of 
hydrocarbon but to the preferential loss of dihydrogen. It seems 
most likely that the dissociation of dihydrogen gcnerates a coor- 
dinatively unsaturated, formally fourteen-electron species, 
[Mo(q2-MeCHCH,)(dppe),12+. In order to counteract this elec- 
tron deficiency the metal dehydrogenates the coordinated 
propene to generate the formally sixteen-electron propyne spe- 
cies, [M0H,(q'-MeCCH)(dppe),1~'. from which propyne sub- 
sequently dissociates. At high concentrations of acid, protona- 
tion of [M~H,(q~-C,H,) (dppe)~]+  is faster than dissociation of 
propene from [MoH(qZ-MeCHCH2)(dppe),]+. so under these 
conditions this propene complex converts into [MoH,(q3- 
C,H,)(dppe)2]+ and one equivalent of propyne is formed. 

The hydrocarbon product distribution that this mechanism 
predicts is given by Equation (23). The elementary rate and 

(23) 
[MeCCH] 

[MeCCH] + [MeCHCH,] 

equilibrium constants in this equation are known from the ki- 
netic analysis. except for the ratio K,:'K,. However. the best fit 
to the data is obtained when K , / K 2  z 50. This is similar behavior 
to that observed with rrrr,zs-[Mo(q2-C,H,),(dppe),]: protona- 
tion of the hydrocarbon ligand is more favorable than protona- 
tion of the metal. 

The details of how the propene and propyne are formed from 
[MoH(q'-MeCHCH,)(dppe),]' and [MoH,($-MeCHCH,)- 
(dppe),12'. respectively, are still not fully understood, and 
clearly more detail concerning these steps is required. The time 
course for the production of propene and propyne is shown in 
Figure 8a.[421 Propene is evolved quantitatively within about 
two minutes whereas it takes about an hour to produce the 
propyne quantatively. This indicates that the final absorbance 
observed in the stopped-flow experiments at high concentra- 
tions of acid is not that of [MoH2C12(dppe),]. bu t  rather corre- 
sponds to a precursor whose electronic spectrum is similar to 
that of the dichloro product. It seems likely that this precursor 
is [ M O H , ( ~ $ M ~ C C H ) ( ~ ~ ~ ~ ) , ] ~ + .  which s lowl~  evolves propy- 
ne. In addition it is clear that dihydrogen evolution precedes 
propyne evolution consistent with the proposed mechanism. 

Intermediates in the propyne-forming pathway have been de- 
tected by low temperature 3 L P ( ' H j  N M R  spectroscopy 
(Fig. 8b) .[',I The spectra recorded for relatively low concentra- 
tions of acid are shown on the right. In the first spectrum the 
peak in the correct position for rruns-[M~H(r~~-C,H,)(dppe)~] is 
significantly broadened. This broadening is due in part to the 
low temperature, but mostly because the spectrum corresponds 
to the equili b r i m  mixture of r w n - [  MoH ('7 '-C,H&dppe)J. 
rruis-[MoH(rl2-MeCHCH ,)(dppe)J + . and ~ i ~ u r w [ M o H , ( t ~ ~ -  
C,H,)(dppe),] '. As time passes this broad peak slowly decreas- 
es in intensity, and the only new peaks that appeal- are those of 
the product, [MoH,Cl,(dppe),]. No intermediates are detected 
under these conditions indicating that only short-lived species 
are generated on the propene-forming pathway. 

At high concentrations of acid the propyne-forming pathway 
will dominate, and under these conditions at least three interme- 
diates are detectable, as shown on the left of Figure 8b. As the 
broad peak associated with the protonation equilibria species 

XJHCI] 

X,[HCI] + k3(Ki  K ? )  
- - 
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decreases in intensity three new sets of signals appear consecu- 
tively: the first around the initial peak, the second at  high field. 
and the third a t  intermediate field. Finally, the peaks at- 
tributable to the product [MoH,Cl,(dppe),] appear. To date we 
have not been able to identify these intermediates unambiguous- 
ly, or isolate them, even at  low temperatures. However, a notice- 
able feature of these spectra is the pairs of doublets in the last 
two sets of signals. This is reminiscent of the spectrum of the 
intermediates observed in the reaction of frans-[Mo(q2- 
C,H,),(dppe),], and it is tempting to assign these signals to the 
species [MoH,(q2-MeCHCH,)(dppe)J2+ and [MoH,(q2- 
MeCCH)(dppe),12 + . 

We d o  not understand the factors which discriminate between 
the evolution of dihydrogen and the evolution of a hydrocarbon 
upon protonation of a complex. This is a crucial aspect of the 
reactivity in the [MoH(q3-C,H5)(dppe),]. Recent studies on the 
reaction of [MoH,(CCrBu)(dppe),] with anhydrous HCI shown 
in Equation (24) demonstrate that the rate of coupling of two- 
hydrogen atoms and the rate of coupling a hydrogen atom with 
the alkynyl differ by less than a factor of 20. 

[MoH,(CCtBu)(dppe),] + 2HCI -> 

[MoH,Cl,(dppe),] +iBuCCH + H I  

t l r n i n  - 

H 

H% 

4.3. Protonation of [MoH(q3-C,H,)(dppe),]: 
Dimerization of an Alkene 

One of the major problems in defining the details of the for- 
mation of either propene or propyne from trms-[MoH(q3- 
C,H,)(dppe),] is that the two pathways operate simultaneously. 
It would be advantageous if the formation of one hydrocarbon 
product could be studied in isolation over a wide acid concentra- 
tion range. The conversion of the ally1 ligand into propyne must 
involve the removal of the hydrogen atom bound to the central 
carbon atom. Consequently, protonation of a complex contain- 
ing a 2-alkylallyl ligand must result only in the formation of the 
corresponding alkene. With this in mind we attempted to pre- 
pare and study the 2-methylallyl analogue of trans-[MoH(q3- 

The route used to prepare [MoH(~'-C,H,)(dppe),] is 
analogous to that used for all the compounds discussed in 
this section, and is shown in Scheme 15.[431 Reduction of 
[MoCl,(dppe)] by sodium amalgam, in the presence of dppe and 
under an atmosphere of isobutene gives, after about 18 hours, 
the labile, orange complex [Mo(q2-Me2CCH,),(dppe),l. This 
reduction takes place via a bright green intermediate, which can 
be isolated and shown to be the molybdenum(II), five-coordi- 
nate, sixteen-electron species. This complex contains a 2-methyl- 
ally1 and a hydrido ligand as confirmed by both ' H  and "C 
N M R  spectroscopy at room temperature. However, it seems 
that the 2-methylallyl ligand is sufficiently bulky that two steri- 
cally demanding dppe ligands cannot be coordinated through 
all four phosphorus atoms, and hence one of the dppe ligands is 
only monodentate. [MoH(~?~-C,H,)(dppe),] undergoes re- 
versible changes in the N M R  spectrum, when the temperature is 
varied. Thus, although at 25.0"C the species is undoubtedly a 
2-methylallyl complex, upon cooling an intramolecular, 

C,H,)(dppe)*l. 

Fig. 8 a) Time course for the evolution of the products in the protonation of rr-~ii~.r-[MoH(r~'.C,H,)(dppe),l (v = moles gas per mole complex; b) time course of this reaction 
monitored by low temperature 31P[ 'H: N M R  spectroscopy for [HCI]![Mo] = 100 (Icft) and [HCI]'[Mo] = 2 (right) 

960 Ai7,qi'ii.. C I i ~ i n  l n f .  Ed Eiigl. 1996. 35. 946-967 



Pi-otonation of Hydrocarbon Ligands REVIEWS 

[Mol = 0.1 mmol dm-' 
h = 420 nm 

-0.4 

A 

0.4 

mechanism (in particular the rate-limiting 
migration steps) is able to rationalize the 
following kinetic observations: 1 )  Rate con- 

- stants associated with apparently acid- 

k 

Fig. 9 Protunation of [M0H(t7.~-C,H,)(dppe),I (top) and the absorbance- time traces for this reaction 

and of the ohservcd rate constant knh. on acid concentration on the right 

I 
(bottom center). The dependence of the initial absorbance on  the ratio [HCI],[Mo] is shown on the left 0 20 40 60 80 I&) 

I HCI I / mmol drf3 - 
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Scheme 16. Proposed mechanism for the protonation of [MoH(rl”-C,H;)(dppe),1 
leading to the dimerization of isobuteiie. 

independent steps ( k ,  and k,) exhibit primary isotope effects 
(kylk? = 1.27, ky/k: = 1 .SO). since these elementary reactions 
are due to migration of hydrido groups derived from the acid. 
2) The initial, rapid reaction consumes one equivalent of acid. 
3) As expected, the pendant phosphorus atom is protonated by 
HCl. An important aspect of the mechanism is that this step is 
reversible, and thus, towards the end of the reaction, the phos- 
phorus can bind to the metal whilst deprotonated. 

The details of the dimerization process are not clear, but it is 
certainly much faster than the acid-catalyzed dimerization of 
free isobutene. This indicates that dimerization occurs on the 
metal site. 

4.4. Product Control by Protonation: A Summary 

In this section some relatively simple systems have been dis- 
cussed that when considered together illustrate how the proton- 
ation of alkene complexes (or their rearranged analogues) can 
selectively give alkanes, alkenes, or alkynes as summarized In 
Scheme 17. 

Scheme 17. Protonation of alkene complexes to give alkanes. alkenes. o r  alkynes. 
illustrating how selectivity results from protonation at the hydrocarbon or  the 
metal. 

The selectivity is a result of protonation at the hydrocarbon 
or the metal. Thus, protonation at the coordinated alkene gives 
the alkyl species, which subsequently reacts further to produce 
an alkane. However, further protonation of the metal occurs at 
higher concentrations of acid and this labilizes the system to- 
wards the release of alkene. 

Alkeiies higher than ethene can also rearrange on the metal 
site to form the ally1 hydrido species, and this form is capable of 
producing alkynes upon protonation, if the protonation at  the 
metal preferentially labilizes the release of dihydrogen to gener- 
ate a coordinatively unsaturated site capable of dehydrogenat- 
ing the bound alkene. 

At first sight it seems anomalous that no propane is formed 
in the reaction with truns-[MoH(q3-C,H,)(dppe),]. The reason 
for this is probably kinetic: the formation of propane is slow. 
and the more rapid formation of either the alkyne or the alkene 
occur preferentially. It would be interesting to study the prod- 
ucts of the reaction between DCI and truns-[MoH(q3- 
C,H,)(dppe),] to establish whether any deuterium is incorpo- 
rated specifically into the secondary carbon of the propene. This 
would indicate the transient existence of a propyl species that 
undergoes intramolecular /{-hydrogen or deuterium transfer 
more rapidly than it can form propane. 

4.5. Proton-Catalyzed Isomerization of Alkenes 

A reaction which has not been observed in the reactions of 
alkenes bound to the {Mo(dppe),) site is the acid-catalyzed 
rearrangements shown in Scheme 18. In principle, protonation 

Schcine 18. Acid-catalyzed rearwnguments of metal -alkene complexes 

of alkene complexes can give mixtures of cis- and trans-alkenes 
together with internal and terminal alkenes via intermediate 
alkyl species. 

Acid-catalyzed cis- truns isomerization of alkenes bound to 
rhenium has been observed (Scheme 19).[441 Addition of acid to 
a solution of the cis-2-butene complex [Re(q5-C,H,)(CO),(q2- 
cis-MeCHCHMe)] results in the formation of a 45:55 mixture 
of this cis-2-butene complex and [Re(q5-C jH,)(CO),(r7Z-t’uns- 
MeCHCHMe)] within about 30 min. The proposed mechanism 
(Scheme 19) involves protonation of the alkene ligand to form 
the alkyl species, rotation about the carbon-carbon single 
bond, and deprotonation to generate the equilibrium mixture of 
alkene complexes. 

The exact mechanism by which the alkene is protonated (di- 
rect attack at the carbon or  via a hydrido species) is unknown, 
but the most important mechanistic feature is the selectivity that 
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shows t h a t  both protonation and deprotonation must occur at 
the same carbon atom : the postulated 2-butyl intermediate does 
not deprotonate to give the 1 -butene complex, and similarly, 
protonation o f  the I-butene complex does not give any 2-butene 
ligand. This observation can only be rationalized if the two 
butyl intermediates are different. I t  has been proposed that the 
protonation produces an intermediate containing a strong agos- 
tic interaction. followed by an "in place rotation" and deproton- 
ation of the agostic alkyl group. which occurs much more rapid- 
ly than formation of a free alkyl rhenium intermediate. 

A related acid-catalyzed isonierization is the equilibration of 
coordinated ,y.n and anti dienes as illustrated for [Fe(g4- 
PhCHCHCHCHBn)(CO),]+ (Bn = PhCH,) in Scheme 20.[451 

Bn +zBn ==== $,,,,,, ==== 

H-FeL, FeL, H- FeL, 

Sohemc 70 Equilihi-ation of  coordinated $ 1 1 7  and m f i  dienes at an iron complex. 
1. = co 

In this example rate-limiting protonation occurs at the metal 
and is associated with an exceptionally large primary isotope 
effect ( k , , ! k ,  = 27). Intramolecular transfer of the hydrogen 
from the metal to the diene then forms the ally1 species. Subse- 
quent rotation about the carbon-carbon single bond followed 
by hydrogen migration back to the metal and deprotonation 
results in equilibration of the q ' n  and anti isomers. 

5. Stereoselective Protonation of Complexes 

The addition of protons to coordinated hydrocarbons to pro- 
duce stereoselective products has been known for some time, 
especially in the reactions of cyclic polyenes. Thus, as shown in 
Scheme 21. [Ni(i15-C5H5),] is protonated on the cyclopentadi- 
enyl ring stereoselectively in the e . ~ o  position.[461 In addition the 
exchange of ring protons in [Fe(r75-C,H5),] involves e r o  attack 
of a proton at the cyclopentadienyl ring.[471 Subsequently. 
the cmlo hydrogen transfers to the metal to form [FeH(g5- 

Whether a proton adds directly in exo or endo position in any 
particular system cannot be predicted, and examples of both 
types of addition are known. In many cases there is no clear 
evidence whether c ' . w  or encio attack has occurred. For  instance, 
the protonation of [Fe(q4-C,H,)(CO),] is assumed to  involve 

C,H S M  +. 

REVIEWS 

Schcrne 21. Stereoselective D' atrack at the pentadienyl ligand in [Ni(i/ '-C5H5)J 
and in [Fe(i15-C5Hi),]. 

enti0 attack, since the analogous butadiene complex is protonat- 
ed in this position.[48' Of course. endo addition may involve 
initial protonation of the metal followed by intramolecular mi- 
gration. However, the intermediacy of a hydrido species is not 
essential for formation of endo product. 

Another aspect of stereoselectivity involves the protonation 
of alkynes to form ci.7- or trans-alkenes selecrively. We shall 
discuss this aspect in detail in this section and show how appli- 
cation of the kinetic principles associated with protonation at 
the metal or the hydrocarbon ligand outlined so far can be 
employed to control the stereochemistry of the product. 

We saw in the Section 3 that the term regioselective is ambigu- 
ous in the sense that although the reaction may amount stoi- 
chiometrically to a regioselective protonation, the mechanism 
whereby this product is formed may not involve direct regiose- 
lective attack. A similar problem in terminologq occurs for the 
stereoselectivity of products formed by protonation : the stoi- 
chionietrically stereoselective product can be formed by a vari- 
ety of mechanistic pathways. 

5.1. Stereoselectivity in the Protonation of Alkynes: 
Kinetic Control 

Consideration of the protonation of a coordinated alkyne 
reveals that attack can occur a t  two faces of the alkyne: eso to 
the metal to give a frans-vinyl species or endo to the metal giving 
a cis-vinyl species. 

The fundamental point is that the face of the alkyne to which 
the proton binds defines the configuration of the vinyl species. 
Provided the carbon-carbon double bond is maintained upon 
the addition of the second proton the resulting alkene's config- 
uration will be defined by the position of the initial protonation: 
cis-vinyl gives a cis-alkene and tr-ans-vinyl gives a tl-ans-alkene. 

Clearly if the rates of the initial eso and endo protonations are 
sufficiently different then a stereoselective alkene will be 
formed, provided intermediate isomeric vinyl species or the iso- 
meric coordinated alkenes d o  not equilibrate. Both isomeric 
vinyl and alkene complexes can equilibrate by protonation to 
form alkylidene ligands and alkyl hgdnds. respcctively. Rapid 
rotation about the carbon-carbon single bond in either alkyli- 
dene or alkyl ligands prior to proton loss effectively destroys 
any selectivity (see Section 5.2). In order to avoid this problem 
the system must be carefully designed. 
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A question that must be addressed initially is: “Can protona- 
tion of a coordinated alkyne occur stereoselectively?” To answer 
this question the reaction of anhydrous HCl with the symmetri- 
cal alkyne PhCCPh bound to the symmetrical site {V(q’- 
C,H j ) 2 )  has been studied [Eq. (27)] .[491 The symmetrical nature 

[V(I~~-C~H~)~(~~~-P~CCP~)] + 2HCI 4 

[V(i~5-C,H,)2CIL] +PhCHCHPh 

of the entire system ensures that any stereoselectivity observed 
is a consequence of the rates of protonation and not of the 
ancillary ligands‘ “guiding” the proton preferentially to a par- 
ticular face of the alkyne. Predominantly the cis-alkene (85 %) 
is formed with 15  YO truns isomer. 

The reaction exhibits a first-order dependence on the concen- 
tration of complex, but the dependence on the concentration of 
HCl is complicated (Fig. 10). This complicated acid dependence 

0 10 20 30 40 50 
I HCI I / mmol dm-’ - 

Fig 10. Dependence of the observed rate constant k,,,,, on acid concentration for 
the protonation of [V(ii’-C,H,)2(ii2-PhCCPh)]. 

mitigates against simple, direct proton attack at the coordinated 
alkyne, but rather indicates the mechanism depicted in 
Scheme22 with the corresponding rate law shown in Equa- 
tion (28). 

The major pathway involves initial, rapid protonation of the 
metal to  give [VH(q5-C ,H ,),(q,-PhCCPh)]+, followed by rate- 
limiting migration of the hydride to the alkyne necessarily pro- 
ducing the cis-vinyl species. In addition, protonation of the 
alkyne at  the Face remote from the metal produces the truns- 
vinyl species. Analysis of the data gives ( k ,  + k , K , )  = 

6 . 2 x 1 0 3 d m 3 m o l ~ 1 s ~ 1  and K ,  =1.56x 102dm3mol-’ .  I t  
seems likely that the carbon-carbon double bond of the vinyl 
ligand is retained throughout the second protonation, and hence 
the configuration of the final alkene is defined by the initial site 
of protonation of the coordinated alkyne. 

Schcinc 22 Proposed mechanism for the pi-otonation of the symmetrical complex 
[V(II’-C,H,)~(I~~-P~CCP~)] 

Studies on [Nb(q5-C,H,),(CO)(CMeCHiPr)] show that pro- 
tonation of the vinyl species gave an alkene of the same config- 
uration as the vinyl ligand.[501 However, if the second protona- 
tion were to occur at the carbon atom remote from the metal, 
isomerization would result. Methylation of [Nb(q5-C,H,),- 
(CO)(CMeCHiPr)] with MeOS0,F leads to an alkylidene spe- 
cies, which subsequently produces a mixture of alkene isomers 
(Scheme 23). 

Me Me Me H 

Pr ‘H Pr Me 

Me 
Me* /Me - ,c=c’ \ + ,c=c \ /  Nb = C, 

i 
\ 

Pr 
Scheme 23 Methylatton of [Nb(rlS-C,H,),(C0)(CMeCH/Pr)] with MeOS02F 
leading to ii mixture of alkenes. 

How then can we design the system so that the vinyl complex- 
es d o  not protonate at the remote carbon atom and destroy the 
stereoselectivity ? For protonation of vinyl complexes at  either 
the metal or the remote carbon atom, a pair of electrons have to 
be supplied by the metal, and hence the formal oxidation state 
of the metal increases by two units. However, since [V(q5- 
C,H,),(PhCCHPh)]’ is a vanadium(1v) complex, protonation 
at the metal or remote carbon atom is impossible-it can only 
occur at the vanadium-carbon bond. 

This illustrates a general way in which protonation of a com- 
plex can be controlled. Protonation of alkyne complexes where 
the oxidation state of the metal is less than four units from its 
maximum (that is. greater than +2 for V, Nb,  or Ta; greater 
than + 3 for Cr, Mo, or W, etc.) enforces the protonation of the 
derived vinyl species to occur a t  the carbon atom adjacent to the 
metal. In these circumstances. the configuration of the alkene 
product is always defined by that the vinyl species and hence by 
the kinetically favored site of protonation of the alkyne ligand. 

Further quantitative analysis of the vanadium system in 
Equation (27) is possible. Since the isomeric alkene product dis- 
tribution is defined by the rates of formation of the isomeric 
vinyl species the expression in Equation (29) can be derived, 
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from which k 2  = 9.3 x lo2 dm3mol- ' s -*  and k ,  = 33.8 s - ' .  
Since i t  can be estimated that k ,  2 1  x lo6 dm3mol- ' s - ' ,  i t  is 
clear that the difference in the rates of protonation of the metal 
(to give ci.r-alkene) and alkyne (to give trans-alkene) would 
lead to essentially exclusive formation of cis-alkene. However. 
it  is the relatively slow rate of intramolecular migration, 
together with the reversibility of the protonation at the metal 
that leads to the poorer stereoselectivity observed experi- 
ment:dly. 

The reversibility of the initial protonation is another factor we 
have to consider in designing systems to give stereoselective 
alkenes. In certain circumstances, the initial site of protonation 
would not define the configuration of the product. for instance. 
if  the initial protonation of the coordinated alkyne is reversible, 
o r  the favored isomeric vinyl species is protonated only slowly, 
whilst the minor isomeric vinyl complex protonates rapidly. 
However. this latter scenario seems unlikely since the isomeric 
vinyl species are necessarily only distinguished by the sub- 
stituent on the carbon atom remote from the metal, and conse- 
quently one would expect that the rate of protonation of the 
carbon atom adjacent to the metal would be similar for the two 
isomers. 

The stereoselectivity in [V(q'-C,H,),(q2-PhCCPh)] is con- 
trolled entirely by the relative rates of protonation of the metal 
and the alkyne. and in this highly symmetrical complex the 
dominant product is the cis-alkene. 

The nitrogenases specifically transform acetylene to cis- 
CHDCHD in vitro by a sequence of electron and proton trans- 
fer reactions.[' I J  Much speculation has centered around how the 
enzyme accomplishes this stereo~electivity.[~. 52J However, the 
results from this study indicate that the biological result needs 
little explanation: the enzyme is merely showing the normal 
stereoselectivity associated with this type of reaction. 

In certain circumstances, stereoselective formation of alkenes 
by protonation of coordinated alkynes can also be accom- 
plished under conditions of thermodynamic control. The reac- 
tion between anhydrous HX (X = CI, Br, o r  BF,) and complex- 
es of the type rran.v-[Mo(q2-alkyne),(dppe),l gives vinyl and 
alkylidyne c o r n p l e ~ e s [ ~ ~ . ~ ~ ~  as shown by the examples in Equa- 
tions (30) and (31). respectively. In both cases the overall stoi- 
chi om e t r y 

requires the net addition of one molecule of HX. but clearly for 
the formation of the alkylidyne. a complex protonation/depro- 
tonation pathway must operate. The mechanistic rationaliza- 
tion of how both types of products can be formed from the same 
reactants is shown in Scheme 24; the associated general rate law 

x 

H' i' 

X 

is given by Equation (32) if the dissociation of propyne is rate- 
limiting in both pathways. 

Initial, rapid protonation of rrans-[Mo(qZ-MeCCH),(dppe),] 
forms rrans-[Mo(CHCHMe)(q2-MeCCH)(dppe),]+ (GI = 

1.3 x 10, dm3 mol- ') within 2 ms, which can be detected both 
by electronic spectroscopy and low temperature "P{ 'HJ NMR 
spectroscopy. Protonation of a propyne ligand decreases the 
electron density a t  the metal and consequently labilizes the 
rruns-propyne to dissociation ( k ,  = 0.35 s -  I ) .  Subsequent 
rapid binding of X-  at the site vacated by MeCCH gives the 
vinyl product. trans-[MoX(CHCHMe)(dppe),l. and a t  low con- 
centrations of acid this is the exclusive product-forming path- 
way. 

At high concentrations of acid. protonation of 
rran.s-[Mo(CHCHMe)(v2-MeCCH)(dppe),]+ to form truns- 
[Mo(CHCH,Me)($-MeCCH)(dppe)2]2+ can occur (e = 

3.0 dm3 mol- ') before dissociation of the propyne ligand. This 
second protonation further labilizes the trans-propyne ligand 
( k ,  = 2.58s-'). which is lost in the rate-limiting step. Rapid 
attack by X -  and proton release from the iilkylidene ligand 
gives either trans-[Mo(CHCHMe)X(dppe),] (proton loss from 
the remote carbon atom) or trans-[Mo(CCH,Me)X(dppe),l 
(proton loss from the adjacent carbon atom). 

An important mechanistic conclusion is that the product of 
the reaction (vinyl or alkylidyne complex) is not defined by the 
site of protonation but is decided by factors that have their 
influence after the rate-limiting step. Although the alkylidyne 
species has only been isolated in the reaction with HBF;OEt,. 
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i t  seems likely that, irrespective of the acid, the equilibrium 
mixture of isomeric vinyl complexes, alkylidene, and alkylidyne 
species shown on the right-hand side of Scheme 24 is present in 
solution. Which product is actually isolated will depend on the 
magnitude of the equilibrium constants interconnecting these 
species, or merely the relative solubilities. It is unlikely that a 
fluoro ligand favors proton loss from the adjacent carbon atom 
whilst the chloro or bromo ligand favors proton loss from the 
remote carbon atom. Rather it seems more likely that the least 
soluble is product isolated. 

The mechanism shown in Scheme 24 has important conse- 
quences for the configuration of the vinyl ligand. Irrespective of 
the initial site of protonation and the resulting configuration 
of the vinyl ligand in tran.s-[Mo(CHCHMe)(v2-MeCCH)- 
(dppe),]'. a t  high concentrations of acid the reaction proceeds 
via the alkylidene intermediate trans-[Mo(CHCH,Me)(r'- 
MeCCH)(dppe),]'+. Free rotation around the carbon -carbon 
single bond in this intermediate prior to proton loss means that 
any stereoselectivity introduced at the initial protonation is de- 
stroyed. However. tr~ns-[Mo(CHCHMe)Br(dppe)~] isolated 
from this reaction shows partially resolved peaks in the 
'H N M R  spectrum, which are attributable to the vinyl ligand. 
Thus, the resonance at 6 = 10.9 is a doublet (J,l.H = 8.8 Hz), 
and the resonance at  6 = 9.5 is a multiplet. In addition the 
methyl signal at 8 = 1 . I  5 is a doublet = 5 Hz). These cou- 
pling constants are consistent with a cis-vinyl ligand (J;;', = 

6- 14 Hz, SGP;: = 1 1  -20 Hz). Clearly this stereoselective forma- 
tion of the chr-vinyl species cannot reflect a kinetic preference, 
but must be a consequence of a signifiant difference in the 
thermodynamic stability or solubility between trans-[Mo- 
(ci~-CHCHMe)Br(dppe)~] and trans-[Mo(r,ans-CHCHMe)- 
Br(dppe),] . That is, the stereoselectivity is thermodynamically 
controlled. 

Thus, a t  least in principle, stereoselective formation of an 
alkene by protonation of a coordinated alkyne can be accom- 
plished by thermodynamic control. Protonation of a particular 
configuration of a vinyl ligand at the carbon remote from the 
metal generates an alkylidene species, and subsequent deproton- 
ation produces an equilibrium mixture of cis and {runs vinyl 
species. Further protona- 
tion of this mixture will of- 
ten result in a mixture of 
isomeric alkenes. How- 
ever, a specific configura- 
tion of an alkene can be 
produced provided 1) there 
is a significant difference 
in the thermodynamic sta- 
bilities of the isomeric 
vinyl species and 2) proton- 
ation of the vinyl species to  
give the alkene is signifi- 
cantly slower than the rate 
of proton equilibration be- 
tween the vinyl and alkyli- 
dene species. 

It is worthwhile just 
briefly considering the fac- 
tors that result in a signifi- 
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cant difference in the thermodynamic stabilities of the isomeric 
vinyl species. Clearly the major contributors must be the size of 
both the vinyl substituent and the coligands of the metal. If both 
are bulky, one can be reasonably confident that the rruns-vinyl 
residue, minimizing unfavorable steric interactions, would be 
the more stable thermodynamically. However, in the study on 
rran.s-[Mo(qZ-MeCCH),(dppe),l (with a methyl substituent) the 
cis-vinyl ligand is preferred, probably because the methyl group 
is buried in the surrounding coligand framework. 

Finally, it  should be noted that thermodynamic control of 
stereochemistry can only operate with alkynes other than 
acetylene, since the differentiation in stabilities is exclusively a 
consequence of the substituent on the vinyl ligand. 

6. Summary and Outlook 

In this review I have highlighted the mechanistic aspects as- 
sociated with the protonation of unsaturated hydrocarbon 
residues bound to transition metal sites and emphasized how 
this reactivity is a natural consequence of having two sites on the 
same molecule that undergo slow proton transfer reactions. 
Three key mechanistic principles emerge with which the reactiv- 
i ty  of these systems can be understood. 1) Protonation can occur 
at either the metal or the hydrocarbon ligand. 2) The initial site 
of attack may not be the final residence of the proton. 3) Trans- 
fer of the proton between metal and ligand can occur by in- 
tramolecular or acid-catalyzed pathways. 

These principles have some important repercussions, the most 
fundamental of which is that protonation of complexes contain- 
ing unsaturated hydrocarbons is invariably more complicated 
than would be imagined from inspection of the structures of the 
products. Consequently, a reaction can be stoichiometrically 
regioselective in that the product is ultimately protonated at  a 
single site, though mechanistically the reaction might proceed 
by several pathways in which the complex is initially protonated 
at  different sites. 

An overall picture of the hydrocarbon-evolving transforma- 
tions discussed in this article is shown in Scheme 25. This dia- 

- 
h k -  

- I 

M 

Schelne 25 Overview of all the lraitsforrniitions discussed in this review in  which hydrocarbon hgdndz are released. 
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gram illustrates how the competitive protonation of metal and 
ligand can be exploited, first to control the products of the 
reaction and second, to control the stereochemistry of the prod- 
ucts. 

The future is still intellectually demanding. Although a lot of 
synthetic chemistry has resulted in a general understanding of 
which site is the ultimate residence of the proton, we are still a 
long way from understanding the mechanistic factors that dis- 
criminate between initial protonation of the metal and the hy- 
drocarbon residue. Only if we can understand the kinetic fea- 
tures of this type of reaction can we hope to design complexes 
whose reactivity and reaction products can be defined prior to 
their preparation. 

Finally. what about catalysis'? The diagram in Scheme 25 in- 
dicates several cyclic processes established by piecing together 
the stoichiometric reactions discussed in this article. A feature of 
all the reactions discussed herein is the formation of well-defined 
metal-containing products. For instance, [MoH,Cl,(dppe),] 
has been isolated from the reaction of HC1 with rrans-[MoH(q3- 
C,H5)(dppe)?]. In a sense, [MoH,Cl,(dppe),] is "exhausted" 
since i t  has supplied electrons to protons, either to form hydride 
ligands or evolve dihydrogen. However, [MoH,Cl,(dppe)J can 
be reduced under an atmosphere of propene to form tr'ans- 

[MoH($--C,H ,)(dppe),] and hence. in principle, we have a 
catalyst, and ;I versatile catalyst a t  that, since by changing the 
concentration of acid used at  each turnover we could selectively 
produce propene or propyne. Similarly, we can envisage a cata- 
lyst that selecti\ely produces ethane or ethene based on rrans- 
[Mo(q'-C2H,),(dppe)J. However, in practice, there is a prob- 
lem in adapting these systems to be truly catalytic because of the 
preferential reduction of protons to dihydrogen in any system 
containing an acid and a reductant. A major target in the near 
future must be finding solutions to this problem. After all, if 
nature can find ways of minimizing proton reduction in the con- 
version of acetylene into ethene or ethane by the nitrogenases, 
so can chemists! 
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