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Introduction

Alkanes are among the most unreactive 6rganic'molecu1es; yet they are
‘ubiquitoﬁs'invour eﬁvironment. In addition to their presence in many ﬁatural-
organisms, alkanes are the primary cqnstitugnts of peﬁroleum and natural gas,
and they éfe also a product 6f important large-scale chemical processes such
as coal liquefaétion and the Fischer-Tropsch reaction. Alkanes therefore
present é challengevto chemical scieﬁce-—thef are an important potenfial
vsource of more highly functionalized'organic molecules, and yet few reagents
éxist which are capable of carrying oﬁt such funcfioﬁalization.

Alkanes are not completely unreactive. Certain free radicals ha&e beén
-kﬁown for many years which are Capable of abstracting alkaﬁe hydrogen atoms,
leéding to'alkyi radicals which then can bé converted into other types of
Organic molecules(2). An example of éuch a process, which is carried out on
a large scale in éhemicﬁl industry, is free fadical‘auﬁoxidation. Examples
_ also exist of organic reggents which react with alkanes byvapparent non-
radicai mechanisms (examplés are ozone, superacids and fluorine), although
the mechanisms of these reactioﬁs are in some cases not well understood(3).

Why, then, is it important to find transitioq‘metal—baséd reagents which
react with alkanes? In our view, there are two answers to this question,
First,»deépite the fact that some organic reagents exist which react with
alkaneé, the number is still very small. A new class of reagents capagie of
carrying out such chemistry, thereforé, would greatly improve our under-
stanﬂing of the factors which control reacfivity of organic carbon-hydrogen
bbnas. It would also increase our general understanding of the mechanisms of
organométallic reactions, a field which is in many ways still in its infancy.
On the more practical side, a primary reason for seeking reactions of metals
with alkanes lies in the area of selectivity. Orgénic reagents (even those

which do not proceed via radical mechanisms) tend to react most rapidly with



C-H bonds which have either relatively low bond energies or relatively high
acidities. Thus both organic catiéns and radicals react, for example, with
tertiary C-H boﬁds more rapidly than with primary. Similarly, benzylic and
allylic C-H bonds are more reactive than isolated C-H bonds toward a wide
range of.reagents. There is good reason to believe that significantly
different selectivities (especially, enhanced primary/tertiary selectivities)
might be achieved using transition metal-based reagents. .

For thesé reasons, organometallic ;hemists'have Been attempting for
several years(4) to find a simple example of the intermolecular insertion (or
' "oxidative addition") reaction illustrated in the equation at the bottom of
Sche;e 1. They have been éantalized by the fact that many intramolecular
examples of this process (shown at the top of Scheme 1) are known(5), and
frustrated by the facf that before the work outlined here was reported, all
attempts to extend these in;ramolecular observations to the corresponding
intermolecular reactions had failed. However, several multi-step reactions
which may well be initiated by.intermolecular oxidative addition are
known(6), Two of the most interesting and clean-cut of these examples,
reported recently at Gif-sur~Yvette and Yale University(7), are shown in
Scheme 2.

This lecture summarizes our discovery(8) of a system which provides the
first clear-cut example of the singlé—step intermolecular C-H oxidative
addition reaction shown in Scheme 1, and discusses our preliminary studies of
the nature of this reaction.

. . . s . 5_
Generation and Oxidative Addition Reactioms gg_gq _g5y352§PMe3ZIr.

In connection with a project aimed at examining the products of
hydrogenolysis of metal alkyls, we had occasion to prepare dihydridoiridium
complex 2 by the reaction shown in Scheme 3. Many dihydridometal complexes

are known to undergo reductive elimination of H, upon irradiation(9). 1In



complexés related to 2 (ag.,'CpZMoHZ; Cp.= CSHS) the type of intermediates
géner#ted in such reactions have been shown to insert into at least some
types §f'C-H.bonds(10). We therefore decided ﬁo investigate the irradiation
~of 2. We were encouraged to find that in benzene only 3, the product of
"intermolecular C-H aqtivaﬁibn, was formed; no orthometallation product was
observed. Bénzene is well-known to be reactive toward C-H activation,
presumably bgcausé of involvement of its r-electrons in the insertion
ﬁransition state.” Our next step, therefore, was to a#tempt this reaction
using sqméwhat less inherently reactive compounds. Exﬁibfatory experimeﬁts
of thié typetare rélatively siﬁﬁle,_becausé’the'presgnce of néw metal hydride
broducts can be detected by observing their‘charactériStically high-field
resonances in the lH NMR spectrum of thé re;ction mixture. Accordingly, we
found that irradiation of 2 in acetonitrile gave Hé and a new metal hydride
produéf, and irradiation in tetrahydrofuran aléo'gave-new hydride'prodgctg;
We Eherefore proceeded immediately félalkanes; We were pleasantly surpriged
to find that irradiatiou of 2 in cyclohexaﬁe.solvent gave a.single'new‘
hydride in high yield, and a similar fesuit.was obtainéd in neopentane solvent.

‘These products aré'the hydridoalkyl complexes 4 and45 shown in Scheme 4.
The new complexes are extremely hydrophobic, and are therefore very diffiCult
to obtain pure. Howéver, they can be isolated and purified with some loss of
material, and characterized fully by ly NMR, 13¢ NMR and infrared techniques.
Furthermore, they can be converted to the corresponding bromoalkyliridium
derivatives (vide infra), which can be characterized using both spectroscopic
and elemental analysis techniques. The hydroph&bicity of these materials has
so far prevented our obtaining X-ray quality crystals, but efforts in this
direction are continuing.

Mechanism of the C~H Oxidative Addition Reaction

The conventional mechanism for the C-H insertion is shown in Scheme 5.



It first assumes that upon irradiation, an excited state of dihydride 2 is
formed. This rapidly extrudes Hy, leaving behind the reactive,
coordinatively unsaturated fragment 6. Complex 6 then inserts into a C-H
bond via transition state 7, leading to the hydridoalkyliridium complexes 4
and 3.

Although this mechanism is certainly reasonable, we felt the need to
provide supporting evidence for it, especially in view of the fact that in
certain other oxidative addition reactions more complicated mechanisms
involving free radicals have been established(1l). Many radical mechanisms
- proceed through a step in which the radical R'has independent existence.
Thus the individual R and H groups located in each molecule of product 4 or 5
may not necessarily have been bound together in the starting hydrocarbon
molépule. Iq order to obtain information about this, we carried out the
crossover experiment summarized in Scheme 6. We first irradia;ed 2 in a 1:1
rmixture of»nedpentane and cyclohexane. This established thét the two hydro-
carbons have similar reactivity toward 6, although the C-H bond in neopentaﬁe
is inghtly more reactive. Next, irradiation of 2 in a 1:1 mixture of
neopentané and cyclohexane-dlz was carried out. As shown in Scheme 6, the
products of this reaction were the hydridoneopentyl- and the deuterio-
(perdeuterocyclohexyl)iridium complexes A and B, with very small amounts of
contamination from the.crossed products € and D. Therefore, the R and H
groups remain associated with one another during the process which converts
hydrocarbon to hydridoalkyliridium complex.

While this experiment rules out reactions involving radicals having a
free existence and finite lifetime, it is more difficult to rule out
processes proceeding predominantly through caged radical pairs. Our best
evidence against such a postulate comes from relative reactivity studies.

Hydrogen abstraction reactions of radicals favor C~H bonds with low bond



energies; very strong bonds are nearly always inert. In view -of this, cyclo-
propane may be used as a very diagnostic substrate, since its C-H bond energy
is 106 kéal/mole, e?en strqnger than. that of methane. ﬁespite this, as shown
in Scheme 7, irradiation of 2 in liquid cyclopropane at -35° C. leads only to
the C-H insertion ﬁroduct 8. Thus addition to the C-ﬁ bond is favored even
oveg'insertion into the relatively weak C-C bond, which would lead to an
iridacyclobutane,coﬁplex. Inwvieﬁ of this result; even'a“radicél-cage
'meéhénism;seems;extrémely dnlike1y~for thesé reéctions.

Reddctive»EIimination'and Functionalization Reactions of- the

‘Hdeiddalkxiiridium‘Complexés

.V»Hydridoalkylscompiexeé 4 and 5 are quite stable thermally, reductive
eiiminatioﬁ occurfing.only at temperatufes near 110° (Séheme 8). Treatment
-‘bf 4 and 5 with Lewis acids or oxidizing agenté é&g., Br,, HBF,, ZnBr,, ﬁzoz
7aﬁd;¢ven;alumina; ¢f. Schéme 8). in benzene at'room-temperature induces
reductive eliﬁinatiOh of‘hydrocarbon,and-léads.to the hydridqphenyl.COmblex’
o,

A primafy goal of fhis work has been the ébnversion-bfythe hydrido—
alkyliridium complexes to functionalized organic molecules. Unfortunately,
as indicated above ﬁany of the reagents one might use to carry out such-
functionalization promote only reductive elimination, simply regenerating the
starting hydrocarbon. We therefore decided td;approach this problem by
conversipn of the-hydrides to the corresponding bromoalkyliridium complexes.
This can be done smoothly at room tempefature by ;reating them with
bromoform, as shown in Scheme 8. As indicated earlier, the bromine-
containing products are somewhat easier to handle than their hydride
precursors, and they do not easily undergo reductive elimination. As a
fesult, functionalization of these materials has been more successful. The

most convenient method we have found so far is summarized in Scheme 9.



Treatment of bromoalkyliridium complex 10 or 11 with mercuric chloride leads
to the correspoﬁding alkylmercurigl 12 and bromochloroiridium complex 13.
Conversion of 12 to organic halides can then be carried out using I, or Bry
at room temperature. Thus overall conversion of an alkane to alkyl halide
can be effected in good yield under mild conditions, in a non-radical process
which completely avoids free radical intermediates.

Selectivity Studies

With information about mechanism and functionalization in hand, we
turned our attention to the selectivity of the reactive intermediate
Cp'(PMe3)Ir (6, Cp' = CgMes; cf. Scheme 5). Irradiatiom of Cp'(PMe3)IrH, (2)
in the presence of solvents having different types of C-H bonds allowed the
reactive intermediate Cp'(PMeg)Ir to compete for those bonds. At low
conversion the ratio of the products formed in such an experiment is then
‘directly equal to the r;tio of rate constants for insertion into each type of
C-H bond. Two types of selectivity experiments were carried out: those
involving competition of the intermediate for C-H bonds in different
molecules ("intermolecular selectivity") and competition for different types
of C-H bonds located in the same molecule ("intramolecular selectivity").

Intermolecular selectivities can be established most readily, because
each of the individual oxidative addition products can be independently
generated. Each selectivity experiment was carried out using mixtures of two
liquid hydrocarbons as solvent. First the dihydride 2 was irradiated in each
pure solvent, and the NMR spectrum of the product recorded (due to the
difficulty of isolating these materials, isolation was not attempted except
in the case of cyclohexane and neopentane, as described earlier). Then the
irradiation was carried out in a mixture (usually 1:1) of the two solvents,
and the ratio of products measured, usually by repetitive integration of the

hydride resonances in the high~field region of the spectrum. The rate ratio



was calculated by correcting the product ratio for the number of hydrogens
available in eaéh molecule. In this way, a neopentane/cyclohexane rate ratio
of 1.4 ana cycloprépane/cyclohexané,ratio of 2.6 were obtained. Similarly,
wé were able to determine the relative rates of attack by Cp’Ir(PMe3) on one
:C—H'bond»in'each»of.the molecules in Scheme 10, wiﬁh'attack on cyclohexahe
set as 1.0. The»resuiﬁs are quite intéresting, and as far as we know
unpreCedentedf reactivity seems to vary with ring size, smaller ringé>'
lshéﬁing‘higher'reactiQity ;owérd C-H insertion, and lafger rings showing -
Iowér'reactiiity._ The phys;cal reaéonlfor-this is not yet clear, but may be
-reIatédvpartially,to tﬁe greater steric acgessibilityvof:the C-H bonds in the
sﬁaller rings, Whe:évthe two carbon atoms attached to the reacting carbon are
sémewhat more tightly "tied back" than they are in the 1argér systems.. A. 
competition expefiment;uéing a ¢yélohexaqe/benzéne'ﬁixturé’demonstxated»the
'éromatic C-H bondé to be A;O‘times mofe reactive than the cyclohexyl.
Intramolecular selectivities presented a more difficult problem. Here
we were faced Vith‘détermining both the identities and relative amounts of
products which could n§t be generated independently. In general the
hydfidoaikyl complexes are so nonpolar, and so similar to ome another in
chroma;ogfaphic properties (inciuding instaﬁility in many caées), that
preparative separation was not feasible, A»possibie solution to this problem
became apparent during the intermolecular selectivity studies summarized
ébove, and we discuss this here wi;h reference to‘the chart shown in>Scheme
11. The lowest line, labeled "P(CH3)3", illustrates the positions of the 1y
NMR metal hydride resonances observed on ir:adiation of 2 in the presence of
a large number of hydrocarbons. Illustrated above this line are the hydride
positions observed on irradiation of complexes related to 2, but having
phosphine ligands other than PMeq bound to the metal, which we have also

synthesized and shown to undergo irradiatively induced C-H reactions with



alkanes.

The simplest cases are the ones discussed above with reference to inter-
molecular seiectivities; i.e., hydrocarbbns which have only one type of C-H
bond, and therefore lead to only one new hydride. As can be seen by
inspection of the P(CH3)3 results, the hydride resonances of the hydridoalkyl
products formed from each of the cyclic hydrocarbons appear at very similar
chemical shifts, ranging from & —1846 for the metal-bound hydride in the
hydridoc&clopropyl complex to -18.67 for the hydridocyclohexyl complex. The
location of this ﬁarrow raﬁge differs substantially from the position of the
hydride resonance‘observed for the hydridoneopentyl complex 5, which appears
at -17.67. Insertiontinto the C-H bond of benzene gave a complex which
exhibits a hydride resonance at even lower field (-17.04 ppm). It seems that
for some fortunate (but not well understood) reason, the hydride chemical
shift appears to be determined by the type of substitution at the carbon atom
of the alkyl fragment directiy éttached to the metal. Tﬁus products formed
by insertion into secondary C-H bonds may be distinguished from products
formed by insertién into primary C-H bonds and aryl C-H bonds by the charac-
teristic ghemical shifts of the metal-bound hydride resonancés in the
hydridoalkyl products.

Although a smaller number of data are available, the top of the chart in
Scheme 11 shows that the relative positions of these chemical shifts also
hold for the complexes which cdntain other phosphines. In these cases the
scale is shifted to higher or lower field, depending upon the electron-
donating or -withdrawing power of the'phosphine.

These conclusions were reinforced by the results of our first intramole-
cular selectivity experiment, carried out on p—xylene and summarized in
Scheme 12. Irradiation of dihydride 2 in p-xylene gave two products, as

judged by the appearance of only two new doublets in the high-field region of



the;NMR speCErum. One of these, assigned to benzylic complex 15, abpeared at
-17;56,ppm, very‘close to that observed for the neopentyl complex 5 (i.e., in
the "srimary hydride" region). The other, due to aryl complex 14, appeared
at the lower field position of -16.68 (the "aryl hydride" region); The fact
thatvthe primary"insertion product is benzylic, and the aryl insertion
product has an orthoalkyl subst1tuent, apparently does not greatly perturb
the relative pos1t1ons of these resonances,

- In acycllc hydrocarbons, the chem1ca1 shift patterns also appear to hold
~db_ Thus, 1rrad1at10n of d1hydr1de 2 in 11qu1d n-propane gives a mixture
' which»exhibits;two new hydride doublets in the NMR, one in the-perary:reglon
at -17.81, 'and‘the other in the secondary region at -18.51 ppﬁ (Scheme 13);
’ 1ntegrat10n and statistical correctlon glves a prlmary/secondary rate ratio
of 1;5. The situation with higher acyclic hydrocarbons is more compllcated.
In the case of n-pentane, four new hydrlde doublets are detected There is'a
unlque ‘lowest-field hydride signal; although this appears at -17.96, somewhat
higher than that in propane; we assign it to the primary insertion product 16
. (Scheme.14);d‘The three other resonances appear-atf—l&ﬁo, -18.54 and -18.61
| ppm, consistent with their assignment as secondary insertion ‘products. We.
presume the formation of three complexes is due to the fact that‘insertion
into the hydrogen at C-2 in pentane ls capable of generating two diastereo-
mers due to the fact that the iridium is a chiral center. Although we cannot
assign the identity of each.of these very similar complexes, summation of the
secondary integrations'and correcting for statistics gives a primary/
secondary attack ratio of 2.7. |

Heating this mixture of hydridoalkyl complexes to 110° in pentane causes
disappearance of the resonances assigned to the secondary C-H insertion
products, and a corresponding increase in the resonances due to the primary

insertion product 16. We assume this occurs because this temperature is
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sufficient to cause reversible reductive elimination and readdition, and thus
the thermodynamically most stable product (i.e., the primary product 16) is
formed. This is an extremely important result from a practical point- of
view, because it suggests that a combination of photolysis followed by
thermal equilibration will allow exclusive primary functionalization of
linear alkanes. éupporting evidence for the reductive elimination/readdition
mechanism has been obtained by heating the mixture of hydridopentyliridium
complexes with cyclobexane instead of n-pentane, as shown in Scheme 15.
Under thése conditions, the secondary products again disappear, but are
converted into the cyclohexylhydridoiridium complex instead of additional
pentylhydridoiridium complex.

Synthesis and Reactions QQ’LQQS:QSEESZIrﬁﬁL

As part of this research, we have also investigated the possibility of
replacing the phosphine ligand in 2 with additional hydride ligands, with the
hope of utilizing such molecules in C-K activating hydrogen exchange
processes. As shown in Scheme 16, one interesting material which has been
- prepared in the course of this work is (75-C5Me5)IrH4 (18),va rare example of
an iridium(V) complex; this material is obtained in good yield by hydride
reduction of the trihydridoiridium cation 17 prepared earlier by Maitlis and
coworkers(l2). X-ray quality crystals of this material have been obtained
and a structure completed. Decomposition problems in the X-ray beam
prevented us from obtaining data accurate enough to locate the hydrogen
atoms, but the relationship of the metal and CsMeg ring are shown in the
ORTEP drawing illustrated in Scheme 17. Scheme 16 summarizes some of the
chemistry of this complex. Perhaps most intriguing is that 18 undergoes
exchange with D, at 60°, but is converted back to 2 in the presence of PMe,
only at 100°. Thus the simplest mechanism for the exchange--reductive
elimination of H, to give (CsMes)IrHZ, followed by oxidative addition of D,

11
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- to thiS;iﬁtermediate--cannot be operating, and exchange must be proceeding by
'some other mechanism, whose nature we are currently attempting to elucidate.

Preliminarv Results on C-H 0x1dat1ve Addition sing Rhodium Comglexes

Recently we have prepared the rhodium complex 19 analogous to dihydride
Z,fand found that it, too, participates»in C-H,ox1dative’add1tion reactlous
(Scheme 18). Irradiation of 19'at room temperature leads only to an uniden-—
tified'olack euostance. However, 1rradiation at —50° produces new hydrides,‘
again by observation‘of their absorptlons in the high-field region of the»
low-temperature 1H NMR spectrum. Preliminary studies have 1nd1cated that thev__
_C-H insertion reactions of the proposed intermediate Cp' RhL (cp* = CgMeg; L =
PM?d) shown in Scheme»18 are successful(l3).' In all cases except benzene,d
warming the reaction solutions toe¥10°‘causee reductive eliminatiou of hydro-
carbou and deposition of‘tue black decomposition product. However, couver-
eion'of the uydridoalﬁvl‘complexes to thevcorresponding halides cauibe.i |
carried out at loy temperature, and these producte appear to be more staole
than tue hydrides. Research aimed at isolatiug and purifying these
materials,.and comparing the selectivitieS'of theirhodium and iridium‘
systeme, is currently under way.

Conclusions

In summary, we have uricovered an example of the intermolecular reaction
shown in Scheme 1, in whicu a soluble metal complex undergoes oxidative
addition into the C-H bonds of completely saturated hydrocarbons, leading to
hydridoalkylmetal complexes. Our most extensive work has been done with
iridium, but preliminary results indicate that the analogous rhodium
complexes undergo similar C-H insertions, although the products are
~considerably less stable. We have found it possible to comvert the insertion
products into organic halides, indicating that overall conversion of alkanes

into functionalized organic molecules is feasible. Selectivity studies have
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shown that the reactive iridium complex favors insertion into aromatic,
primary and small-ring C-H bonds.

This work has raised many intriguing questions about the nature of C-H
oxidative addition. First, we do not as yet understand why the systems
discussed here seem to favor intermolecular addition, whereas other metal
complexes either favor intramolecular cyclometallation, or do not react with
unactivated C~H bonds at all. We also do not.yet understand the physical
basis for the selectivities we have observed. Finally, our results raise
quéstions about the supposed requirement for a vefy electron-ricﬁ metal
center in order to induce C-H activation. We have found that replacing PMeg
with the more electron-withdrawing phosphine P(OMe)3 gives a system which
also effects oxidative addition. Independent work in Graham's laboratory,
illustrated in Scheme 19, demonstrates that even a CO ligand is not electron-
withdrawing enough to prevent C-H insertion(l4). We intend to seek answers -
to these questions in further research on this unique syétem.
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Scheme 8
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