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Introduction 

Despite the intense activity in the last 5 or 6 years toward the development of methods to 

functionalize unactivated C-H bonds in alkanes and other arganic molecules, few methods exist 

that are catalytic and show interesting seiectivities. 1-10 Several organometallic alkane activation 

systems display nonclassical carbon-hydrogen bond cteavage selectivities (primary C-H most 

reactive), but few of these systems are catalytic. The organometallic sysbzrns that are catalytic are 

inactivated rapidly by ligand degradation. 1 Superadds and other extremely electrophilic media can 

effect alkane oxidation with interesting selectivities.22 The oxygenation of alkanes by oxygen 

atom donors (e.g. peroxides, peracids, hypochlorite, iodosylarenes, amine N+xides, etc.) can be 

catalyzed by transition metal metallo~~hyrins, 4-S Schiff base or maaayclic complexes,6 

nitrate(triflate) salts,7 zeoliteencapsulated phthalocyanine and related complexes,@ and transition 

metal-substitute polyoxometalate UMSP) complexes. 9 The inherent kinetic C-H bond cleavage 

selectivities in all these systems are conventional (tertiary C-H most reactive). Furthermore, all 

but the TMSP catalysts, and p&ups the zeolite-encapsulated species are susceptible to inactivation 

either by oxidative degradation of the ligand or by pntcipitation of the transition metal active site 

as the metal oxide. Few if any methods for the deavage of amactivated carbon-hydrogen bonds 

demonstrate broad spectrum tolerance of other functional groups, present either in the same 

molecule or in other molecules in the reaction system. In other words, cleavage of unactivated 

carbon-hydrogen bonds in the presence of molecules that already contain functional groups, 

particularly those functional groups that activate proximal bonds, remains very difficult to 

achieve. We report here a sys&matic approach to this problem using polyoxometalates. 

PoIyoxometalates are a large class of inorganic cluster-like compounds composed only of 

certain do transition metal ions (e.g. V V, Nbv, Tav, MO”!, and WV*) and oxide ions and held 

together only by metal-oxygen bonds. 11 They are accessible in quantity and their redox, solubility, 

and other key properties can be systematically altered in a rational fashion. The thermodynamic 

resistance of polyoxometalates to oxidation and other features of this class of molecules attracted 

us in context with difficult organic transformations and other prm, induding the selective 

catalytic functionalization of alkenes and alkanes. 9.12-14 Figure 1 illustrates the structure of the 

most common and one of the most ~e~~~arnic~ly stable polyoxometalate structures, the 

heteropoly “Keggin” ion. 

Recently our research group developed photo&en&a1 methods for the homogeneous 

selective catalytic functional&&on of alkanes by polyoxometalates.13 The alkan derived products 

in these processes are alkenes, N-alkylacetamides and alkyl methyl ketones (equation 1). The 

oddation equivalents represented in these products are b&no4 well in most ca by the quantity 

of the reduction product, hydrogen gas, that is evolved. The product distributions generated in 

these reactions depend on the nature of the alkane substrate, the polyoxometalate cataIyst, and the 

presence or absence of a cocatalyst for the evolution of hydrogen, e.g. MO). Subsequent research 
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FIgwe 1. ‘RK atructwr d the a-F%V1~0~03~. one rcpreacntatk d a large clam d hekropaly cmpkua. 
fx(“*h4,~0,d(b@-. shaam tn potyhc&al no&Urn. 

led to establishment of many of the energetic and mechanisttc features of this catalytic 

photochemistry and systematic development of systems that produce alkenes and hydrogen gas 

catalytically and directly from alkanes with high se1ectivity.r These latter processes are 

endothermic by up to 35 kcallmol in the dark. 

pdyo*omcrlk catalyst 
RH + hv ) R-0-Q + RhJHCofcqI + 

alkane =HP aikene N-alkyiacetamide 
withorw+thoutr 
hydmgen evdution 
atalyrt kg. PtiOD RCOKH$ + Q (1) 

alkyl methyl ketone 

It was the highly unusual if not unprecedented relative substrate reactivities encountered in 

kinetics investigations of the homogeneous system constituted by a-HjPWrzO&alka.ne for other 

organic substrate)/a~~~~le solvent/light fX > 270 nm)r(a that led us to the present study. 

Cyclohexane and cyclooctane, the corresponding cyclic alcohols, and the products derived from the 

reaction in equation I, the cydoalkenes, ~~~~lkyla~~~d~, and cycloalkyl methyl ketones, ail 

display remarkably similar rates of reaction with respect to the excited state of a-H$‘Wr&o fall 

within a factor of 10 of each other) .tea In contrast, alkanes are su~fu~t~ffy less reactive toward 

strong bases, radicals, carbenes, and most other reactive species than these other classes of organic 

compounds. Alcohols are typically hundreds to millions of times more reactive than the 

corresponding alkanesrs The potential ability to modify unactivated hydrocarbon skeletons in the 

presence of functional group bearing moieties has compeiled us to conduct two types of kinetic 

experiments. The first type of kinetic experiment entails a comparison of the relative reactivities 

of alkanes and structurally related alcohols in separate reactions with the reactivities of these two 

types of compounds when present in the same reaction. The second type of kinetic experiment 

involves the attempted functionalization of unactivated hydrocarbon backbones in molecules that 

olrendy cent&n P ~ncfi~u~ group tlmhtrt in tht moltcrrk. The fact that, in previous work, it 

was shown that alkanes react at comparable rates to alcohols, or the organic products in equation 1, 

does not demand that these different substrates will react at similar rates when competing for the 

same population of polyoxotungstate excited states. These experiments addressed here are of 

central importance with regard to further establishment of the mechanism of polyoxometalate- 

catalyzed photochemical p’~~esses, and the ultimate use of su& processes in synthesis. 

Results and D&cn&on 

The reactions of an exemplary alkane, cycioockane, and an aempluy alcohol, 2-butanol with 
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respect to the excited states of both a-HQWtfl*o ud (n-&N)*Wt@32, hrve been examined 

under both absolute and competitive kinetics conditions. The principal products under the 

reaction conditions used here (large molar excess of alkane, L > 320 nm near-W light, a&of&rile 

solvent, 25oc), cydooctene and 2butanone, from cydooctane and 2-butanol, respectively, are 

produced with nearly quantitative selectivities. In other words, the reaction amditions are highly 

selective for the net dehydrogenation of the substrates, and eqs 2-5 (using the complex a- 

PWt20*$- for sake of illustration), summarize the chemistry.t* The reoxidation of the reduced 

polyoxotungstate, a-PWt@*&, eq 6 is often fable rendering the dehydrogenation prws catalytic 

in polyoxotungstate. For the kinetics and product studies reported here, however, conditions were 

a-PW,20a’ + hv - a-PW,,O~‘~ 

a-PW,20a** + RH - a-FW,20,c + R + w 

I 
a-*,2%l 

+R - a-PW,20aC + R-0 + H’ (4) 

net: hv 

2 a-PW,,O,” + RH - 2 a-PW120, c + R-0 + 2H+ (5) 

2 a-PW120,* + 2H+ - 2 a-PW,,Oro’ + %I (6) 

purposely chosen (no PtfO) or other hydrogen evolution catalyst present) under which the net 

processes were stoichiometric (eq 5). That is, eq 6, did not proceed to an appredabk degree over the 

lifetime of the kinetic measurements and effectively the rates of the rate-determiningt* substrate 

activation process, only, were examined. These experimental conditions facilitated monitoring 

the rate of production of both the reduced polyoxotungstate product, a-PWt204tt4- or protonated 

W1@326, for the reactions involving a-HsPWtfl& and (~-B~)4Wt~32, respectively, and the 

oxidized organic product, R_(H). In addition, experimental conditions weze found, principally 
through the use of appropriate reactant concentrations and cut-off filters, under which only the 

photochemistry dated with the polyoxometalates and not the organfc reactants or products 

was operable. 

Figure 2 illustrates the rates of production of a-PW t20*0**, using only cyclme, only 2- 

butanol, and a 5050 molar mixture of the two compounds (IS substrates. At early w&on times, 

(Pigure 2-B), the alkane reproducibly produces a-PWt$)4t3*- with a faster but similar rate rdative 

to 2-butanol, (initial rates = 0.09, 0.07, and 0.08 mM m-1 for 100% alkane substrate, 100% alahol 

substrate and the 5050 mixture, respectively). The relative rates of production of the organic 

products were monitored independently and agreed with the relative rates of production of the 

the a-PW t3O4o*- product. To the best of our knowledge, there is no other set of reaction 

conditions in the literature under which alkanes are oxidized more rapidly than primary or 

secondary alcohols. Oxidative titration of the reduced polyoxometalates with Cdv, K$Zre, and 

02 established that the increased quantity of the reduced dvomophore generated at later reaction 

times for the 2-butanol reaction relative to the cydooctane reaction, as is apparent in Figure 2-A, 

results from partial reduction of the one-electron reduced polyoxotungstate to the two-electron 

reduced complex. In other words, the initial polyoxotungstate reduction product, a-PWtflm*-, 

has a finite, albeit low, quantum yield for further redurtion in alcohol/acetonitrik solution, but a 

negligible quantum yield for further reduction in the alkane/acetoniMfe soWion. The initial 
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rates for photoreduction af W)&#- using only cyck?octane, only Z-butanol and a 5050 mixture of 

the two compounds as the sa&~tnttetX, are, respecthely, O.M, 0.06, and &OS mM s-t. The WI&#- 
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rlgure2. phat- production d a-PWt20404‘ by cycboaane f ~ 1.2.butanol t * 1. and a SO:50 molar 

mtxtun dc+oocUne and 2&Unoi ( l I ksn a+Wl20& tn wctantMe sohttan. Rapcttons axrmttaed nt 

~ofa-SVt204&[730zxn& l’betoppbtsWshowtbcuWettmeceuracdthe rca&ima:tbcbottanpbts 

fBl shuw tbc b&m&r at eariy ttmca ~a+W,2040~-~ = 3.3 uM and (oq@mJc subetxatef 10.48 M for cyckx&w 
orbutan0inacllcru and 0.24 M tn each m&&ate for the 1:l rcacUor~+ ; all nactkma run att P!PC. Mdtt&xutl 
co~gtvultn E+xlmcntal ecctlon. 

complex is reduced 51 times as rapidly as the a-PWlfl& complex in the Z-butanol/acetonitrile 

soh~tion, but onIy 13 times as rapidly as the latter complex in the cycl ooctane/acetonitrile fiotution. 

Ihe most valuable information derives from an examination of the product distributions in 

these reactions and a comparison of this data with the kinetics data in Figure 2. Table I 

summarizes the product d~~bu~o~ obtained from the reactions recorded in Figure 2. The 

product yields in excess of MO%, based on the quantity of reduced pdyoxotungstate generated, far 

some of the reactions in Table I result in part from the evolution of a small quantity of hydrogen 

gas from the reduced complex. It shoufd be pointed out that the product yields in Table I based on 

the reactant a-PW~@& are different by a factor of 2 from those reported, that is, those based on 

a-PW tfl&-, by virtue of the stoichiometry - 2 equivalents of the one-elettron reduction product, 

a-PWr204o~; are produced per 1 equivalent of the two-elechon oxidation product, alkene or 

ketone. The data in this table establish clearly that the relative quantities of the various products 

obtained under competitive conditions, (a I:1 mole ratio of both substrates present) are not directly 

proportional to the relative rates of oxidation of the two subs&ates separately. If the product 

distributions were proportional to the absolute rates, then, for the a-PW&3&- system, more 

cydooctene derived from cyclooctane oxidation relative to ketone derived from alrrthot oxidation 

would be produced in the competitive reactions. In fact, however, the ketone product is formed in 

preference to the alkene product. Given that other recent investigadonJ have established that the 

substrate is present in the rate dete~i~ng activated complex in both aikane and alcohol 
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ketone over ahme produd under competitive conditions involves a rapid preequilibrium 

ass&ation betwean the polyoxotungstate and the alcohol substrate, q 7, followed by slower 

substrate oxidation pm. For the alcohol reactions, substrate oxidation could derive from an 

association complex, eqs 8 and 9, or from a diffusive bimolecular encounter with the unaaso&ted 

excited state, q Il. Alkane is effectively oxidized solely by diffusive encounter with the 

polyoxometalate excitad state, q 12. Equations 7-12 have been written not to imply detailed 

mechanism, as much of this information has yet to be gleaned from experiment, but rather to 

represent overaIl balanad pocesses of general applicability in this chemistry. Although equations 

7-12 have been specificaIly written using a-PW120&- they pertain, in principal, to any 

polyoxometalate that is photochemically active with respea to these two substrates. The 

assodation numbers (mole ratio of polyoxometalate to alcohol substrate in the complex(es)), and 

Table I. Yields of Organic Oxidation Products from the Photochemical Oxidation of CycIooctanc 
and z-Butanonc by a-PW&& and Wl&#-.a 

polyoxotungtate organic Products Y&e&J, 
photocatalyst substrateb (% based on a-PW1fl&-) 

a-PWtzO& +OOCU~ cydooctene (85) 

a-PWlzO&- 2-butanol 2-butanone (113) 
a-PW&C)& 1:l cydoocte~ (22),2-butanone (105) 

WloQv~ c-Y_ cydooctene (5% dimer (39) 
w10%24- 2-butanol 2-butanone (107) 
WloQ324- I:1 c+mcteM (11),2-butanone (s7), dixner (5) 

a~fora-~l~&-ractlon: ka-PW1~&-l,, = 9.9 mM: br Wl@&- mmdkxm: wl&v.2’-b. 1.8 
ti:a~nrtlonsnmat~%. bl:l=equ~axnounts~tmth 
0.48MfWcydooc(anWbUtMd 

cydooapnc aml 2-butand; lorgank l batratel = 
msctkmsaml0.24Mtncnchsubtxatefcxthe 1:l nscuona 

association constants are not known quantitatively at this time for any system involving 

polyoxometalate solvation by alcohols. The effect of alcohol-polyoxometalate preassodation on 

polyoxometalate photochemistry has been specifically cited by Pox and c+workers.l7 We provide 

here kinetic evidence for the significance of such interactions. 

K 
I 

a-~12% + n (2-butanol) ; a-PW,20,‘(2-butanol~~ 

1 

1 + hv - 1. 

1. + a-PW,,O,’ - a-PW,100c(2-butanol)~_, + 

a-~12% 
3. 

a-PW,,Ows* + 

a-PW, 20co** + 

+ a-PW,20ac + 2-butanone + 2H+ 

+ hv - a-PW,20U)S* 

a-PW120aS + 2-butanol - 

2 a-PW,20y, c + 2-butanone + 2H+ 

3- a-PW,IO, + cydooauw - 

2 a-PW,20~c + cydoocbav + 2H+ 

(7) 

(8) 

(9) 

(IO) 

(11) 

(12) 
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The proximity of the alcohol suktrates to the polyoxometalatea can be facilitated by 

hydrogen-bonding, or, as we have demonstrated in several structurally charackrtzd mmplexes 
containing both photochemically active polyoxometalates and organic substrates, by weak but 

ekctronicaUy significant noncovalent intermolecular interactionsUJ4 

The next ti of exploratory experiments address the possibility of using the minimal 

differences in reactivity between unactivated hydrocarbon &&tons and functional pup bearing 

moiedes observed in the polyoxometalate photochemistry, to see whether the former could be 

functionalized in the presence of the latter r&kin the dpmc mokcule. For the initial experimenta, 

we chose 2-decalone as the substrate. This wornpound has a we&&fined functional group with a 

proximal region of enhanced reacttvity, principally the a<-H bonds, and several of its likely 

oxidation producta are readily obtained in high states of purity. 

The products resulting from the photochemical oxidation of a 82:18 molar mixture of cis- 

and Iruns-2-decalones by four different polyoxometalate systems are summarizd in Table Il. The 

products generated in these reactions vary dramatically with the polyoxometalate and the reaction 

conditions. Although gc and gc/ms analyses have confirmed the presence of the dimeric products, 

the particular isomers have not been unequivocally established at this time. The reactions in 

Table II were examined under conditions of low catalyst turnover to minimize production of 

compounds derived from subsequent reaction of the initial kinetic products (< 10% conversion for 

reactions 1, 2 or 4; c 70% conversion for reaction 3). The first reaction, that involving a- 

H3PWlfl40, produces no detectable isomeriution of the thermodynamically less stable cis- 

decalone starting material to the corresponding trans isomer, but does produce the olefinic 

Table II. FuruztionaUsation of 2-Decalor@ 

Products: 

D~~OJ+ 

rx B C 

A 
?$+z 

D 
Compkxb Product Yields, %C 

based on total organic products hlmovers d complex) 

A B C D others(dimers) 

a-WWzQo 0 zs(O.13) ll(O.05) 0 61(03) 
a-U3PWi2040 0 4NO.21) WO.11) 0 26(0.12) 
Q4w1@32 lOOU.7)d 0 0 0 0 
Q4Wd?d~A= 0 4CHO.6) WO.4) 0 3!30.5) 

ketones, B and C, (common name = octalones), and a mixture of dimers. In contrast, Q4W 1@32 in 

the absence of add produces no octalones and does isomerizo the cis-decalone starting material to 

the trans isomer with very high selectivity. The third reaction, (Q4Wl@j2 / no acid) produces 

only the isomerized starting material. The selectivity drops from 100% to 63% after several 
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turnovers of the Wt@3#- in this system, yet under these conditions, still no octalones are 

detectable. (It should be pointed out that the only produck other than the trots-2decalone in the 

latter reaction M thoue derived from photochemical degradation of the tetra-n-butyl ammonium 

counterion. The selectfvity after many turnovers with respect to produck derived only from the 

decalone remains very high). Independent experiments with authentic octalones indicated that 

catalytic amounts of toluene sulfonic add, H-4, or the addic complex, a-rigwtfla itself, in the 

dark, produced the same thermodynamic distribution of octalones B and C (85:15 on a molar basis) 

and that rapid acid-catalyted equilibration would disguise any kinetic behavior producing unusual 

or thermodynamically unstable products in the reaction involving a-H3PWtfla. Interestingly, 

the acids that equilibrated B and C did not equilibrate all three octalones, B, C and D. A kinetic 

barrier for converting either B or C into D exists under the acidic conditions sufficient to 

equilibrate B and C. Experimental conditions were sought under which production of the 

thermodynamically less stable -lone C, a product resulting from functionalization of C-H bonds 

remote from the ketone group, was enhanced over production of the more stable conjugated 

isomer, B. The conditions in both the second and fourth reactions in Table II did produce a 

nonequilibrium mixture of octalones enriched in the remote product, C. The effect of 

trifluoroacetic acid was noteworthy. The rate of isomerization of the octalones by this acid was 

slow compared to the rate of photochemical functionaliution and the presence of this acid 

dramatically altered the produck produced by the W&&b system. 

These preliminary results indicate that under appropriate conditions, functionalization of 

unactivated moieties by polyoxometalate excited states can be observed in molecules bearing 

functional groups. This txsearch area warrants in-depth investigation to establish the origins of 

such nonclassical reactivities and the mechanisms of the highly complex processes involved in 

modification of organic species by polyoxometalates. 

Experimental 
t&t&Ii& 

The acetonitrile was Burdick and Jackson glass distilled grade and stored over tA molecular 
sieves. The complexes, a-H3PWt20ro,25 (n-BurN)rW 10O32,~6 a-Li3PW t2040,2~ and the 2- 
octal0nes.a were all prepared and purified by literature methods. 

All pnxpdunrs were carried out under inert atmosphere, except some of the product analyses. 
In the latter cases control experiments established that there was no effect of the analysis 
procedures on the product distributions. The kinetic studies were conducted using quartz cuvette 
reaction vessels equipped with teflon stopcocks and standard-taper fittings. These vessels 
facilitated manipulation on dual manifold vacuum lines, monitoring of the photochemical 
reactions by UV-visible spectroscopy via a Hewlett-Packard (HP) multidide array 8451A 
instrument, and ready sampling d the liquid and gas phases inside the vessel. The photochemical 
reaction apparatus used for both the kinetics and product studies was an Orid looO_W Xe lamp 
assembly equipped with infrared and various cut-off filters interfaced with a thermostated cell 
holder. The samples were stirred magnetically during irradiation. Product analyses were 
conducted by gas chromatography and gas chromatography/mass spectrometrv. The UC analyses 
were performed using HP 5890 gas chromatographs equipped with 5% phenyl methyl silicone 
fused silica capilluy columns and interfaced with HP 339OA ekctmnic integrators. The gc/ms 
analyses were done both in house on a VG 70s instrument and out of house by Wan Industries, 
Atlanta, GA. The identity of the octalone products were established not only by gc and gclms 
anafysis but also by comparison with independently synthesized authentic octalones. 

For all reactions, conditions were established using the appropriate concentrations of alkane, 
alcohol or ketone substrates and polyoxometalate catalysk such that >99% of the light in all cases 
was being absorbed by the polyoxometalate chromophore and not by the chromophores of the 
organic reactants or produck. 

Acknaulcdgtmcntr We thank the US. Army Research Office fDAAL0347-0131), and ARC0 
Chemical Company for support. Grants from the National sdenco Foundation were used in part 
topurchasethe2OOand36OMHZspectro~. 
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