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Abstract: Hydrogen peroxide and a trace of either ethene or propene initiated the conversion of ethane to propionic
acid and its mixed anhydride (GBH,COH + CH3CH,COOCOCK) and trifluoromethyl ethyl ketone, G&H,-

COCH;, by trifluoroacetic anhydride at 8. For a fixed amount of bD,, the amount of products formed increased

with increasing amount of trifluoroacetic anhydride employed and was always higher than the amouy@, of H
added. These products were also obtained wh#dy Mias replaced by other radical initiatorst+chloroperbenzoic

acid, azobisisobutyronitrile, and PhEtWith PbEt, ethene or propene was not required for product formation and
close to 500 equiv of products was formed for every equivalent of RisEployed! Longer chain perfluorocarboxylic

acid anhydrides reacted analogously; however, as thgréup increased in length, a corresponding increase in
mixed anhydride to ketone selectivity was observed. Methane gave very little product under the reaction conditions
whereas propane underwent simple stoichiometric oxidation to 2-propanol and acetoa®:byTHe addition of
(CRCO;),Pd to the ethane reaction resulted in simple oxidation to ethanol and acetaldehyde in amounts lower than
that corresponding to the B, present. In complete contrast to the ethane reaction, the yield of products from
methane increased significantly (although less than @ Edded) upon the addition of (E0,),Pd, with methanol

being the principal product.

The selective oxidative functionalization of primary-& perfluorocarboxylic acid anhydrides. Hitherto, the generation
bonds of alkanes in solution under mild conditions continues of perfluoroalkyl radicals generally necessitated the use of either
to be a challenging problefn. Herein we report the very ultraviolet light or high temperatures@50°C).2 The current
surprising radical-initiated conversion of ethane to, principally, system operates at 8€ and requires only a source of alkyl
propionic acid by perfluorocarboxylic acid anhydrides. An radicals and a perfluorocarboxylic acid anhydride.
interesting feature of the reaction is that because of the nature
of the steps involved, much higher conversion was observed Results and Discussion
for ethane than propane despite the presence of weaker
secondary €H bonds in the latter. Itis also worth notingthat ~ In a typical reaction (reaction 1), 0.2 mL of 30% (w/w)
while several groups have reported the metal-mediated func-aqueous BO; (1.8 mmol of HO,) was dissolved in 3.0 mL
tionalization of alkanes in trifluoroacetic acid and/or trifluoro- (21.2 mmol) of (CECO)XO (note that excess (GEO):O
acetic anhydrid& the ability of the solvent system to act as an remained after mixing). The mixture was then exposed to
oxidant for alkanes has never been suspected. 500 psi of GHs containing 1600 ppm of ethene and 500 psi

A second aspect of this system which merits comment is the Of N2, and heated at 7330 °C for 1 d. At the end of this
ease with which the perfluoroalkyl radical was formed from Period, the products identified byd- and*3C-NMR spectros-
copy (and confirmed by GC/MS and/or by comparison with
® Abstract published irAdvance ACS Abstractddarch 1, 1997. authentic samples) were propionic acid and the mixed anhydride,

(1) General reviews on the problem of-@l activation and functional- .
ization in solution: Olah, G. A.; Molma A. Hydrocarbon Chemistry CHCH,COH + CHCH,COOCOCE, 1 (1.85 mmol); the

Wiley: New York, 1995. (b) Crabtree, R. KChem. Re. 1995 95, 987. mixed ketone trifluoromethyl ethyl ketone, GEH,COCF;, 2
(c) Crabtree, R. HChem. Re. 1985 85, 245. (d) Arndtsen, B. A.; Bergman,  (0.68 mmol); ethanol and its derivativeizOH + CoHsO2-

R. G.; Mobley, T. A.; Peterson, T. HAcc. Chem. Re4.995 28, 154. (e) . ; ot
Labinger, J. A.Fuel Process. Technoll995 42, 325. (f) Selectie CCF; (0.06 mmol); acetaldehyde and its derivative, -CHO

Hydrocarbon Oxidation and FunctionalizatipPavies, J. A., Watson, P. T CH3CH(O:CCR), (0.09 mmol); and acetic acid and its
L., Greenberg, A., Liebman, J. F., Eds.; VCH: New York, 1990. (g) derivative, CHCO,H + CH;COOCOCK (0.31 mmol). GC/

Activation and Functionalization of Alkangtlill, C. L., Ed.; Wiley: New MS of the solution revealed the additional presence of-CF
York, 1989. (h) Shilov, A. EActivation of Saturated Hydrocarbons by
Transition Metal Complexe®. Reidel: Dordrecht, The Netherlands, 1984. CO,LCHs and CRH. CRH and a small amount of GOwere

(2) (a) Sen, A.Platinum Metals Re 1991, 35, 126. (b) Kao, L.-C.; found in the gas phase. Most noteworthy is that the total amount
Hutson, A. C.; Sen, AJ. Am. Chem. S0d.991, 113 700. (c) Kao, L.-C.; of ethane functionalized significantigxceededhe H0O, and

Sen, A.New J. Chem199], 15, 575. (d) Vargaftik, M. N.; Stolarov, I. P.; i i e ;
Moiseev, I. 1.J. Chem. Soc.. Chem. Comma890 1049, () Nakata, K - alkene originally present. Additionally, with treameamount

Yamaoka, Y.; Miyata, T.; Taniguchi, Y.; Takaki, K.; Y. Fujiwara, ¥. of added HO,, the amounts ofl and 2 (but not the simple
Organomet. Chenl994 473 329. (f) Nakata, K.; Miyata, T.; Jintoku, T.;
A. Kitani, A.; Taniguchi, Y.; Takaki, K.; Fujiwara, YBull. Chem. Soc. (3) General reviews on fluoroalkyl radicals: Dolbier, W.Ghem. Re.

Jpn.1993 66, 3755. (g) Yamanaka, |.; Soma, M.; Otsuka,®hem. Lett. 1996 96, 1557. (b) Stefani, A. P.; Szwarc, M. Am. Chem. S0d961, 83,
1996 565. (h) Nomura, K.; Uemura, S. Chem. Soc., Chem. Commun.  4732. (c) Flannery, J. B.; Janz, GJJAm. Chem. Sod966 88, 5097. (d)
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Figure 1. Sum of the amounts of G&H,CO,H + derivative,1, and
CH3;CH,COCEF,;, 2, formed as a function of the amount of (£FO)%0
present in the reaction mixture. Reaction conditiongO4{1.8 mmol);
(CRCO),0; CHs containing 1600 ppm of {4, 500 psi; N, 500 psi;
80°C, 1d.
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Figure 2. H-NMR spectrum obtained after the following reaction
conditions: 0.2 mL of 30% (w/w) aqueous®b; 24 mL of (CRCO)0;
C;He containing 1600 ppm of 4, 100 psi, N, 900 psi; 80°C, 1d.

oxidation products) formethcreasedwith increasingamount
of (CRCO),0 (Figure 1)! For example, when 10.0 mL (70.7
mmol) of (CRCO)0 was used in reaction 1, 8.06 mmol of
CH3CH,COOCOCE, 1, and 2.45 mmol of CECH,COCEF;, 2,
were formed. Figure 2 shows an NMR spectrum obtained with
an even higher amount of (§EO)0 (24 mL, 169.7 mmol).
Significantly, in the absence of ethene (using 99.997#n
reaction 1)only simple oxidation products were formed: ethanol
and ethyl trifluoroactetate, £sOH + C,Hs0,CCFR; (0.35
mmol); acetaldehyde and its derivative, §HHO + CH3;CH-
(O,CCHR), (1.26 mmol); and acetic acid and its mixed anhy-
dride, CHCO,H + CH;COOCOCHK (0.28 mmol). The addition
of propene (0.08 mmol) to reaction 1 along with 99.997%1§
again formedL (2.48 mmol) and® (1.56 mmol). Interestingly,
the product composition varied significantly with even small
changes in propene concentration (Figure 3).

The productsl and 2 were not formed in the presence of
molecules capable of trapping alkyl radicalThus, when either
O7 (100 psi) or b (0.1 mmol) was added to reaction 1, only

simple oxidation products of ethane, such as alcohol and

aldehyde, were formed in yieldswer than that corresponding
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Figure 3. Amount of products formed versus amount of propene added.
Reaction conditions: propene, 30%®4 (0.2 mL, 1.8 mmol); (Ck
CO)O (5 mL, 35.3 mmol); GHe, 500 psi; N, 500 psi; 80°C, 1 d.
Key: CHsCH,CO;H and derivative, [{1); CH;CH,COCF;, (2); CHs-
CH,OH and derivative,®); CHsCHO and CHCH(O,CCF), (+).

to the HO, present (@ C;Hs0,CCR; + C;HsOH (0.25 mmol),
CH3CH(O,CCFg); + CH3CHO (0.56 mmol); §: C;Hs0,CCR;
+ C2H5OH + C2H5| (0.70 mmol), CHCH(QCCE@)z + CH3-
CHO (0.23 mmol)).

Several other features of the reaction merit comment. First,
the reaction was quite rapid. For example, while the reactions
were routinely run for 1 d, running reaction 1 for only 1 h
resulted in yields that were approximately half of that obtained
normally. Second, the produdsand?2, wereonly formed when
(CRCOXO was present; the addition of,8, in amounts
sufficient to convert all the (GJEO)0 to the acid resulted in
the formation of only simple oxidation products of ethane,
principally CHsCO,H, in yieldslower than that corresponding
to the HO, present (Figure 4). Third, in order to establish the
origin of the carbonyl group in products and 2, reaction 1
was rerun in the presence BCO (100 psi). Two interesting
observations were made: very little ®fvas formed and3CO
was incorporated in only25% of the propionic acid derivative
1 formed (total yield, 1.12 mmol). Whilé3CO is certainly
capable of trapping an ethyl radical (cf. the rate constant in water
for trapping of methyl radicdl:2 x 10f L mol~1s 1 at 25°C),
its concentration in the reaction mixture was much lower than
that of the solvent (C#£0)0. Therefore, it is not suprising
that only 25% of the product i$°C-labeled. Finally, in the
absence of ethane, propionic acid itself was efficiently decar-
boxylated to an ethanol derivative. For example, when reaction
1 was rerun with 1.34 mmol of GJ&€H,CO,H replacing ethane,
1.09 mmol of GHs0,CCR; + Co,HsOH was formed in 24 h.
The addition of 500 psi of CO to the reaction mixture had no
effect on the rate of decarboxylation.

The productsl and 2 were also formed when 4, was
replaced with other radical initiatorsn-chloroperbenzoic acid

(4) (a) Trapping of alkyl radicals with halogens: Poutsma, M. LFtae
Radicals Kochi, J. K., Ed.; Wliey: New York, 1973; Vol. I, p 159. (b)
Trapping of alkyl radicals with dioxygen: Howard, J. A.finee Radicals
Kochi, J. K., Ed.; Wliey: New York, 1973; Vol. Il, p 3.

(5) Uncatalyzed alkane oxidation by,®&, in CRCO;H: (a) Deno, N.

C.; Jedziniak, E. J.; Messer, L. A.; Meyer, M. D.; Stroud, S. G.; Tomezsko,
E. S.Tetreahedronl977 33, 2503. (b) Hamilton, G. A.; Giacin, J. R;
Hellman, T. M.; Snook, M. E.; Weller, J. WAnn. N.Y. Acad. Scil973

(6) Bakac, A.; Espenson, J. H. Chem. Soc., Chem. Commu991],
1497.
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Figure 4. Amount of products formed versus amount g4 added. Fi 5 A f orod ¢ d f . fth f
Reaction conditions: D, (CF:CO)O (3 mL, 21.2 mmol); GHs (':guéeo 5 mount o phro ucts formed as aR“”C“_O” oft de__amo_““LE
containing 1600 ppm of s, 500 psi: N, 500 psi; 80°C, 1 d. Key: (CRCO)0 present in the reaction mixture. Reaction conditions: PbEt

CH:CH,CO,H and derivative,Tl); CHCH,COCR, (A); CHiCOH and gl /‘}L-' 0.005 mHmO')? ffECdod)zQ? CoHs, 500 ‘;Si; E—" 500 psi; 8_0°CH 1
derivative, ). The arrow represents the point where the amount of c Oey. Cl(;b(é bCOH an ] Cenvgt'vg’m)’dCCS% 2C0é3§, (4); CHs-
aqueous kKD, added becomes sufficient to convert all the anhydride H:0H and derivative,@); CH,CHO and CHCH(O.CCF)2 (+).

to the acid. Scheme 1

Table 1. Product Distributions Obtained Using Various Initiators Initiation:
(+ Ethene€)

amt amtofl amtof2 amtof EtQCCR; Re + CHiCH, RH + CH;CHype

initiator (mmol)  (mmol) (mmol) (mmol)

H,0,° 1.80 1.85 0.68 0.33

mCPBA  1.80 0.76 0.56 0.01 o
AIBNP 0.29 0.32 0.12 0.32 dl
PbEE 0.005 151 0.80 0.15 CF—=C

aReaction conditions: 500 psi of,Be; 500 psi of N; 3 mL of CH;3CH, 0
(CRCO)0; initiator; 90°C, 1 d.? 1600 ppm of GH, was present in /
the GHs employed.

Propagation:

(mCPBA), azobisisobutyronitrile (AIBN), and PhETable 1).
With PbE#, an alkene (ethene or propene) weasrequired for P""V Yi‘h B
product formation, and as Table 1 indicatelsse to 500 equs
of products were formed fowery equialent of PbEt employed! 0 ) 0 Y
Furthermore, as with the 4@,/alkene-initiated reaction, for a CF3£C o _‘*)
fixed amount of added PbEtthe amounts ol and2 (but not N \ 3 /C
the simple oxidation products) formed increased with increasing ~ CHsCH; /0 CH;CH (70
amounts of (CECO)O (Figure 5). CF;—C CF3_C/
Besides ethane, other alkanes were briefly investigated. ” H
Under typical reaction conditions (cf. reaction 1), methane (1000 0
psi, no N) was converted to C¥D,CCF; + CH3OH in quite
low yields (0.16 mmol) after 18 h. Propane (150 psi550
psi Np) was converted to (CH,CHO,CCF; + (CH3),CHOH
(2.32 mmol) and CHCOCH; (0.39 mmol) in 1 d; i.e., the

. : oo L CH;CH,COOCOCF;, 1 + CFye .
reaction was a simple stoichiometric oxidation by th®ki(1.8 T } : CH:CH,COCFs, 2 + CFsCO,
mmol used). |

A working mechanism that is consistent with these observa- CFy + CO,

tions is shown in Scheme 1. A primary alkyl radical is formed

either directly (e.g., from PbRt or by the addition of the CF3+ + CH;CH;—— CF3H + CH;CHp» (AR = -5 keal/mol at 298K)
initiating radical (e.g., HQ to an alkene. This radical then

abstracts a hydrogen from ethane to generate thi*Cadical than with 1-hexer®. The alkoxy radical formed undergoes
which in turn attacks (CJ£0)0 at the carbonyl carbon to form  the well-knowns-bond cleavage reactihlf the ;C—C bond

an alkoxy radical. The attack by thelds* radical occurs at is cleaved, the product 5(path A). On the other hand, if the
the most electron deficient site because of the alkyl radical’'s C—O bond is broken? is produced (path B). Both pathways
nucleophilic naturé,(for example, kinetic studies have shown produce the Cg radical: path A directly, path B by formation
that cyclohexyl radicals react 8500 times faster with acrolein and subsequent decarboxylation of the;C®,* radical. The
CFs radical then continues the chain reaction by abstracting a

(7) Motherwell, W. B.; Crich, D.Free Radical Chain Reactions in
Organic SynthesjsAcademic Press: London, 1992; p 4. (8) Giese, B.; Kretzschmar, @hem. Ber1983 116, 3267.
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Figure 6. Amount of products formed versus amout of ethene added.
Reaction conditions: ethene; AIBN (10 mg, 0.07 mmol); {€6),0
(5 mL, 35.3 mmol); GHg containing 1600 ppm of £14, 500 psi; N,
500 psi; 80°C, 1 d. Key: CHCH,CO,H and derivative, [{); CHs-
CH.COCKF;, (»); CHsCH,OH and derivative,®); CHsCHO and CH-
CH(O.CCR); (+).

hydrogen from GHg, forming the GHs* radical and CEH. The
direct initiation of the chain reaction by @Fmay also occur
following reaction of the radical derived from the initiatot (
alkene) with (CECO)0.

The mechanism shown in Scheme 1 encompasses several ke!
observations. First, the alkene’s purpose was to generate a

reactive primary alkyl radical. While addition to propene to
form a secondary radical is favored thermodynamically, Ham-
mond?® has shown by ESR that both primary and secondary
radicals are produced from the addition of H®propene. Only
primary alkyl radicals are sufficiently reactive to attack ethane
and/or (CECO)0. This reasoning also explains why an alkene
was not required when Phbfgvas employed since it decomposes
directly to a primary alkyl radical. Second, the carbonyl group
wasdirectly transferred from (CFEO)O0 to the GHs® radical,

and free CO was not involved in a significant way. Third,
secondary alkyl radicals, while formed more easily (e.g., from
propane), were too stable to participate in the chain reaction
and underwent simple stoichiometric oxidation byad4d On

the other hand, the €€H bond of methane was too strong to
undergo significant hydrogen atom abstraction (the reaction of
CFs* radical with CH, is, at best, thermoneutral) although €H

if formed, can in principle take part in the chain reaction.

An examination of the effect of ethene on the AIBN-initiated
conversion of ethane by trifluoroacetic anhydride showed that,
as with HO,/propene (see Figure 3), the product concentration
depended on the ethene concentration (Figure 6). The ethen
concentration was determined for a solution of trifluoroacetic
anhydride saturated with ethene, and aliquots of this solution

were added to produce varying concentrations of ethene in the

reaction mixture. Figures 3 and 6 are consistent with the
hypothesis that the initiator and alkene were reacting to form
an initiating species. Too much alkene would compete with
ethane, with the products being derived preferentially from the
former.

We have examined other carboxylic acid anhydrides for
similar reactivity (Table 2). Acetic anhydride and trichloroacetic

(9) Review: Kochi, J. K. InFree Radicals Kochi, J. K., Ed.; Wiley:
New York, 1973; Vol. Il, p 665.

(10) Hefter, H. J.; Hecht, T. A.; Hammond, G. & Am. Chem. Soc.
1972 94, 2793.

J. Am. Chem. Soc., Vol. 119, No. 11, 12845

Table 2. Effect of the Carboxylic Acid Anhydride Employed on
Product Distributiof

amt of amtof amtof  amtof
EtC(O)OCOR EtCOR CH;CHO RiCO:Et
anhydride (mmol) (mmol) (mmol) (mmol)
(CRCO)0 1.15 0.69 0.13 0.16
(CRCRCO)0 2.97 0.22 0.31 0.33
(CRCRCRCO0)0 3.59 - 0.13 0.24
(CClCO)0 - - - -
(CHsCO)0 - - - -

@ Reaction conditions: PbEt0.005 mmol; anhydride, 5 mL;Els
(99.997%), 600 psi; b 400 psi; 86-90 °C, 1 d.

anhydride failed to react. However, longer chain perfluorocar-
boxylic acid anhydrides did react to form @EH,COOCOR

and CHCH,COR: (R = CFs, CRCF;, and CRCF,CF3). Ina
typical reaction, luL of PbEt; (0.005 mmol) was dissolved in
3.0 mL (15.2 mmol) of (CECR,CO)%0. The mixture was then
exposed to 500 psi of 99.997%K and 500 psi of M and
heated at 7580 °C for 1 d. The products, as detected I
NMR spectroscopy, included propionic acid and the mixed
anhydride, CHCH,CO,H + CH3;CH,COOCOCKCF; (2.97
mmol); the mixed ketone trifluoromethyl ethyl ketone, £€H
CH,COCRCF; (0.22 mmol); ethanol and its derivative -

OH + CHs50,CCRCF; (0.33 mmol); acetaldehyde and its
derivative, CHCHO + CH3;CH(O,CCF,CF;), (0.31 mmol); and
pentafluoroethane, HGEF; (0.10 mmol). As the Rgroup
increased in length, a corresponding increase in mixed anhydride
to ketone selectivity was observed. This change in selectivity
resumably arose from the weakening of the ®0 bond with
creasing length of thesRgroup. While the corresponding bond
strengths have not been determined for the anhydrides in
guestion, the general trend can be seen from perfluoroalkyl
iodides: Ck—I, 53.2+ 1.0 kcal/mol; CRCF—1, 51.24+ 1.0
kcal/mol; CRCRCR—I, 49.8 + 1.0 kcal/mol*? Thus, with

the progressive weakening of the-RCO bond, path A in
Scheme 1 became more favored, leading to an increase in the
mixed anhydride to ketone ratio in the product mixture.

Our observations make it critically important to reassess the
reported metal-mediated alkane functionalizations in trifluoro-
acetic acid and/or trifluoroacetic anhydritieThe addition of
certain metal species appears to have a profound influence on
the reactions described above. Thus, the addition of eits@s B
(0.5 mmol), a presumed radical tr&r more importantly (Ck
CO,)2Pd (0.1 mmol) to reaction 1 with ethane resulted in the
suppression of the producisand 2; mostly simple oxidation
products of ethane, such as alcohol and aldehyde, were formed
in yields lower than that corresponding to the,®, present
(B20s: C;Hs0,CCR; + C,HsOH (0.61 mmol), CHCH(O»-
CCFs), + CH3CHO (0.16 mmol) plus unidentified products;
(CRCOy)2Pd: GH50,CCFR; + CoHsOH (0.27 mmol); CHCH-

0O,CCR;); + CH3CHO (0.26 mmol); CHCOOCOCK + CHs-

O,H (0.10 mmol). Therefore, for ethane the addition of the
metal species resulted in a significaleicreasen product yields;
presumably, they interrupted the radical-chain reaction pathway.

In complete contrast to the ethane reactidghe yield of
products from methaniacreasedsignificantly upon the addition
of an appropriate Pd(ll) salt. Thus, confirming our earlier
report22bwhen methane (1000 psi, ng)Nvas allowed to react
under typical reaction conditions for 18 h (cf. reaction 1) in the
presence of (C§£0,),Pd (0.1 mmol), the products formed were
CH30,CCF; + CH30H (0.40 mmol) and CECOOCOCE +

(11)Handbook of Chemistry and Physio8lst ed.; Chemical CRC
Press: Boca Raton, FL, 1980; p F-243.

(12) Effect of added BOs on free radical oxidation of alkanes: Sheldon,
R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Organic Compounds
Academic: New York, 1981; p 343.
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Table 3. Table of'H- and13C-NMR Data for Selected Reaction Products.

compound 1H NMR? (ppm) 13C NMR® (ppm)
CRCO,COCH,CH; 1.22 (3H, t,J = 7.45 Hz), 7.5(s), 29.1 (s), 114.5 (4,= 284.0 Hz),
2.62 (2H, qJ = 7.45 Hz) 151.1 (qJ = 47.8 Hz), 169.2 (s)
CFR:COCHCH; 1.13 (3H, t,J = 7.03 Hz), 5.9 (s), 30.7 (s), 115.0 (d,= 284.6 Hz),
2.72 (2H, gJ = 7.03 Hz) 154.4 (q,J = 45.5 Hz)
CRsCO,CH,CHs 1.36 (3H, tJ = 7.16 Hz), 13.2(s), 66.2 (s)
4.38 (2H, )= 7.16 Hz)
(CRCO;,),CHCH; 1.72 (3H, dJ=5.47 Hz), 18.3 (s), 93.0(s)
7.05 (1 H, qJ=5.47 Hz)
CR:H 6.42 (1H, qJ = 79.32 Hz)
CRCRH 5.80 (1H, tg,J = 52.31, 2.55 Hz)
CRCRCRH 5.92 (1H, tt,J = 51.94, 4.57 Hz)

aReferenced to ethane at 0.8 pphiReferenced to an external capillary tube containing.lof DMSO in 60 uL of D,0.

CH3COzH (0.12 mmol); i.e., the yield wa3 timesthat obtained in a glass liner inside a 125 mL Parr bomb, which was subsequently
in the absence of the Pd(ll) salt. Enhanced yield of products pressurized with 500 psi of s containing 1600 ppm of £, and
was not obtained when (GEQ,).Pd was replaced by#®s (0.5 SOQ psi of N, and h_eateq _at 780 °C for 1 d. At the end of this
mmol). Itis evident from the data that the Pd(Il) ion catalyzes Period; the products identified Byi- and™*C-NMR spectroscopy (and

o - . confirmed by GC/MS and/or by comparison with authentic samples)
gl?ji?f)ggear:lto(réref crt]:g:)hhaill?g ?ﬁﬁi:ﬂﬁg%gowem system through were propionic acid and the mixed anhydride, {CH,CO,H + CHs;-

- o . CH,COOCOCE, 1 (1.85 mmol); the mixed ketone trifluoromethyl ethyl
In conclusion, our l_resqlts clgarly indicate that studies of metal- ketone, CHCH,COCF, 2 (0.68 mmol): ethanol and its derivativesG-
catalyzed alkane oxidations in such solvent systems should bepgy + ¢,H,0,CCF; (0.06 mmol); acetaldehyde and its derivative ££H
approached with caution (preliminary investigations have CHO + CH,CH(O.CCR;), (0.09 mmol); and acetic acid and its
revealed a broadly similar pattern in the30; + H,SOy derivative, CHCO,H + CH3;COOCOCE (0.31 mmol). A GC/MS of
solvent system}? The solvent cannot be assumed to be an the solution revealed the additional presence ofGI%;CF; and CEH.
innocent spectator in all cases. Furthermore, as the reaction ofCFRH and a small amount of CQwere found in the gas phase.
methane (no involvement of (GEO),O) versus ethane (oxida- Reaction in Pentafluoropropionic Anhydride. The general pro-
tion by (CRCO)0) versus propane (no involvement of (¢F  cedure was followed replacing 30%®; with PbEf (1 4L, 0.005
CO)0) illustrates, the participation of the solvent in the reaction Mmmol), (CECO)0 with (CRCRCO)O (3 mL, 15.2 mmol), and &s

doesnotfollow simple trends, e.g., substrate-8 bond energy. ~ containing 1600 ppm of &1, with pure GHg (99.997%). The products
identified by*H- and*3C-NMR spectroscopy at the end of 17 h were

Experimental Section propionic acid and the mixed anh_ydride, EHH,COH + CH3CH-
. . . . COOCOCKCF; (2.97 mmol); the mixed ketone pentafluoroethyl ethyl

Materials and Equipment. The following chemicals were used  ketone, CHCH,COCRCF; (0.22 mmol); ethanol and its derivative,
as received: tetraethyllead, perfluorocarboxylic acid anhydrides, 30% C,HsOH + C,HsO,CCRCF; (0.33 mmol); acetaldehyde and its
(w/w) hydrogen peroxide, azobisisobutyronitrile, peracetic anid, derivative, CHCHO + CHz;CH(O,CCR,CFs), (0.31 mmol); acetic acid
chloroperbenzoic acid, iodine, propionic acid, and boric oxide (Aldrich); and its derivative, ClCO,H + CH;COOCOCEKCF; (0.31 mmol); and
methane, ethane, propane, ethene, propene, carbon monoxide, oxygementafluoroethane, GERH (0.1 mmol) fH NMR: 5.80 ppm (1 H,
and nitrogen (Matheson); and deuterium oxide, af¥C]Earbon tq, J = 52.31, 2.55 Hz)].

_monoxide (Isotech, Inc.). Reactions under pressure were carried out  Reaction in Heptafluorobutyric Anhydride. The general proce-
in Parr general purpose bombs using glass liners. Reaction productsy,re was followed replacing 30%:;, with PbE (1 xL, 0.005 mmol),
were identified by theitH- and3C-NMR spectra recorded on a Bruker (CRCO)0 with (CRCRCFR.COY0 (3 mL, 12.18 mmol), and s
AM 300 FT-NMR spectrometer using solver_lt resonance at gppropriate containing 1600 ppm of 1, with pure GHs (99.997%). The products
frequt_en_cy or an extern_al standard consisting of a capillary tube janiified byH- and3C-NMR spectroscopy at the end of 16 h were
contammg JﬂL of DMSO in GO/JL of D,O for lock and reference and propionic acid and the mixed anhydride, GHH,COH + CH;CH,-

as an integration _stand_ard. THe- and 13C_:-NI\/_IR data for selected COOCOCKCF,CF; (3.59 mmol); ethanol and its derivative:0H
compounds are given in Table 3. The identity of the products was C2Hs0,CCRCRCF; (0.24 mmol); acetaldehyde and its derivative,
further confirmed by GC/MS and/or by comparison with authentic CH:sCHO + CHyCH(O,CCRCR.CF), (0.31 mmol): acetic acid and
samples. , _ _ __ its derivative, CHCO;H + CH;COOCOCRKCR.CF; (0.02 mmol); and

CAUTION: Appropriate precautions should be taken while working heptafluoropropane, GERCFH (1.13 mmol) fH NMR: 5.92 ppm
with gases under high pressureParticular attention should be paid (LH, tt,J=51.94 ;1_57 HZ)].
to flammability limits of gas mixtures. o '

General Procedures. To 3.0 mL (21.2 mmol) of (CECO)0 was . .
added 0.2 mL of 30% (wiw) aqueous® (1.8 mmol of HO,) (note Acknowledgme_nt. This research was fundgq by the Natlongl
that excess (GEO),0 remained after mixing). The mixture was placed ~Science Foundation. We also thank Dr. Philip Hogan (Lewis
University) for his insightful comments.
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