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Abstract

Cyclopentane, cyclohexane, pentane, and hexane are carbonylated in single-pot processes and under mild conditions to carboxylic acids (hi
yields of 54-33% and turnover numbers [TONs] of 76-50) by vanadium (IV) and (V) complexes in TFA. These complexesNar@seont
0, 0-ligands, namely basic forms of aminoalcohols and of (hydroxyimino)dicarboxylic acids, trifluoroacetate, or triflate. The effects of variou
parameters (e.g., catalyst type, oxidizing agent, CO pressure, temperature, reaction time, type of solvent) were investigated. The use of €
too low or too high CO pressures is discouraged, because the former promote the formation of trifluoroacetate esters and the latter, abo
certain level, do not result in higher yields or TONSs of the carboxylic acids. Carbon- and oxygen-centered radical mechanisms are suggeste
experiments with radical traps and by acid product distribution.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Co(OAc), [21,22], but the yields or turnover numbers (TONS)
and selectivities toward carboxylic acids are usually modest.
Functionalization of saturated hydrocarbons (alkanes) is atence a main aim of the current work is to find a more active
tracting great attention, and their conversion into more valuhomogeneous catalytic system for an alkane-based synthetic
able products, like carboxylic acids, is a matter of current in-Méthod of carboxylic acids. Another objective is to provide a
terest. Alkanes are unreactive by most conventional synthetigontribution toward the expansion of the still-underdeveloped
methods, and their partial oxidation with homogeneous metdf€!d Of catalysis with vanadium coordination compounds
catalysts has been recognized as one of the most promising 61[3-3'24 .
proachegl—12] The mostimportant general commercial meth-  FOF such purposes, we have addressed some vanadium (IV)
ods of producing carboxylic acids include aldehyde oxidation©" (V) complexes (like Amavadine and related models) with
carboxylation of olefins (Koch synthesis), paraffin oxidation,N’O Il_gands, W_h'Ch we have prewously found t(_) be active, un-
and alkali fusion of alcohol§13]. However, saturated hydro- 9€f Mild conditions, for the single-pot conversion of methane
carbons, the main components of petroleum oil, are abundantg[0 acetic 39'0[2.5] with and W.'thOUt the presence of CO, and
available and cheaper, and their direct conversion to carboxyli r the peroxidative halogenation, hydroxylation, and oxygena-

acids constitutes one of the most promising routes for the syntlon of alkanes into organohalides, alcohols, and ketones, re-
thesis of the latter. spectively[26,27] Here we report the results of the extension of

Fujiwara’s group has already reported the catalytic carboxyghe methane carboxylation reaction to liquid alkanes. We show

lation of alkanes by CO using such catalysts as Pd(@Ac)that such vanadium (V) and (V) complexes and related com-

B plexes, using KS;O0g as an oxidizing agent and trifluoroacetic
[14-17} Cu(OAck [14,15,17] Mg [18,19} CaCh [20], and acid (TFA) as a solvent, in mild conditions, catalyze the conver-

sion of linear (pentane and hexane) and cyclic (cyclopentane
* Corresponding author. and cyclohexane) £and G alkanes, in the presence of CO,
E-mail address: pombeiro@ist.utl.pfA.J.L. Pombeiro). into carboxylic acids with good yields (up to 50%).
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2. Experimental tal analysis: calcd (%) for §0sFgV-2H,0 (329): C 14.6, H
1.2; found: C 14.5, H 0.9.

2.1. Materials
2.2. Instrumentation

The following compounds were used as received from the ,
supplier: carbon monoxide (Air Products), dinitrogen (Air Lig- ©» H. and N elemental analyses were carried out by the
uid Portugal), cyclopentane (Fluka), cyclohexane (Ndrich),M|cr_o_ane_1lyt|cal Service of the Instituto Superior Técnico.
pentane (Lab-Scan), hexane (Fluka), potassium peroxodisﬁos't"’e"on FAB mass spectra were obtained on a Trio 2Q00
fate (Fluka), ammonium peroxodisulfate (Flukat-butyl hy- ~ nstrument by bombar_dlng 3-nitrobenzyl alc%hol (NBA) matri-
droperoxide solution, 70% in water (Fluka), TFA (Aldrich), €&S Of the samples with 8 keV (ca.18 x 10'° J) Xe atoms.
n-butyric acid (Aldrich), and diethyl ether (Lab-Scan). The fol- MaSS calibration for data system acquisition was achieved us-
lowing complexes, applied as catalysts, were prepared accord!d Csl- Infrared spectra (4000-400 chy were reclorded on
ing to published methods: [VO{N(CKCH,0)s)] 1 [28,29] a Jasco FT/IR—430. instrument in KBr pelletSC-{*H} and
Ca[V(HIDA);] (HIDA = basic form of 2,2(hydroxy- 19¢ nuclear magnetic resonance (NMR) spectra were recorded
imino)diacetic acid) [30], Ca[V(HIDPA,] (HIDPA = basic & 22°? one VaJ '?EPUCNITYdSCOg CSp?Ctrgr;eter using TMS as
form of 2,2-(hydroxyimino)dipropionic acid} [30], [VO(ada) 'M®rna!standard (for©) end CFCA (for ' F). o out
(H20)] (ada= basic form ofN -2-acetamidoiminodiacetic acid) as chromatograpny ( ) measurements were carried ou
4 [31], [VO(Hheida)(H0)] (Hheida= dibasic form of 2-hy- on a Fisons merI 8160 equipped with a flame ionisation de-
droxyethyliminodiacetic acidp [31], and [VO(CRSQ:)2] - tector and a capillary column (DB-WAX; column length, 30 m;
oH,0 8 [32]. Complexes [VO{N(CHCOO)(CHCH,0) i.d., 0.32 mm). Helium was used as the carrier gas. GC-mass
(CH,CH,OH)}] 6 and [VO(CRCOO)] - 2H,0 7 were pre- spectroscopy (MS) measurements were carried out in a Fisons
pared as described below, whereas VQ@S6H,0 9 (Merck) Trio 2000 mass spectroscope with a coupled gas chromatograph
V204 10 (Merck), and \bOs 11 (Aldrich), the other catalysts, (Carlo Erba Instruments, Auto/HRGC/MS).

were used as received. 2.3. Typical carboxylation procedures and products analysis

21.1. Complex6 o The reaction mixtures were prepared as follows. To 0.0625
N.N-bis(2-hydroxyethyl)glycine (bicine) (0.829, 5.0 mmOI) \ny6| of the metal complex contained in a 39.0 mL AISI
and Ba(OH) - 8H20 (1.58 g, 5.00 mmol) were dissolved in 316 giainjess steel autoclave equipped with a Teflon-coated

deionised water (20 mL) under dinitrogen. The solution WaSnagnetic stirring bar was added the oxidant [eitheSOg
heated and stirred for 30 min, after which VOSO6H,0 (125 mmol), (NH)2S,0s (125 mmol), or ¢-BUOOH

(1.26 g, 5.00 mmol) was added and the reaction mixture stirre@lz_5 mmol)], the substrate [cyclopentane (0.90 mL
for another 30 min. The formed solid of Ba3@as separated g gg mmol) éyclohexane (1.00 mL, 9.26 mmol), pentane

by filtration, and the filtered dark-blue solution was concen-(1 oo mL, 8.68 mmol), or hexane (1.10 mL, 8.42 mmol)] and

trated under vacuum to yield an oily residue, which was washed»> o mL of TEA. Then the autoclave was closed and flushed
with diethyl ether by the freeze-thaw technique to give a darkyith dinitrogen three times for replacing the air inside and

blue solid that was filtered off, washed with diethyl ether, andgina)ly pressurized with 0-60 atm of carbon monoxide. The
dried under vacuum. Yield 0.662 g (58%). IR (KBr): 951(m) reaction mixture was vigorously stirred using a magnetic stirrer
v(V=0), 1442(m), 1647(w), 3385 cmi(w,br) v(OH). MS  {or2_50 h at 40-150C with an oil bath. After the reaction was

(FABT): m/z: 228 [M*]; elemental analysis: calcd (%) for complete, the autoclave was cooled using an ice bath, then de-
CeH1105NV - 0.5(CHCHy)20 (228): C 36.0, H 6.2, N 6.0; gassed and opened. To 2.5 mL of the filtered reaction solution

found: C 35.6,H6.7, N 6.5. was added 6.5 mL of diethyl ether (which led to further precip-
itation) and 90 pL of:-butyric acid (as an inner standard). The
2.1.2. Complex7 obtained mixture was stirred, then filtered off and analyzed by

The synthesis was performed in two steps. In the firsigas chromatography. The reaction products (carboxylic acids)
step, the salt Ba(GFEOO), was synthesized by the reac- were quantitatively analyzed by GC (1 pL samples) using the
tion of Ba(OH) - 8H,O (204.7 mg, 0.65 mmol) with TFA inner standard method. The injection temperature was 240
(CRCOOH) (0.10 mL, 1.3 mmol) in water under dinitro- and the column temperature was initially 1@ for 1 min,
gen (yield 89%). This salt (144.8 mg, 0.58 mmol) was thenthen increased by 1C/min (or 5°C/min for the analysis of
dissolved in methanol (2 mL), and the solution was addedhe hexane products) to 235G and held at this value for 1 min.
to a methanol solution (2 mL) of VOStbH,0 (146.4 mg, In some cases, products were also identified by GC-MS and
0.58 mmol). The formed precipitate of Bag@as subse- 13C-{IH} NMR of the final reaction solutions. The carboxylic
quently filtered off, and the filtered bright-blue solution wasacids of all hydrocarbons were determined by both GC and
concentrated under vacuum to give a brown solid, which wa33C-{*H} NMR (in CDCl3) spectroscopy, and the esters were
dried for a few hours at 120C in an oil bath. Yield 122 mg identified by13C-{1H} and 1°F NMR spectroscopy. Genuine
(72%); IR (KBr): 728 (s), 991(my(V=0), 1151(m), 1205(m), samples of the esters were synthesized in our laboratory by the
1439(m), 1676(w)(C=0), 3400 cnri(w,br) v(OH); elemen-  reaction of TFA with the corresponding alcohols and their NMR
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spectra, as well as those of the carboxylic acids, were comparetbtail, in contrast with alkane carboxylation to the correspond-
with those of the reaction solutions to identify the products:  ing carboxylic acids, the process on which we have focused our

attention.
CsHoCOOH 13C-{H} NMR (4): 25.7 C4+ C5),30.1 €3+
C6),43.9 (2),186.2 C1).
CsHoOCOCK 3C-{H} NMR ($5): 23.4 €11+ C12), 32.4
(C10+ C13), 84.0 (9), 114.5 (8) (buried under

Table 1
Carboxylation of cyclopentane into cyclopentanecarboxylic®cid

o1qd
the CF3COOH quartet), 161.907) (buried under the ™Y Catalyst P(COY (atm) TON vield” (%)
CFRCOOH quartet)1°F NMR (8): —79.3. L 1 15 158 102
13~ _s1 . 2 1 30 272 178
CsH11COOH +°C-{*H} NMR (§): 25.2 (C4+ C6), 25.5 (C5), 3 1 45 3% 219
288 (C3+ C7), 434 CZ), 1853 Cl) 4 1 60 352 230
CsH110COCR 13C-{1H} NMR (§): 23.2 (C12+ C14),25.0 5 2 15 141 9.2
(€13),30.9(€C11+C15),79.6 C10),128.5(9), 162 6 2 225 187 122
(C8) (buried under the GFEOOH quartet)F NMR 7 2 26 403 263
(8): —79.0 8 2 30 498 325
' o 9 2 34 426 278
o 10 2 375 377 246
o i . Il 11 2 45 20 194
—C—CF, 0—C—CF;
> (90 o ” a0l ® @) 12f 2 60 337 220
g @) ™ ® (s (n 13 2 30 440 288
sy a0 149 2 30 184 120
6 12
) @ a—a) © @ g 12 15 3 30 190 124
5) (13) 16 4 30 218 142
17 5 30 278 182
The catalytic TONs and yields were expressed by the molaf® 6 30 216 141
: . 7 30 230 154
ratio of product/V-catalyst precursor and the molar ratio (%), 8 30 428 280
of product/substrate, respectively. Blank tests demonstrated thgi 9 30 o3 195
no product was obtained without the presence of the substrate 10 30 240 156
the V compound, the oxidizing agent (peroxodisulfate salt), an@d3 1 30 14 96
carbon monoxide. @ Reaction conditions (unless otherwise stated): metal complex catalyst
(0.0625 mmol), KS,Og (12.5 mmol, i.e., 200:1 molar ratio of oxidant to metal
3. Results and discussion catalyst), cyclopentane (0.9 mL, 9.58 mmol, i.e., 150:1 molar ratio of substrate

to metal catalyst), CFCOOH (22 mL), 80°C, 20 h reaction time, in an auto-
clave (39 mL capacity). Amounts of CO gas correspond to 0.575 molatm
with the pressure measured at*Z%
. . b Measured at 25C.

Both cyclopentane and cyclohexane, in TFA and in the pres-¢ tumover number expressed by the number of moles of cyclopentanecar-
ence of KS$;0g as an oxidizing agent, under the conditions boxylic acid (product) per mol of metal catalyst.
described earlier, undergo carboxylation by CO to the corre-¢ Molar yield (%) based on cyclopentane, i.e. number of moles of cyclopen-
sponding carboxylic acids, that is, cyclopentanoic and Cyc|01anecarboxylic acid (product) per 100 moles of cyclopentane (substrate).

‘ i e ¥ ; i
hexanecarboxyllc amdsS(:heme 1Tables 1 and Y The re- Replacement of KS,0Og for -BUOOH results in complete loss Qf activity.

. . . ) For a lower amount of cyclopentane (0.40 mL, 1.02 mmol) and a higher amount
spective trifluoroacetate esters (i.e., cyclopentyltrifluoroacetatg; cr,cooH (23 mL), one obtains TOM 3.7, yield=2.4.
and cyclohexyltrifluoroacetate) were also formed, mainly in the f (yH,),s,05 used instead of 5,04, in the same amount.
absence of CO. However, the formation of esters does not in¥ More K,S,0g was used (15.6 mmol, i.e. 250:1 molar ratio of oxidant to

volve carboxylation by CO and has not been investigated imetal catalyst).

3.1. Carboxylation of cyclopentane and cyclohexane

COOH 0—C—CF;

O - O O
+
Vcat., CO

K,S,05, TFA

Scheme 1. Carboxylation of cyclopentane (a) or cyclohexane (b) to the corresponding carboxylic acids and trifluoracetate esters.
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Table 2 % 8!
Carboxylation of cyclohexane into cyclohexanecarboxylic Acid 30 1 .9
Entry Catalyst KS,Og/  Cyclohexang p(CO)b T t TONC Yieldd e

catalyst catalyst (atm) (°C) (h) (%) &

(molar ratio) (molar ratio) E
1€ 1 200 150 15 80 20 5@ 342 >
2 1 200 150 30 80 20 48 316
3 1 200 150 40 80 20 48 330
4 1 200 150 15 40 20 8 35 .
5 1 200 150 15 120 20 5@ 344 0 10 20 30 40 50 60 70
6 1 200 150 15 80 2 28 193 pCO (atm)
7 1 200 150 15 80 4 48 293
2 i ;88 igg 12 28 11 32 ggg Fig. 1. Eﬁect of CO pressure (atm) on the yield (%) of cyclopentanecarbo_xylic
10 1 100 150 15 80 7 38 242 acid, using catalyst (¢) or2(l),forthe c_arboxylatlon of cyclopentane. Point
11 1 280 150 15 80 7 12 2:5 numbers correspond to those of entrieJadle 1
12 1 200 35 30 80 20 .0 03 60 -
13 1 200 740 30 80 20 117 B 15 16
14 2 200 150 5 80 20 434 293 50 4 W u
15 2 200 150 15 80 20 74 482 — 40 4
16 2 200 150 30 80 20 78 498 > -
17 3 200 150 15 80 7 48 295 2 301 »
18 5 200 150 15 80 20 3B 256 S
19 7 200 150 15 80 20 2B 140
20 8 200 150 15 80 20 16 107 04 -
21 9 200 150 15 80 20 33 242 oW . . ‘ . ‘
22 10 200 150 15 80 20 .8 56 0 10 20 30 0 50
23 11 200 150 15 80 20 23 166

pCO (atm)

@ Reaction conditions (unless otherwise stated): metal complex catalyst
(0.0625 mmol), KS;0g (12.5 mmol, i.e., 200:1 molar ratio of oxidant to Fig. 2. Effect of CO pressure (atm) on the yield (%) of cyclohexanecarboxylic
metal catalyst), cyclohexane (1.0 mL, 9.26 mmol)gCPOH (22 mL), 8C°C, acid, using catalyst (4) or 2 (M), for the carboxylation of cyclohexane. Point
20 h, in an autoclave (39 mL capacity). Amounts of CO gas correspond t®umbers correspond to those of entrieSable 2
0.575 mol atn with the pressure measured at°Z5.

P Measured at 25C. triflate complex [VO(CESQs),] 8 is also quite active (e.g
¢ Turnover number expressed by the number of moles of cyclohexanecar- . an
boxylic acid (product) per mol of metal catalyst. 28% yield, TON of 43 [entry 207I'f'ikl)le.J] fgr the carboxyla-
d Molar yield (%) based on cyclohexane, i.e. number of moles of cyclo-tion of cyclopgntane). A lower activity is d|§played by VOO
hexanecarboxylic acid (product) per 100 moles of cyclohexane (substrate). 9 (€.9., 20% Yyield of cyclopentanecarboxylic acid [entry P4,

€ Replacement of TFA by acetic acid or ethanol results in complete loss op|e 1] and 24% vyield of cyclohexanecarboxylic acid [entry 21,
activity, whereas replacement by acetonitrile leads to FOR 1, yield~ 1.4% Table a)

(p(CO) = 15 or 30 atm) (even lower values of TON1.1, yield= 0.7% at . ..
120°C). At 150°C, decomposition occurs with formation of an insoluble solid The Catalytlc activity dEpends on the CO pressure, as shown

and volatiles (pressure increase). in Figs. 1 and Zor the catalysts [VO{N(CHCH;0)s}] 1 and
Ca[V(HIDA),] 2. Without CO, the trifluoroacetate esters are the

The most active system is provided by the Amavadine modePnly observed products and no carboxylation occurs, in contrast
catalyst Ca[V(HIDAY] 2, leading to a maximum yield of 33% with the case of methar[é5], for which the TFA solvent could
and a maximum TON of 50 for the cyclopentane carboxylationbem‘ve as the carbonylatlng agent. . . .
to cyclopentanecarboxylic acid (entryBable 3, and 50% and Usually the yield of the carboxylic acid product increases

74 for the cyclohexane carboxylation to cyclohexanecarboxylk\:’vIth increasing CO pressure up to a limit (15 atm for the for-

acid (entries 15 and 1@able 2. (For the particular meanings mation of cyclohexanecarboxylic ackdg. 2 using catalystd

: . . and2 and 30 or ca. 50 atm for the formation of cyclopentanecar-
of the yields and TONS, see the appropriate footnotes in thBOXyIiC acid using catalysts and1, respectively Fig. 1)), be-

taples.) Higher TONs can be achieved for higher alkane:cataly%nd which it becomes roughly constant or even decreases, the
ratios than those normally used (e.g., T@NL17 for & 740:1 | er case occurring for the carboxylation of cyclopentane with
ratio, for the formation of cyclohexanecarboxylic acid [entry catalys (Fig. 1). Hence the pressure of CO should not exceed
13, Table J), although with an yield drop. a certain limit, depending on the particular catalyst used.

The other V-complexes form less active systems, which The nature of the oxidizing agent is also relevant for
nevertheless can also exhibit quite considerable catalytic aghjs reaction. Hence, although replacement ofS)Og by
tivities. Hence, for instance, the triethanolaminate compleXNH,),S,0g affects the TON and yield values only slightly
[VO{N(CH2CH;0)3}] 1 also provides an effective catalyst, (compare entries 13 and Bable 1), a complete loss of activ-
with yields of 23% (entry 4Table 1) and 34% (entry 5Table ) ity results when using-BuOOH instead of a peroxodisulfate
(corresponding TONs of 35 and 51) for the carboxylation ofsalt. Maximum TONs and yields are obtained fofOg%:
cyclopentane and cyclohexane, respectively, to the acids. Thécatalyst molar ratios of 180-200, beyond which a drop in
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8 acid), whereas two carboxylic acids (2-ethylpentanoic acid and
30 . ; : .
heptanoic acid) are formed in the carboxylation of hexane
_ %] y. (Scheme 2 The results are summarizediables 3 and 4
§ 20 The most effective catalyst precursors are the Amavadine
g 15 - model 2, the triethanolaminato complels and, in the case of
10 4 hexane, the vanadyl sulfa& Maximum yields of 54% and
5 . TONSs of 76 for the carboxylation of pentane (entryTable 3
0 ‘ . . ‘ ‘ ‘ and 46% and 63 for the carboxylation of hexane (entrye8,
0 50 100 150 200 250 300 ble 4) have been achieved.

Replacement of the alkoxide arms of the triethanolaminato
ligand in the metal catalyst by carboxylates results in a de-

Fig. 3. Effect of the oxidant amount on the yield (%) of cyclohexanecarboxylicCreéase in C?-talyt_ic activity in the case of pentane. carboxylation
acid, using catalyst, for the carboxylation of cyclohexane. Point numbers cor- t0 carboxylic acids (compare entries 3 and 13Table 3for

K;S,0¢/V (molar ratio)

respond to those of entries Table 2 complexesl and5, respectively), but the opposite effect occurs
0. for the formation of carboxylic acids by hexane carboxylation
35 | g 9 1 (compare entries 3 and 10 irable 4for catalystsl and5, re-
7 3 U X . . . ..
30 4 ¢ spectively). This shows a ligand effect on catalytic activity, but
< 25 generalizations cannot be made at this stage.

S 2| 6//v As for the cycloalkanes, the presence of CO is required for
E 15 4 carboxylation to occur, and the yields and TONs are depen-
10 4 dent on the pressure of this gdsigs. 5 and k Hence, they
5 increase withp(CO) until ca. 15 atm and remain roughly con-

0 . : : : . stant (in the case of pentane) or tend to decrease (in the case
0 5 10 15 20 25 of hexane) in the 15-30 atm interval, beyond which further ac-
time (h) tivity enhancement is observed until ca. 45-50 atm. No further

_ _ _ . significant increase occurs for higher CO pressures.
Fig. 4. Effect of time (h) on the yield (%) of cyclohexanecarboxylic acid, using

catalystl, for the carboxylation of cyclohexane. Point numbers correspond to Interestmglyz the_ main carboxyhc ac_ld prOdu.CtS (I'e" 2-
those of entries ifable 2 methylpentanoic acid and 2-ethylbutanoic acids in the case of

pentane and 2-ethylpentanoic acid in the reaction of hexane) are

activity is observedRig. 3), conceivably resulting from the lim- formed by carboxylation of a secondary carbon atom, whereas
ited solubility of the peroxodisulfate salt, which leads to poorthe acids derived from carboxylation of a primary carbon (i.e.,
stirring of the reaction mixture. hexanoic and heptanoic acids, respectively) are obtained in
Temperature has also a pronounced effect, with the best cofuch lower yields igs. 5 and § These results are in ac-
versions occurring at 80-12C (entries 1 and Slable 9. Fur- cordance with a radical mechanism involving formation of an
ther temperature increases up to $60should be avoided due intermediate radical (Rby homolytic cleavage of an alkane C—
to decomposition. Although a typical reaction time of 20 h isH bond. In effect, hydrogen abstraction of, for example, pentane
normally used, the final yields can be achieved in much shortef(1)HsC(2)HC(3)H.C(2)H.C(1)Hs at either of the two car-
times (e.g., 6 h), as shownfiig. 4. The use of TFA still remains  bons in position (2) or the internal carbon in position (3) leads
a drawback of these processes due to its cost, but our attemptsitoa radical (R) with a secondary carbon that is more stable
substitute other, cheaper solvents (e.g., ethanol, acetic acid aftgn the radical obtained on hydrogen abstraction of the pri-

acetonitrile) have not proven successflalfle 2 footnote e). mary carbon C(1). Moreover, 2-methylpentanoic acid is formed
from pentane with the double yield of 2-ethylbutanoic acid, in
3.2. Carboxylation of pentane and hexane agreement with the presence of two C(2) atoms and only one

C(3) atom in the pentane molecule.
The carboxylation of pentane gives three carboxylic acids Nevertheless, in the carboxylation of hexane, the formation
(2-methylpentanoic acid, 2-ethylbutanoic acid, and hexanoiof 2-methylhexanoic acid, derived from the expected hydrogen

COOH
/\/\ @ )\/\ + +
Vcat., CO COOH
K,8,05, TFA /\/\/COOH
(®) n /\/\/\
NN W COOH
COOH

Scheme 2. Carboxylation of pentane (a) or hexane (b) to the corresponding carboxylic acids.
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Table 3

Carboxylation of pentane into 2-ethylbutanoic acid, 2-methylpentanoic acid and hexan8ic acid

Entry Catalyst Pentane/ p(CO)b t Partial TONS Overall Partial yields (%“] Overall

catalyst  (atm) (") 2-Ethylbutanoic 2-MethylpentanoicHexanoic TON  2-Ethylbutanoic 2-MethylpentanoicHexanoic Yield
(molar ratio) acid acid acid acid acid acid (%)

1 1 140 10 20 8 153 5.4 295 6.3 110 3.9 212
2 1 140 30 20 1a 157 7.8 336 73 113 56 242
3 1 140 45 20 22 4438 6.6 756 174 322 46 54.2
4 1 140 60 20 25b 412 6.6 694 155 297 4.8 500
5 1 140 45 2 1p 231 5.6 399 8.1 166 4.0 287
6 1 140 45 4 1 339 71 57.7 120 244 51 415
7 1 735 15 20 20 365 176 741 27 50 24 101
8 2 140 15 20 14 252 6.2 458 104 182 45 331
9 2 140 30 20 1D 310 5.7 537 122 223 41 386

10 2 140 45 20 23 44.1 6.0 730 165 317 4.4 526

11 2 140 60 20 23 464 5.0 748 168 334 3.6 538

12 3 140 45 20 25 406 6.9 690 155 293 5.0 498

13 5 140 45 20 13 216 0.0 339 8.8 156 0.0 244

14 8 140 45 20 B 9.9 35 192 43 7.3 26 142

15 9 140 45 20 13 235 0.0 366 9.4 17.0 0.0 264

2 Reaction conditions (unless otherwise stated): metal complex catalyst (0.0625 mp8Dd<(12.5 mmol, i.e., 200:1 molar ratio of oxidant to metal catalyst),
pentane (1.0 mL, 8.68 mmol), GEOOH (22 mL), 80°C, 20 h, in an autoclave (39 mL capacity). Amounts of CO gas correspond to 0.575 mdl aiith the
pressure measured at 26.

b Measured at 25C.

€ Turnover number expressed by the number of moles of 2-ethylbutanoic acid, of 2-methylpentanoic acid or of hexanoic acid per mol of metal catalyst.

d Molar yield (%) based on pentane, i.e. number of moles of 2-ethylbutanoic acid, of 2-methylpentanoic acid or of hexanoic acid per 100 moles of pentane.

Table 4
Carboxylation of hexane into 2-ethylpentanoic acid and heptanoié acid
Entry Catalyst p(CO)b Partial TONS Overall Partial yields (%9 Overall
(atm) 2-Ethylpentanoic acid Heptanoic acid TON 2-Ethylpentanoic acid Heptanoic acigvield (%)

1 1 15 124 22 146 92 17 109

2 1 30 91 0.8 9.9 6.7 0.6 7.3

3 1 45 107 04 111 7.9 0.3 82

4 1 60 493 35 528 366 26 392

5 2 15 182 2.6 208 135 20 155

6 2 30 124 0.5 129 9.2 04 9.6

7 2 45 517 38 555 384 2.8 412

8 2 60 585 41 626 434 30 464

9 3 15 198 24 222 146 18 164
10 5 45 435 30 465 323 22 345
11 8 45 151 18 169 114 14 128
12 9 45 560 30 590 416 22 438

2 Reaction conditions (unless otherwise stated): metal complex catalyst (0.0625 mp8Dd<(12.5 mmol, i.e., 200:1 molar ratio of oxidant to metal catalyst),
hexane (1.1 mL, 8.42 mmol, i.e., 135:1 molar ratio of substrate to metal catalys,GBH (22 mL), 80°C, 20 h, in an autoclave (39 mL capacity). Amounts of
CO gas correspond to 0.575 mol athwith the pressure measured a5,

b Measured at 25C.

C Turnover number expressed by the number of moles of 2-ethylpentanoic acid or of heptanoic acid per mol of metal catalyst.

d Molar yield (%) based on hexane, i.e., number of moles of 2-ethylpentanoic acid or of heptanoic acid per 100 moles of hexane.

abstraction of a secondary C(2) carbon, was not detected. In any Carboxylation can occur via more than one mechanism, as
case, for both the linear and cyclic alkanes, the involvement o§uggested by the plots of the yield versus CO presstigs(5
carbon- and oxygen-centered radical mechanisms is suggestadd § which exhibit two distinct relationships, one below and
by the suppression of the catalytic activity when the reactiorthe other above ca. 30 atm, possibly corresponding to the pre-
is carried out in the presence of either a carbon-radical tragominance of one mechanism at lower CO pressures and of
like CBrCl; or the oxygen—radical trap PNH. A conceivable another one at higher pressures. This is more clearly observed
oxygen-centered radical involved in our systems is the sulfatéor hexane carboxylatiorF{g. 6) and also appears to hold for
SOy derived from peroxodisulfate,®g?~ either by thermal cyclopentane when using catalyat(Fig. 1). It can also be
decomposition or a product of its reduction (together with sul-accounted for by the observed hindrance of ester formation,
fate) when it behaves as a single-electron oxidant. relative to the acids, for higher CO pressures, which favor the
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For each case, the presence of CO beyond a certain limit
does not lead to higher yields or TONs, and therefore the use of
excessivey(CO) is discouraged. The two distinct dependencies
of the yield on CO pressure observed in a number of cases,
below and above a certap(CO) (ca. 30 atm in the case of the
linear alkanes and above this value for cyclopentane) suggest
the possible involvement of two mechanisms, with the lower
CO pressures promoting the formation of esters and disfavoring
that of the acids. The product distribution in the case of the
linear alkane carboxylation is indicative of a radical pathway,
which is also corroborated by studies in the presence of radical
Fig. 5. Effect of CO pressure (atm) on the yields (%) of carboxylic acids,traps that suggest the involvement of both carbon- and oxygen-
using catalys® for the carboxylation of pentane. Point numbers correspondcentered radicals for both linear and cyclic alkanes.
to those of entries il_TabI_e 3 (A) hexanqic acid; (B) 2-ethylbutanoic acid; The Amavadine model Ca[V(HIDA) 2 and/or the related
() 2-methylpentanoic acid; (D) overall yield. N,O-complex [VO{N(CH,CH20)s}] 1 are the best catalyst
precursors, but simple®, O-complexes like [VO(CESQCs)2]

8 or VOS(y-5H,0 9 can also exhibit high activity in certain
cases. Although for pentane carboxylation, for instance, cat-
alytic activity is noticeably dependent on the type 8fO-
ligand of the catalyst (with replacement of ligating alkoxide
arms by carboxylate groups having an inhibitory effect), such
a dependency is not observed for the other alkanes, and thus
generalizations must be made very cautiously.

pCO (atm)
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The radical mechanism of carboxylic acid formation from
the corresponding alkanes RH conceivably involves the acyl _ .
radical RCO (formed on carbonylation of 8 which, by ox- {g Q'E" Sc?gg\t,r’ei-% i:‘;'n‘:'né;hegélzivffgn(sli%éigj‘s?
idation and reaction with TFA, can lead to the mixed anhydride [3] E:G: Derouan;a, J Habér, F. Lemos, F. Rarﬁéa Ribeiro, M Guinet (Eds.),
CF;COOCOR. Further reaction of this anhydride with TFA Catalytic Activation and Functionalisation of Light Alkanes, NATO ASI
would form the carboxylic acid RCOOH and trifluoroacetic Series, vol. 44, Kluwer-Academic Publishers, Dordrecht, 1998.

anhydride CBECOOCOCEK, as has been Suggested for methy| [4] Y.N. Kozlov, G.V. Nizova, G.B. Shul’pin, J. Mol. Catal. A 227 (2005) 247.
radical carboxylatiorﬁlS]. [5] G.B. Shul’pin, A.E. Shilov, G. Suss-Fink, Tetrahedron Lett. 42 (2001)
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