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ABSTRACT
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Ar ArO  OAr

The concecutive Criegee rearrangement reactions were studied for tert-butyl trifluoroacetate, triarylcarbinols, and benzophenone ketales with
trifluoroperacetic acid (TFPAA) in trifluoroacetic acid (TFA). The formation of methyl acetate and methyl trifluoroacetate indicates that the
consecutive double-O-insertion process has taken place for tert-butyl trifluoroacetate. The intermediate dimethoxymethylcarbonium ion was
detected below 5 °C. A consecutive triple-O-insertion process has been observed for triarylmethanols and benzophenone ketals. A new high
yield method of corresponding diaryl carbonates synthesis was developed.
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The hypothetic triple-O-insertion pathway of the consecu-
tive Criegee rearrangement is shown in Scheme 1. Stable
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products of every O-insertion step{C) are easily recog-  dimethoxyethyl cation®) was detected (Scheme 2) Bl
nized. The formation ofB could be the mistaken as and®C NMR at—25°C (total conversion of perest@was
proceeding fromA through the BaeyetVilliger reaction. 35%). The spectrum of catidhis identical to a previously
However, the possibility of distinguishing the Baeyer reported oné%'”Methyl acetate®), methyl trifluoroacetate
Villiger reaction of ketoneA to esteB from the consecutive  (8), and traces of acetone were also present in the reaction
Criegee rearrangement by kinetic consideration has beenmixture. Formation of traces of acetone can be explained
shown in our previous researth. by the relatively low stability of este3 that decomposes to

A solution of TFPAA in TFA has been found to be a very acetone and trifluoroacetadeFurther stirring at 5C results
favorable system for consecutive O-insertions into cage in the increase of acetafeand trifluoroacetat8 and decrease
structured. of trifluoroperacetate. Therefore, acetaté and trifluoro-

Further generalization of this approach to acyclic and arylic acetate8 are evidently the product of the double-O-insertion
structures is the main goal of this study. The specific desire and the subsequent decomposition of the intermediate ortho
to find structures susceptible to the triple O-insertion also ester5 in TFA. At room temperature, the final products
motivated this work. The synthetic peculiarity of the solution and8 were formed in 4 h. Catiofi does not perform a third
of TFPAA in TFA allow the selective double-O-insertions O-insertion. When perester was generatééP from tert-
in the consecutive Criegee rearrangeménlbis became butyl hydroperoxide9) and trifluoroacetic anhydride (TFAA),
understandable when a stable dioxacarbonium ion wasmethyl trifluoroacetated) and acetonel() were formed in
observed in the reactions of 2-methyladamantane-2-ol with equivalent amounts at rt in TFA as the only products of
the TFPAA in TFA% It was demonstrated earlier that relative mono-O-insertion in the Criegee rearrangement process
stabilities decrease when a methyl group is replaced by a(Scheme 3}® The comparatively lower acidity of TFA,
phenyl group in methyl- and phenyl-substituted delocalized

carbocation8 Moreover, the dimethoxymethylcarbonium ion _

is stablel® and can be generated in TRAAt the same time, Scheme 3
the aryl group has better migratory aptitude than the methyl -0 CF3COOCH;
. . . . | TFA |  Hort @ TFA
group in the BaeyerVilliger reaction:'? and Criegee rear- G- —= —Cc— — ¢~ — +8
rangement? These observations prompted our research on OOH -157C  0OCOCF; ~ OCOCF;  CHyCOCH,
9 2 4 10

tert-butyl trifluoroacetate 1), triarylmethanolsl1—14, and
benzophenone ketal® and 25.

The consecutive Criegee rearrangertfent tert-butyl compared to superacids, does not stabilize the intermediate
trifluoroacetate 1) with 10-fold excess of TFPAA in TFA  carboxonium ior¥® but its acidity is enough to catalyze
at —15 °C was not observed, in contrast to consecutive Criegee rearrangements.
Criegee rearrangement of cage compotidsyithin 10 h. The reaction of triarylmethanolé1—14 with 10-fold
The only formation of correspondinggrt-butyl trifluoro- excess of TFPAA in TFA, in contrast tert-butyl trifluo-
peracetate 2)*® was detected at-15 °C in situ by H
NMR and *C NMR (Scheme 2). This method can be (12) Strucul, G Angew. Chem., Int. EA998 37, 1198.

(13) (a) Goodman, R. M.; Kishi, Y. Am. Chem. S04998 120, 9392.
(b) Sheldon, R. A.; van Doorn, J. Aetrahedron Lett1973 13, 1021.

_ (14) Reaction oftert-Butyl Trifluoroacetate with TFPAA. A solution
of tert-butyl trifluoroacetateX) (0.1 g, 0.6 mmol) in TFA (1 mL) was added

Scheme 2 to a solution of TFPAA in TFA (1.73 g, 6 mmol of TFPAA) at15 °C.
o (a) The temperature was allowed to rise t6& After the solution was
| %E:AA O]ins. \CI) stirred fa 2 h at 5°C the formation in situ ofl,1-dimethoxyethyl cation
—C-0OCOCF, —C-00COCF, —C-0COCF, (6) was detected byH and3C NMR analysis at-25 °C. The observed
1 -15°C [ 2 5°C I 3 level of tert-butyl trifluoroperacetate?) conversion was 35%. (b) The
o ond temperature was allowed to rise room temperature, and after the solution
~o o) Oins O was stirred fo 4 h atroom temperature the formatidn situ of methyl
C+ L, — _(';_QCO(;F3 P —é-OOCOCFg acetate ) and methyl trifluoroacetats| was detected byH NMR analysis.
e 3 4 Ratio of products wag/8 = 1:1.
6 / 5 (15) tert-Butyl Trifluoroperacetate (2). (a) A solution of tert-butyl
;i( TFA trifluoroacetate 1) (0.1 g, 0.6 mmol) in TFA (1 mL) was added to a solution
of TFPAA in TFA (1.73 g, 6 mmol of TFPAA) at-15 °C. After 1 h, the
no 3@ O-ins CH;COOCH;  + CF3;COOCH; formation oftert-butyl trifluoroperacetate?) in situ was observed by NMR
7 8 analysis at-15°C. TMS in CD;COCD; was used as external standaltd.

NMR (CRCOOH, 300 MHz): 6. 0.927.13C NMR (CRCOOH, 75
MHz): o 149.9 (q,2Jcr = 48.1 Hz), 113.5 (qLJcr = 283.2 Hz), 88.3,
26.4. (b) Modified literature procedutétrifluoroacetic anhydride (0.47 g,
considered as a new and simple method of synthesizingg-c2 ?ﬁnofl) WaSt_addetd 1%ﬂfbft-f‘ytlltty!ﬂhydr0|Deroxittiet (0.1 gt, 11 mml;JI) aﬂ% )
. . The formation otert-butyl trifluoroperacetate in situ was observed by
trlﬂuoroperacetatéz.lﬁ NMR analysis after 30 min at15 °C.
When the temperature was allowed to rise t6G3 and 8% g?rgeté l} DH; Hiat}\,I Rl.qRJ. IAg %her_n.h Soctzsap 80|; 1?;19% s
e ; ; ; ah, G. A.; Hartz, N.; Rasul, G.; Burrichter, A.; Prakash, G. K. S.
after 2 h of stirring, the formation of the intermediate 1,1- ; &0/ <20 Satoos 117 6421,
(18) Criegee Rearrangement oftert-Butyl Trifluoroperacetate (2).
(9) Larsen, J. W.; Bouis, P. A.; Riddle, C. A. Org. Chem198Q 45, TFA (3 mL) was added to a solution @drt-butyl trifluoroperacetate?) in
4969. TFAA (0.6 g, 1.16 mmol of peroxid@) at —15 °C. The formation in situ
(10) (a) Taft, R. H.; Martin, R. H.; Lampe, F. W. Am. Chem. Soc. of acetone 10) and methyl trifluoroacetate8] was detected byH NMR
1965 87,2490. (b) Martin, R. H.; Lampe, F. W.; Taft, R. W. Am. Chem. analysis. Ratio of products wd$y8 = 1:1.
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roacetate X), occurs at—25 °C yielding triple-O-insertion
productsl5—18 (Scheme 4). Diphenyl carbonatEs,?°2di-

Scheme 4
R
T 3
1
wO-Fon B0 L O
90-96 %
R

R=H (11); CHs (12);
Cl (13); CHZ0 (14)

R=H (15); CHj (16);
Cl (17); CH4O (18)

(p-methylphenyl) carbonatel6),?* di(p-chlorophenyl) car-
bonate 17),%2 and dip-methoxyphenyl) carbonaté&®)?® were
obtained with high yields (9896%). Only traces<1%) of
double-O-insertion products and traceslfo) of mono-O-

Scheme 5
TFPAA
OEt OEt
EtO_ OFEt :
o LOA, Ph-Cr TFA .
- 0
PH “Ph 15°C ph -25°C Sen
19 20 21
TFPA
o TFA JHZO
OEt
PhO~ —OEt ~ PhO*(F*OCOCF3 PhCOOEt
OPh
24 23 22

yield (Scheme 5% The formation of diphenylethoxycarbe-
nium ion 0)?” was detected at 15 °C by H and'3C NMR

in situ when ketall9 was dissolved in TFA. ThéH NMR
spectral data of catioR0 are identical to the data previously
reportect® The quantitative formation of carbonat24
occurred when 10-fold excess of TFPAA was added to the
solution of carboxonium ion®0 in TFA.2%® When the
reaction mixture was quenched with water (after 1 h) the

insertion products were detected by GC/MS analysis of the second O-insertion prodi#tester22 was obtained with 95%

reaction mixtures. All spectral data of the produtfs-18
were identical to the corresponding literature valtfeshe
NMR monitoring of reaction at-25 °C did not reveal any

signs of intermediate carboxonium ions. However, ben-

yield. Ester22 was stable in a solution of TFPAA in TFA
even at room temperature and no traces of carb@#atere
found. Consequently, the formation of esiis the result
of the reaction of water with the intermediate catidh

zophenone was converted quantitatively to phenyl benzoate(double-O-insertion produ® and subsequent decomposition
at the described oxidation conditions. Moreover, phenyl of the corresponding orthoesfér.Cation 21 undergoes

benzoate was stable for 10 h in a solution of TFPAA in TFA

Criegee rearrangement with intermediate formation of ester

at room temperature. This result supports the assumption thaR3, which decomposes giving carbona?2d—a triple-O-

carbonatesl5—18 are products of triple-O-insertions of
alcohols 11-14 as well as clearly demonstrating that
consecutive O-insertions are not possible for Baeyéitiger
reaction under these conditions.

Benzophenone diethyl ketal 9> undergoes the consecu-
tive Criegee rearrangement with TFPAA in TFA-aR5°C
with the formation of ethyl phenyl carbonat24j in 96%

(20) Diphenyl Carbonate (15).(a) A solution of triphenylmethanolLQ)
(0.1 g, 0.38 mmol) in dry CFCICCLF (1 mL) was added to a solution of
TFPAA in TFA (1.1 g, 3.8 mmol of TFPAA) at-25 °C and stirred for 1
h. The solution was then quenched with@H(20 mL) and extracted with
three portions of CkCl, (20 mL), and the organic part was washed with
water and dried over N&Os. The solvent was evaporated, and the residue
was purified by flash chromatography on silica gel (ether/hexangs3).
Crystallization from ether yielded white crystals of carbori€0.078 g,
96%). (b) A solution of benzophenone diphenyl ke2) (0.1 g, 0.28 mmol)
in dry CFCEk (0.6 mL) was added dropwise to a solution of TFPAA in
TFA (0.91 g, 2.8 mmol of TFAA) at-25°C and stirred for 1 h. The solution
was then quenched with,® (20 mL) and extracted with three portions of

insertion product.

When benzophenone diphenylket2b)®1~3 was treatetf®
with 10-fold excess of TFPAA in TFA at-25 °C and
carbonatel5 (Scheme 6) was observed as the only product

Scheme 6
TFPAA TFPAA
F’hO\ /OF’h TFA PhO\ + TFA Q
ph’ Ph -250C Ph/C‘Ph 250C  PhO” “OPh
25 26 15

of a consecutive Criegee rearrangement of kel In
contrast to ketal9, ketal 25 decomposed to benzophenone
and phenol under the same reaction conditions (T+A5

CH,ClI, (20 mL); the organic part was washed with water and dried over °C) in which cation20 was generate%Y_This results support

NaSQs. The solvent was evaporated and the residue was purified by flash

chromatography on silica gel (ether/hexare/3). Crystallization from
ether yielded white crystals of carbondt® (0.058 g, 96%).

(21) Di(p-methylphenyl) Carbonate (16)?42Using the same procedure
as for diphenyl carbonatd %) from tri(p-methylphenyl)methanoll@) (0.1
g, 0.33 mmol), 0.073 g (91%) of gifmethylphenyl) carbonatel§) was
obtained.

(22) Di(4-chlorophenyl) Carbonate (17)24* Using the same procedure
as for diphenyl carbonatd %) from tri(4-chlorophenyl)methanoll@) (0.1
g, 0.28 mmol), 0.07 g (90%) of di(4-chlorophenyl) carbonélt®) (was
obtained as colorless crystals.

(23) Di(4-methoxyphenyl) Carbonate (18f*2Using the same procedure
as for diphenyl carbonaté %) from tri(4-methoxyphenyl)methanal4) (0.1
g, 0.29 mmol), 0.073 g (92%) of di(4-methoxyphenyl) carbona& \as
obtained as white crystals.

(24) (a) Lu, X.; Reid, D. L.; Warkentin, £an. J. Chem2001, 79, 319.
(b) Lu, X.; Warkentin, JCan. J. Chem2002 80, 228.
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(25) Verevkin, S. P.; Peng, W.-H.; Beckhaus, H.-D.; RuechardELE.
J. Org. Chem1998 2323.

(26) Reaction of Benzophenone Diethyl Ketal (19) with TFPAAKetal
19(0.1 g, 0.4 mmol) was dissolved a solution of TFAA (0.1 mL) in TFA
(1 mL) at—15°C. The resulting solution was added to a solution of TFPAA
in TFA (1.18 g, 4 mmol of TFPAA) at-25 °C. (a) After 1 h, the reaction
mixture was quenched with2@ (20 mL), extracted with three portions of
CHCl, (20 mL), and dried over N&Os:. The solvent was evaporated, and
the residue was purified by flash chromatography on silica gel (ether/hexanes
= 2/3) to yield 0.056 g (95%) oéthyl benzoat (22). (b) After 2 h, the
reaction mixture was quenched withp®l (20 mL), extracted with three
portions of CHCI, (20 mL), and dried over N&Os. The solvent was
evaporated, and the residue was purified by flash chromatography on silica
gel (ether/hexanes 2/3) to yieldethyl phenyl carbonate (24) (0.059 g,
96%).
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the observatiohthat the relative stability of carboxonium

ions decreases when methyl or ethyl is replaced by phenyl.

Furthermore, the quantitative formation of carboridiérom
ketal 25 allows for the assumption that cati@é is generated
from ketal25 on the way to carbonatk5 at —25 °C.
Trifluoroacetate3 and27 may be considered as the most
feasible intermediates on the way to carborn2deand 15
respectively (Scheme 7). The lack of the intermediate

Scheme 7
OPh A JOL TFA
PhO-C-OCOCF; —= PhOH—%= PhOCOCF
I s PhO™ “OPh’ -350¢ :
OPh
27 15
OFt A o TFA
PhO-C-OCOCF; — > + PhOH—= PhOCOCF,
I PhO OEt -250C
OPh
23 24
~
Q TFA TFA
—C-0COCF; — CHiCO0CH; + CHzOH —— GH;0COCF;
O~ 5 7 8

carboxonium ion at-25 °C in a case of alcohol$1-14
may be explained by their instability and the fast decomposi-
tion of corresponding esters to carbonaiés-18 in TFA
media at—25 °C. This assumption was supported by the
formation of phenol that was observed by GC/MS from
alcohol 11 and ketal19 when the ratio wad1/TFPAA =

1/5 and19TFPAA = 1/4, respectively. A similar reaction
apparently occurs with intermediate estéys The only

(27) Diphenylethoxycarbenium lon (20).Benzophenone diethyl ketal
(19 (0.1 g, 0.4 mmol) was dissolved in a solution of trifluoroacetyl
anhydride (0.1 mL) in TFA (1 mL) at-15°C, and the formation of cation
20 was detected in situ by NMR analysis-al5 °C. TMS in CD;COCDs
was used as external standatd. NMR (CRCOOH, 300 MHz): 6 7.46
(m, 4H), 7.17 (m, 6H), 4.66 (gl = 6.9 Hz, 2H), 1.16 (] = 6.9, 3H).1°C
NMR (CRCOOH, 75 MHz) APT: 6 204.9¢t), 135.5 (), 134.4 (), 130.8
(=), 128.3 ), 65.7 (+), 15.1 ().

(28) Olah, G. A.; DeMember, J. R.; Mo, Y. K.; Svoboda, J. J.; Schilling,
P.; Olah, J. AJ. Am. Chem. Sod.974 96, 884.

(29) Assuming that catiog0 is the mono-O-insertion product.

(30) Deslongchamps, P.; Dory, Y. L.; Li, $etrahedror200Q 56, 3533.
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difference is that methanol immediately esterifies in TFA at
5 °C.

Triarylmethyl as well as diphenylalkoxy and diphenylphe-
noxy structures undergo the consecutive Criegee rearrange-
ment with TFPAA in TFA with the formation of the triple-
O-insertion products. In contrast to triarylmethyl structures,
only a double-O-insertion reaction occurs witrt-butyl
trifluoroacetate under similar conditions. The relative stability
of the intermediate 1,1-dimethoxyethyl catiod) (n TFA
and low migratory aptitude of the methyl group may be the
reason for selective double-O-insertion into tieet-butyl
group. The relative lower stability of aryloxycarbonium ions,
as well as high migratory aptitude of aryl groups, results in
a triple-O-insertion. The triple-O-insertion into triarylmethyl
structures results in a high-yield formation of diaryl carbon-
ates. This new one-step synthesis leads to easy access to
diaryl carbonates and alky! aryl carbonates.
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(31) Benzophenone Diphenyl Ketal (25§ Ketal 25 was synthesized
by a modified literature proceduf@:dichlorodiphenylmethane (3 g, 12.7
mmol) was added to a solution of sodium phenolate (3.67 g, 31.6 mmol) in
chlorobenzene (300 mL) and refluxed overnight. Water (300 mL) was added
to the reaction mixture, which was extracted with three portions ofGIH
(100 mL). The solvent was evaporated under vacuum, and the residue was
purified by flash chromatography on silica gel (ether/hexaneg/3).
Crystallization from ether yielded ketab (4 g, 90%) as white crystals. IR
(film, cm™Y): 3026, 1599, 1588, 1494H NMR (CDCls, 300 MHz):
7.66 (M, 4H), 7.247.06 (m, 14H), 6.86 (tt}J = 6.3 Hz,2) = 2.1 Hz,
2H). 1%C NMR APT (CDCh, 75 MHz): 6 154.2 (+), 142.2 (), 128.9
(=), 128.1 €), 127.7 €), 126.7 ), 122.2 (), 120.0 ), 105.2 ().
MS nvz (rel intensity): 259 (100), 216 (10), 165 (25), 105 (26), 77 (48).

(32) Borkovec, A. BJ. Org. Chem1961, 26, 4866.

(33) Korshak, V. V.; Bulgakova, I. A.; Salazkin, S. N.; Vinogradova, S.
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