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Cyclic ethers are cleaved by magnesium bromide and acetic anhydride in acetonitrile to yield bromoacetates.
The reaction occurs readily at room temperature with tetrahydrofuran and substituted tetrahydrofurans. Te-
trahydropyrans require higher temperature for cleavage. When cis- and trans-2,5-dimethyltetrahydrofuran are
individually subjected to cleavage conditions a single diastereoisomeric bromoacetate is produced from each. The
bromoacetates in turn when exposed to sodium hydroxide in warm ethylene glycol are converted to the specific
isomers from which they were formed. Since the reclosure reaction must occur with inversion, the cleavage reac-
tion must also be an inversion process. The mechanism of cyclic ether cleavage with magnesium bromide-acetic

anhydride is thus shown to be exclusively an SN2 process.

The ability of Lewis acids and acid anhydrides to cleave
ethers has been known since the early part of this century.
The reactions have been extensively studied from the
standpoints of product composition, mechanism, and stere-
ochemistry, and the subject has been reviewed in detail.l2
Despite the “textbook” nature of the process, the search for

methods for the formation and cleavage of ethers remains
of interest. Ethers serve as effective stable blocking groups
for hydroxyl functions and their use in this regard is ubiq-
uitous in organic synthesis. Recently reports of the devel-
opment of two ether cleavage reagent systems using acid
anhydrides have appeared.34
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Table I
Temp, Yield
Ether time, hr Products (ratio)
) Ambient, AcO/_\Br 97
0 12 '
CH, CH,
[‘/\‘ Ambient, AcO/_\<Br Br/_\<0Ac 70
0" NcH, 15 3 4 (4.1:1)
2
CH, CH,
¢ VAl
Ambient, A0 Br AcO B 85
15 (2.7:1)
CHS—Q——CHS Ambient, A0 Br 88
15
O 85°, AconBr
0 15 50

OAc

C[;o Ambient, O/ 80
12 S Br

Karger and Mazur® have described the cleavage of both
cyclic and noncyclic ethers with the mixed anhydride ace-
tyl p-toluenesulfonate. In the second recent report, Ganem
and Small, using a system originally reported by Knoeven-
agel, investigated the scope of ether cleavage affected by
acetic anhydride and ferric chloride. Both reports also de-
scribe efforts to specify the mechanistic aspects of these re-
actions, whether the cleavage of a specific type of ether
with a given reagent is an SN1 or an SN2 reaction or some
combination of the two. Unfortunately the results in many
of these cases cannot be interpreted unambiguously with
regard to a specific mechanism. We wish to describe here a
Lewis acid-acid anhydride cleavage reagent for cyclic
ethers, and the results of an experiment which clearly de-
fine the stereochemical aspect of the mechanism for cleav-
age of a substituted tetrahydrofuran.

Cyclic ethers, particularly tetrahydrofuran and alkyl-
substituted tetrahydrofurans, are cleaved by acetic anhy-
dride in the presence of zinc chloride.5 Such reactions have
been almost invariably carried out at elevated tempera-
tures, 190-250°C. The yields of cleavage products rarely
exceed 60-70%, and other Lewis acids have not been em-
ployed to any great extent. In contrast both cyclic and acy-
clic ethers have been cleaved in the presence of a variety of
Lewis acids in conjunction with acetyl chloride'2 (a more
effective cleavage agent than acetic anhydride). Magne-
sium salts, however, have been reported to be singularly in-
effective as cleavage catalysts.® On the basis of previous

work, one would expect that the combination of acetic an-

hydride and magnesium bromide at moderate temperature
would be among the least efficacious methods for the cleav-
age of a cyclic ether. It was surprising, therefore, to find
that such a melange provides a mild and effective means of
converting tetrahydrofurans and other cyclic ethers to the
corresponding w-bromoacetates.

Treatment of tetrahydrofuran at room temperature with
1 molar equiv of magnesium bromide and 2 equiv of acetic
anhydride in acetonitrile affords 4-bromobutyl acetate (1)
in 97% yield. Methyl-substituted tetrahydrofurans are sim-
ilarly cleaved in yields ranging from 70 to 88% as shown in
Table L. In contrast to its reactivity with acetic anhydride—
zinc chloride, 2-methyltetrahydrofuran (2) affords 70% of
the substitution products 3 and 4 when treated with acetic
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anhydride-magnesium bromide. Under the former condi-
tions a 70% yield of olefinic acetate elimination product is
obtained.” The finding that the major cleavage product of
2-methyltetrahydrofuran is the secondary bromide 3
suggests that the ring opening reaction is largely an SN1
process. Such a conclusion would be commensurate with
the findings of Burwell and coworkers® for the cleavage
methyl sec-butyl ether. The latter affords 2-chlorobutane,
the product of displacement at the most substituted car-
bon, 50% racemized, when exposed to acetyl chloride and
zinc chloride, a result suggested to be in accord with a car-
bonium ion process. We shall show, however, for the case of
a methyl tetrahydrofuran, that cleavage of the ring and
substitution of a nucleophile at the most substituted car-
bon is, at least stereochemically, an SN2 process.

As shown in Table I, acetic anhydride-magnesium bro-
mide also cleaves tetrahydropyrans and epoxides. As ex-
pected,? the rate of tetrahydropyran opening is considera-
bly slower than that of the five-membered cyclic ether. Ele-
vated temperature is necessary to affect cleavage in a rea-
sonable time, and a considerable portion of the product
from an attempted cleavage of 2-methyltetrahydropyran
was unsaturated acetate. The opening of the epoxide ring is
relatively unexceptional but for the fact that magnesium
bromide alone is known to rearrange epoxides under a vari-
ety of conditions.® We should also note that simple saturat-
ed acyclic ethers are not appreciably cleaved by magnesium
bromide-acetic anhydride at room temperature, and that
neither reagent by itself affects tetrahydrofuran under the
described reaction conditions.

Mechanism and Stereochemistry. The commonly ac-
cepted mechanism!? for the cleavage of ethers by acid an-
hydrides and Lewis acids is illustrated in eq 1-3. A similar

.
(RCOXL0 + MX, — RCO + (RCOMX,)” (1)
+
RCO™ + R'OR” — R'—O0O—COR ©
RN

R—O—COR + (RCOMX,)” —

R/I
R’OCOR and/or R”OCOR @)
R’X and/or R”X

sequence may be written for reactions involving acid ha-
lides.

Most investigations of the details of this sequence have
focused on step 3, the actual substitution reaction, in order
to determine if concerted displacement or stepwise forma-
tion of a cation followed by attack of a nucleophile occurs.
In their recent work on cleavages promoted by acetic anhy-
dride—ferric chloride Ganem and Small* followed the ste-
reochemical course of the reaction of optically active meth-
yl and benzyl 2-octyl ethers. Since ferric chloride is used in
these reactions in only catalytic amount, all of the products
are acetates. As a consequence the position of substitution
(primary vs. secondary) cannot be specified on the basis of
product structure. They did observe that the resulting 2-
octyl acetate was largely racemized: 96% for the methyl
compound and 85% for the benzyl case. Net inversion was
also found in the cleavage of the methyl ether and net re-
tention of configuration for the benzyl compound. A vari-
ety of pathways for the substitution step of the mechanism
(eq 3) may be envisioned to explain such results. For exam-
ple, in the case of benzyl 2-octyl ether, racemization could
result from a relatively equal mix of SN2 substitution oc-
curring at both oxygen-bearing carbons, from SN1 reaction
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at the secondary position, or from some combination of
both types. Net retention would only require some excess
of cleavage at the benzyl position, either concertedly or
nonconcertedly. Ganem and Small quite reasonably con-
cluded that the cleavage step occurred by SN1 and/or SN2.

In the case of the cleavage of 2-methyltetrahydrofuran
with acetic anhydride-magnesium bromide it is clear that,
regardless of specific mechanism, the preferred position for
substitution is the secondary carbon. Further insight into
the details of the substitution step may be gained from an
examination of the stereochemical outcome of the cleavage.
One may employ, however, as a substrate, not the optically
active material, but the epimerically different compounds,
cis- and trans-2,5-dimethyltetrahydrofuran. Loss of con-
figurational integrity in the cleavage of either of these
ethers can be observed as a diastereoisomeric change rather
than as an enantiomeric one. To whatever extent either of
these ethers yields a mixture of diastereoisomeric products
one may invoke the intermediacy of a planar cationic inter-
mediate.

The isomeric ethers cis- and trans-2,5-tetrahydrofuran
were separated from a commercial mixture by spinning
band distillation. As little as 10% of one isomer could be de-
tected in the presence of the other by GLC analysis on ei-
ther an SE-30 or Carbowax 20M liquid phase. The 13C
chemical shifts of the methyl and methine carbons of each
ether are also readily distinguished and both analytical
methods showed that the lower boiling cis compound used
for subsequent experiments contained less than 10% of the
trans isomer. Each isomer when exposed to anhydrous
magnesium bromide-acetic anhydride in acetonitrile pro-
duced a single bromoacetate. The latter compounds,
though undistinguishable by normal spectroscopic meth-
ods, are readily separable by GLC.

The production of a single bromoacetate from each of
the isomeric dimethyltetrahydrofurans demands that the
cleavage reactions occur with either complete retention or
complete inversion of configuration. Thus cis-5 must open
either with inversion to give threo-7 or with retention to
yield erythro-8. Similarly trans-6 must yield erythro-8 by
inversion or threo-7 by retention. The identification of the

Br
MgBr,~Ac,0 CH ~H
e —
H H AcO
cis5 threo-7
H
MgBr,-Ac,0 CH, .-Br
CH"[O}"H DT CH,§
Pi (\:‘H , AcO
trans-6 erythro-8

configurations of the bromoacetates was made by reconsti-
tuting the original ethers from the cleavage products. Each
of the isomeric bromoacetates was treated with potassium
hydroxide in ethylene glycol. The resulting 2,5-dimethylte-
trahydrofurans (ca. 40% yield in each case) were isolated by
distillation. The bromoacetate from cis-5 gave only cis-5
again after baseé treatment, and the one obtained from
trans-6 similarly afforded only trans-6. Since re-formation
of the ethers from the bromoacetates must be a simple SN2
inversion reaction, the initial cleavage reaction must also
occur cleanly with inversion. If, for example, cis-5 had un-
dergone either SN1 cleavage or some combination of con-
certed and nonconcerted opening a mixture of both cis-5
and trans-6 would have been obtained on reclosure. In the
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event that cleavage had occurred with retention of configu-
ration trans-6 would have been the ultimate product from
the opening and reclosure of cis-5. Our results show there-
fore that the cleavage of a secondary cyclic ether is stereo-
chemically an SN2 process.

The finding that 2-methyltetrahydrofurans are opened
at a secondary position with clean inversion of retention
cannot necessarily be extended to the cleavage reactions of
other ethers. Five-membered heterocycles are in general
more easily opened than their higher homologues. Harley-
Mason!® has found, for example, that substituted pyrroli-
dines are cleaved by anhydrides under conditions where
the corresponding piperidines are inert. Tetrahydrofuran
cleavage may more closely resemble epoxide opening than
the cleavage of an acyclic ether. As a consequence the tran-
sition state for opening of the ring of the intermediate acyl
oxonium ion in a concerted displacement may display con-
siderable positive character at carbon. Bond breakage may
to a large extent precede bond cleavage but without the ac-
tual formation of a symmetric intermediate. The finding
that concerted displacement occurs preferentially at a sec-
ondary site is compatible with such a pathway.!!

). 8

~

Cf1, O 05+

COCH,

Experimental Section

Gas chromatographic analyses were performed on an F & M 720
chromatograph. Infrared spectra were determined with Perkin-
Elmer spectrometers, Models 137-B and 257. Proton NMR spectra
were recorded in the indicated solvent with either a Varian T-60 or
a Jeol 100-MHz spectrometer and 13C spectra on a Varian CFT-20
instrument. Tetramethylsilane was used as internal reference for
both nuclei. Chemical shifts are given in parts per million down-
field from MeySi. Elemental analyses were performed by Atlantic
Microlab, Inc., Atlanta, Ga. Solvents were purified according to
standard procedures.!?

4-Bromobutyl Acetate (1). General Procedure for the
Cleavage of Tetrahydrofurans. Anhydrous magnesium bromide
was prepared by the addition, under an argon atmosphere, of 2.16
ml (26 mmol) of 1,2-dibromoethane to 0.63 g (26 mmol) of magne-
sium turnings suspended with stirring in 25 ml of dry ether. When
formation of the salt was complete the ether was removed under
vacuum and replaced with 25 ml of dry acetonitrile. To this stirred
suspension, cooled in an ice-water bath, was added 2.05 ml (26
mmol) of dry tetrahydrofuran and 5.2 ml (52 mmol) of acetic anhy-
dride. The reaction mixture was brought to room temperature and
stirred for 12 hr. Saturated sodium bicarbonate solution was then
added and the mixture was stirred to destroy excess acetic anhy-
dride. Ether extraction followed by drying of the extract over sodi-
um sulfate and evaporation of the solvent under reduced pressure
afforded a dark brown oil. Evaporative distillation of the oil yield-
ed 4.89 g (96.5%) of 4-bromobutyl acetate: bp 85-87° (1.8 ‘mm)
[lit.13 92-93° (12 mm)]; ir (CHCl3) 1742 cm~!; *H NMR (CCly)
1.6-2.2 (m, 4 H, CHjy), 2.02 (s, 3 H, COCH3), 3.46 (t, 2 H, CHsBr, J
= 6 Hz), 4.08 ppm (t, 2 H, CH;0-, J = 6 Hz).

Anal. Caled for CsHy;BrOy: C, 36.95; H, 5.69; Br, 40.97. Found:
C, 36.95; H, 5.68; Br, 40.89.

Cleavage of 2-Methyltetrahydrofuran. 4-Bromopentyl Ace-
tate (3) and 5-Bromo-2-pentyl Acetate (4). Cleavage of 2.6 ml
(26 mmol) of 2-methyltetrahydrofuran under the previously de-
scribed conditions gave, after distillation, 3.79 g (70% yield) of a
mixture of 3 and 4. Analysis of the mixture by GLC on a 10 ft X
0.25 in, 10% diisodecyl phthalate column at 145° showed the ratio
3 to 4 to be 4.1:1: ir (mixture) (CCl;) 1730 cmn~1; 'H NMR (mix-
ture) (CCly) 1.22 (d, 3 H, CH3CHOAc, J = 6 Hz), 1.74 (d, 3 H,
CH3CHBr, J = 7 Hz), 1.7-2.0 (m, 4 H, CH,CHy), 2.02 (s, 3 H,
OCOCHjy), 3.42 (t, 2 H, CH3Br, J = 6 Hz), 3.98-4.30 (m, 3 H,
BrCHC- and -CH;0), 4.96 ppm (m, 1 M, -CCHOAc).

Anal. Caled for C;H13BrOs: C, 40.21; H, 6.27; Br, 38.22. Found:
C, 40.35; H, 6.28; Br, 38.14.

Cleavage of 3-Methyltetrahydrofuran. The title compound
exposed to the standard reaction conditions afforded, after distil-
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lation, 4.63 g (85%) of a mixture of 3-methyl-4-bromobutyl acetate
and 2-methyl-4-bromobutyl acetate in a ratio of 2.7:1. The propor-
tions of the isomers were obtained from the integrated intensities
of the NMR signals for the methylene protons of the acetate-bear-
ing carbons in the two compounds; ir (CHCl) 1730 cm~1; NMR
(CCly) 0.98 (d, 3 H, CHa, J = 6 Hz), 1.07 (d, 3 H, CH3, J = 7 Hz),
1.5-2.2 (m, 3 H, -CH and CCHC), 2.04 (s, 3 H, OCOCHjy), 3.35-
3.6 (t, 2 H, CH:CH,Br and d, 2 H, -CHCH;Br), 3.96 (d, 2 H,
-CHCH:0, J = 6 Hz), 4.12 ppm (t, 2 H, CH,CH30-, J = 7 Hz).

Anal. Caled for C;H;3BrOg: C, 40.21; H, 6.27; Br, 38.22. Found:
C, 40.31; H, 6.31; Br, 38.186.

Cleavage of 2,5-Dimethyltetrahydrofuran. A mixture of cis-
and trans-2,5-dimethylfuran (2.6 g, 26 mmol) under the standard
conditions afforded 5.22 g (88%) of the diasterecisomeric 2-methyl-
4-bromopentyl acetates: ir (CHCl3) 1730 ecm~}; NMR (CCly) 1.20
(d, 3 H, CH3CH-O, J = 6 Hz), 1.60-1.95 (m, 4 H, CHy), 1.69 (d, 3
H, CHsCHBy, J = 7 Hz), 2.00 (s, 3 H, CH3COs-), 4.13 (m, 1 H,
CHBr), 4.9 ppm (m, 1 H, -CHO).

Anal. Caled for CgH15BrOy: C, 43.07; H, 6.77; Br, 35.82. Found:
C, 43.10; H, 6.78; Br, 35.85.

Cleavage of Tetrahydropyran. Application of the usual condi-
tions with the exception of the reaction temperature, 85° in the
present case, to tetrahydropyran (2.53 ml, 26 mmol) yielded 3.32 ¢
(50%) of 5-bromopenty! acetate:'* '"H NMR (CCl,) 1.4-1.8 (m, 6 H,
CHy) 2.0 (s, 3 H, OCOCHy), 3.45 (t, 2 H, CHgBr, J = 6 Hz), 4.08
ppm (t, 2 H, CH20, J = 7THz).

Cleavage of Cyclohexene Oxide. The title compound (2.55 g,
26 mmol) after treatment with magnesium bromide-acetic anhy-
dride and subsequent distillation gave 4.58 g {80%) of trans-2-bro-

mocyclohexyl acetate:1* 'TH NMR (CCly) 1.15-2 (m, 8 H), 2.05 (s, 3

H), 3.87-4.16 (m, 1 H, CHBY), 4.74-5.0 ppm (m, 1 H, CHOAc).

cis=2,5-Dimethyltetrahydrofuran (eis-5). Distillation of com-
mercial 2,5-dimethyltetrahydrofuran at atmospheric pressure
through a Nester-Faust annular Teflon spinning band column op-
erating at a reflux ratio of 30:1 afforded cis-2,5-dimethyltetrahy-
drofuran: bp 90-91° (lit.15 90-91°); *H NMR (CCl,) 1.15 (d, 3 H,
CHj;, J = 6 Hz), 1.28-2.24 (m, 4 H, CHy), 3.81-4.41 (m, 2 H, CH);
13C NMR (CDCl;) 21.60 (CHjy), 33.38 (CHy), 75.36 ppm (CH).
Both GLC analysis on SE-30 silicone rubber and Carbowax 20M
and peak height measurements of the 13C NMR spectrum of the
cis compound indicated the presence of no more than 10% of the
trans isomer trans-2,5-dimethyltetrahydrofuran (trans-6).

trans-2,5-Dimethyltetrahydrofuran (trans-6). The higher
boiling fraction from spinning band distillation afforded the title
compound: bp 91-92° (1it.!5 92-94°); 'H NMR (CCly) 1.18 (d, 3 H,
CHs, J = 6 Hz), 1.28-2.41 (m, 4 H, CH»), 3.81-4.41 (m, 2 H, CH);
13C NMR (CDCly) 21.48 (CHj3), 34.31 (CHy), 74.55 ppm (CH).

Loudon and Ryono

Cleavage and Reconstitution of the Isomeric 2,5-Dimethyl-
tetrahydrofurans, Each of the above isomers was subjected to the
cleavage conditions described previously. The distilled products
were analyzed on a Carbowax 20M column at a programmed tem-
peérature rate increase of 2°/min from an initial temperature of
110°. The retention time for threo-7 (from cis-5) was 10.3 min and
that for erythro-8 (from trans-6) was 11.5 min, Analysis of mix-
tures of the isomers indicated that 10% of one isomer was detect-
able in the presence of the other. The bromoacetate threo-7 (2.26
g, 10 mmol) was dissolved in 25 ml of ethylene glycol containing
0.7 g of potassium hydroxide. The solution was heated at 60° for 6
hr. Distillation through a Vigreaux column at 92° and atmospheric
pressure followed by separation of water and drying yielded cis-5
(0.44 g, 44%). Gas chromatographic and spectroscopic analysis as
described above indicated the presence of 10% or less of the trans
isomer. Application of the same procedure to erythro-8 (2.26 g, 10
mmol) afforded pure trans-6 (0.42 g, 42%).

Registry No.—1, 4753-59-7; 2, 96-47-9; 3, 26923-92-2; 4, 26923~
93-3; 5, 2144-41-4; 6, 2390-94-5; 7, 56761-56-9; 8, 56761-57-0; tetra-
hydrofuran, 109-99-9; 3-methyltetrahydrofuran, 13423-15-9; 3-
methyl-4-bromobutyl acetate, 56761-58-1; 2-methyl-4-bromobutyl
acetate, 56761-59-2; 5-bromopentyl acetate, 15848-22-3; tetrahy-
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An unusual rate law has been observed for hydrolysis of several vinyl ethers in phosphate buffets in the pH
range 5.5-7.6. In addition to the expected terms in [H*] and [HoPO, "] alone, a term in [H*][H,PO4~| was also ob-
served. After determination of the pK’, of HaPOy (1.62 £ 0.06) in the 5% dioxane, u = 1.0 M (KCl), solvent sys-
tem used for the kinetics, and evaluation from a Brgnsted correlation of the contribution expected from HzPOq4
catalysis, it has been shown that the unusual rate law does not represent a new mechanism, but rather direct ob-
servation of HyPOQ, catalysis at pH values more than four units higher than its pK’s. The consequences of this

observation are listed.

In the study of the hydrolysis of vinyl ethers to their cor-
responding ketones, wel? and others® have shown repeat-
edly that these species undergo hydrolysis by the rate law

ky = ku[H*] + 3 kua,[HA/] (L

where ky is the observed, pseudo-first-order rate constant,
and HA; is a general acid catalyst. We were therefore rath-
er surprised when, while studying the hydrolysis of com-
pounds 1 and 2 in phosphate buffers,* we observed appar-
ent conformity to the rate law



