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A reatividade da acetonitrila, tricloroacetonitrila, benzonitritaclorobenzonitrila, 3-
cianopiridina, 1-naftonitrila e 9-antracenonitrila na geraigéigitu do respectivo acido
peroxicarboximidico foi estudada por calculos de OM, utilizando o método AM1, e
experimentalmente na epoxidacéo do cicloexeRg€)-limoneno. Os resultados experimentais
mostraram que a reatividade do sistemgCN/H,0, foi semelhante ao MCPBA na epoxidagéo
de olefinas n&o-funcionalizadas, quando o solvente utilizado foi uma mistura bifasics/CH
H,0.

A study on the reactivity of peroxycarboximidic acidssitu generated from acetonitrile,
trichloroacetonitrile, benzonitrilen-chlorobenzonitrile, 3-cyanopyridine, 1-naphthonitrile and
9-anthracenenitrile was performed by semiempirical AM1 method and experimentally in the
epoxidation of cyclohexene and R-(+)-limonene. Experimental results showed that the reactivity
of CI;CCN/H,0, was quite similar to MCPBA in the epoxidation of unfunctionalized olefins
when a biphasic mixture Ggl,/H,O was employed as solvent.
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Introduction The activation of the nitrile by hydrogen peroxde
form a peroxycarboximidic acid)(occurs in methanol as
Many reagents have been utilized to epoxidizesolvent and basic medium. An interesting variation of Payne
unfunctionalized olefins, among them peracids are the mostpoxidation was introduced by Bach and coworkéfeese
widely used. The structurally related peroxycarboximidic &cids authors utilized trichloroacetonitrile instead of benzonitrile
have been much less explored in spite of non-acidic conditiorsnd a biphasic mixture of dichloromethane/water (1:1) as
and good yields obtained with peroxybenzimidic acid (Paynesolvent in the epoxidation of some olefins. This work was
epoxidation§2d The acidk) is a highly reactive species which preceded by a theoretical study of the structural and
has not yet been isolated. It reacts with an alkene leading tlectronic features of peroxyformic and peroxyformimidic
epoxide and amide (Scheme 1). In the absence of the alkeneaitids usingab initio level calculation3 The results
reacts with a second mole of hydrogen peroxide affordingsuggested that the reactivity of both species would be quite
oxygen, water and an amide. similar and that the presence of an electron withdrawing
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substituent should enhance the reactivity of the Theoretical calculations were performed at Cray Y-MP2E/
peroxycarboximidic acid on the epoxidation. To our 232 computer employing the AM1 method implemented by
knowledge, no other study has been put forward to MOPAC 7.0 program. The energy minimization was realized

investigate the effect of the nitrile substituent in the with respectto all geometrical parameters from an appropriate

epoxidation of unfunctionalized olefins.

In this context, we studied the theoretical and experimental
reactivity of the acetonitrilel@), trichloroacetonitrile 1b),
benzonitrile Lc), 3-chlorobenzonitrileld), 3-cyanopyridine
(18, 1-naphthonitrile Xf) and 9-anthracenenitrildd) in the
epoxidation of cyclohexen2d) and R-(+)-limonenep). Our
goal was to develop a reagent based on hydrogen peroxide th
could compete with MCPBA in cost and reactivity.

In the experimental study we employed some different

solvents as methanol, a biphasic mixture of dichloromethane/

water (1:1) and water as depicted in the Scheme 2.

A theoretical study was carried out at the Aitevel
implemented by MOPAC progra#in order to investigate
the conformational features and intrinsic properties of each
peroxycarboximidic acid.

Experimental

General

Unless otherwise noted, materials were obtained from
commercial suppliers and used without further purification.
R-(+)-limonene was distilled prior to use. Flash column

chromatography was carried out using 230-400 mesh silica

gel.IH NMR spectra were obtained with a Varian VXR-200
spectrometer. Proton-decouplEC-spectra were obtained

at 50MHz with the same instrument. GC analyses were carried

out using a capilar column HP-1 (50m x 0.2mm x Qui).

g

2a

R1CN/H,0O,
solvent, KHCQ
3a

region of the Potential Energy Surface (PES).

Typical procedure for the epoxidation2d or 2b with ni-
triles (1a, 1c-gjH,0,:

In a typical run, olefinZaor 2b, 10 mmol) hitrile (1a,

aéLc-g 10 mmol) and KHCQ(2 mmol) were dissolved in

methanol (20 c¥). The mixture was treated with hydrogen
peroxide (30% wt. solution in water, 10 mmol) dropwise.
The stirring was continued for 24 hours at room
temperature. The mixture was diluted with water (5)cm
and extracted three times with dichloromethane (18).cm
The organic layer was washed with 20% ag. solution of
NaHSG; and dried over MgSP The yield of epoxide was
determined by GC analysis based on internal standard (n-
decane). The respective amide was isolated by filtration,
washed with hexane and dried in vacuo. Purification by
column chromatography on silica gel (10% EtOAc/hexane,
v/v) afforded epoxide8a or 3b-c (yields are indicated in
Table 1). Compound8a, 3b and 3c were isolated as
chromatographically pure materials and exhibited
acceptabléH NMR, 13C NMR, IR and MS spectral data,
which were identical with those reported in the literature

Typical procedure for the epoxidation 8& or 2b with
CI;CCN/H,O:

To a solution of olefinfaor 2b, 10 mmol) and GICCN
(1b, 10 mmol) in CHCI, (10 cn¥) was added 10 chrof

9=

Ri;=Me (1a); trichloromethyl(1b); phenyl(1c),

m-chloropheny{1d); 3-pyridinyl (1e),
1-naphthyl(1f); 9-anthraceny{1g).

©)
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Scheme 2.
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Table 1.Results for the epoxidation @k and2b with RCN (1a-19/H,0,.
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Entry Nitrile Olefin Solvent Product (ratio), yield Amifle
1 la 2a MeOH 3a, 45%*

2 la 2b MeOH 3b:3c (1:1), 51% -

3 1b 2a CH,Cl,/H,0 3a, 769 71 %
4 1b 2b CH,CI,/H,0 3b:3c (13:1),72% 70 %
5 1b 2b H,0 3b:3c (9:10,129% 52%
6 1c 2a MeOH 3a, 6096 48 %
7 1c 2b MeOH 3b:3c (1:1), 65% 50 %
8 1d 2a MeOH 3a, 35%° 63 %
9 1d 2b MeOH 3b:3c (1:1), 40% 68 %
10 le 2a MeOH 3a, 209¢ 30 %
11 le 2b MeOH 3b:3c (2:1), 24% 13%°
12 1f 2a MeOH 3a, 1096 16 %
13 1f 2b MeOH 3b:3c (2:1), 10% 12%
14 1g 2a MeOH f £

a. Yields are reported after purification of the crude mixture by column chromatoghkagtatio3b’: 3b” (trans:cis)of 10:1, determined bJH NMR, as
indicated in reference 1t; Yields were determined by GC relative to an internal standard (n-dedate)lated yields after the filtration of the crude

mixture; e. Nicotinamide N-oxide was isolatefd.Nitrile was recovered.

0.2 mol. dm3 aqueous solution of KHCQOThe biphasic
mixture was cooled to%C and treated with hydrogen
peroxide (30% wt. solution in water, 10 mmol) dropwise
under vigorous stirring. The mixture was vigorously stirred
for 24 hours at room temperature. The organic layer was

promoted by the olefin or the hydrogen peroxide, as
represented in the Scheme 1.

The epoxidizing system GCCN/H,O, showed high
chemoselectivity in the epoxidation of the more
nucleophilic double bond of R-(+)-limonene (entries 4-5)

separated, the aqueous layer was three times extracted within spite of the unselective behavior of the other systems

dichloromethane (10 c# and dried over MgSQ The
solvent was removed under vacuum and trichloro-
acetamide was isolated by filtration. Purification by column
chromatography on silica gel (10% EtOAc/hexane, v/v)
afforded epoxidesa or 3b-cin 76% and 72% yield,
respectively. In the aqueous condition, 103caf
dichloromethane was replaced by 10@hwater.

Results and Discussion

The epoxidation of cyclohexerg) and R-(+)-limonene
(2b) with nitriles (La-g), mediated by HO, and KHCQ was

RCN/H,0, studied. A 13:1 ratio oBb:3c(Scheme 2) was
obtained in CHCI,/H,O (entry 4) and 9:1 in water (entry
5), which were quite similar with results obtained in the
epoxidation of R-(+)-limonene with MCPBA Besides,
when the reaction was carried out in water (entry 5) the
product3b’ (trans)was obtained in 82% d.e. (ratians:cis

of 10:1, determined byH NMR). In this case the
diastereoselectivity was attributed to a deleterious effect
of the agueous 0.1mol. dfrsolution of KHCQ on thecis
stereoisomer which resulted an enriched mixturteaofs
isomer in only 12% yield. Jones and coworkéxerified

the same effect when an aqueous 1mot3dmlution of

carried out. The results described in Table 1 were obtained NaHSQ, was employed. They noted that the oxirane ring

after 24 hours at room temperature (standard procedure).
Epoxides were obtained in 10-65% yields with nitriles
1a, 1c-f (entries 1-2, 6-13, Table 1) using methanol as
solvent. Trichloroacetonitrilelp) did not furnish epoxides
or amide in methanol. In this case, methyl trichloroaceti-
midate was isolated as result of the nucleophilic attack of
the solvent at the nitrile carbon. The trichloroacetimidic
acid was formed only when a biphasic mixture of
dichloromethane/water (1:1) (entries 3 and 4) or water
(entry 5) were used as solvent. Interestingly, nitrllas
1c-gdid not furnish epoxides or amides using the biphasic
mixture of solvent. An amide/epoxide ratio superior to 1.0

opening in theisisomer was faster than in tliansisomer.

The experimental reactivity order observed in the olefin
epoxidation with nitriled a, c-gusing a standard procedure
and methanol as solvent, wks> 1la> 1d > 1e> 1f > 1g
This experimental behaviorist in accordance with LUMO
energies of nitriledla-g calculated by AM1 methdd.
Besides, it is important to consider that@CN (Lb) was
not included in the above order because good results only
were attained when methanol was replaced byGT}#H,O.

In order to attempt rationalize these results, a
conformational analysis and intrinsic properties calculations
of the conformers of each peroxycarboximidic achisd

was observed in some cases (entries 5, 8-10, and 12-13)Figure 1) were performég The two most stable conformers

and suggested that the peroxycarboximidic acid reacted
with hydrogen peroxide in the fast steft is important to

of the eight possibfewereZ (C=N geometry), sis (C-O
bond), antiperiplanar andl (C=N geometry), sis (C-O

consider that the reduction of reactive intermediate can be bond), synperiplanar as represented in Figure 1.
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Figure 1. Representations of the geometry of the two most stable conformers of the peroxycarboximidia-@cjdalues of relative energies are

summarized in Table 2).

We calculated the relative energies and dipole moment
values of the correspondirigyand Z conformers of the
peroxycarboximidic acidsa-g The results are summarized
in Table 2.

Table 2. Calculated values of the intrinsic propertiesbbind Z
conformers of the peroxycarboximidic acid®{g).

Entry Conformer &, (kcal/mol) Dipole moments (D)
1 5a-Z 0.0 1.72
2 5a-E 3.54 2.59
3 5b-Z2 0.0 2.12
4 5b-E 1.19 1.50
5 5c-Z 0.0 1.80
6 5c-E 2.81 2.90
7 5d-Z 0.0 2.54
8 5d-E 2.25 1.68
9 5e-Z 0.0 2.35
10 5e-E 3.20 2.98
11 5f-Z 0.0 1.85
12 5f-E 1.88 2.88
13 5g-Z 0.0 1.74
14 5g-E 1.37 2.74

The calculations showed thatis the conformer of
minimum energy with an internal hydrogen bond between
H imidic and hydroxyl group. ThE conformer is an analog
of the peracids with aanti imine structure containing an
internal hydrogen bond between nitrogen atom End
hydroperoxide. Both conformers showed a minimum
conformation wherH hydroperoxide was out of plane
formed by the functional group (Figure 1).

The butterfly mechanism is usually accept for Payne
epoxidatiod®. In this context, it was postulated that only
the E conformer has an adequate geometry to react with
an olefir’. However, we assumed thatonformer could
be able to react with hydrogen peroxide in the fast step.

We observed an unusual selectivity of trichloroaceti-
midic acid in the epoxidation of the more substituted double
bond of R-(+)-limonene, which was comparable with that
observed by peracids. Since the formation of the
peroxycarboximidc acid is usually accepted as the rate-
determining step we believed that, in this particular case,
the strong electron-withdrawing effect of the trichloromethyl

group could be affecting the kinetics of the reaction.
Unfortunately, it was impossible to compare the reactivity
of all RCN/H,O, systems studied in the same solvent. Further
additional kinetics studies would be needed to understand
the different reactivity showed by these systems.

Conclusion

In conclusion, the choice of a nitrile for olefin
epoxidation mediated by hydrogen peroxide could not be
carried out through a simple analogy between the
peroxycarboximidic acidin situ generated, and the
structurally related peracid.

Moreover, we concluded that the reactivity of
benzonitrile, 3-chlorobenzonitrile and acetonitrile were
quite similar in the epoxidation of unfunctionalized olefins,
mediated by hydrogen peroxide and KHO® methanol
as solvent. Trichloroacetonitrile showed the best results in
this study. In the epoxidation of R-(+)-limonene, the
CI;CCN/H,0, system presented a chemoselective behavior
similar to MCPBA. Besides, the utilization of a biphasic
mixture of solvent makes the purification of oxiranes easier
and avoids acidic conditions, which makes thgCCIN/
H,0O, system an excellent alternative method to MCPBA
epoxidation.
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1.499 A 6a); 1.525 A Bb); 1.480 A 6c); 1.479 A
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(56); 127.0 Bf); 127.P (5g). (C=N-H) 116.? (53,

5b); 115.8 (5¢, 5¢, 5f, 5g). (O-O-C): 114.2 (5, 5¢,

5f); 113.6 (5b); 114.P (5d, 5g). (O-O-H): 107.2

(54, 5b, 5¢ 5f); 107.2 (50); 107.# (5d); 107.P (5g).

E Conformers: (0-O): 1.286 56, 5d, 5f, 5¢; 1.284
A (5b); 1.290 A 6¢); 1.285 A Be). (O-H): 0.985 A
(5a, 5f, 5¢); 0.986 A B¢, 5d); 0.987 A Bb, 56). (C-
0): 1.420 A Ba); 1.422 A Bb, 5d, 5f, 5¢); 1.430 A
(50); 1.423 A Be). (C=N): 1.284 A®a, 5f, 59); 1.277
A (5b); 1.286 A B¢); 1.285 A &d, 56). (N-H): 0.996
A (5a,56); 0.997 A Bb, 5¢, 5d, 5f, 5g). (C-R): 1.499
A (5a); 1.530 A Bb); 1.480 A B¢, 5d); 1.475 A 6e);

1.483 A 6f); 1.485 A Bg). (O-C-R): 107.8 (5a);

108.% (5b); 108.8 (5¢, 58; 108.% (5d); 108.P (50);

108.7 (5g). (O-C=N): 121.8 (5a,59; 121.® (5h);

121.® (5¢, 56); 121.P (5d); 121.% (5f). (C=N-H)
115.2 (5a); 117.8 (5b); 115.® (5¢, 5f); 115.2 (5d,

5¢); 115.% (5€). (O-O-C): 117.8 (5a); 116.# (5b);

117.2 (5¢, 5f); 117.0 (5d, 5g); 117.2 (5€). (O-O-
H): 108.9 (54, 54, 5f, 5g); 108.8 (5b); 109.C® (50);

109.P (5€).

. In the olefin epoxidation, the electrophilic mechanism

occurs in the cyclic transition statgugterfly) or in the
opened transition state. For discussion see: Rebek, J.
Heterocycled98], 15, 517.
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