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Summary — The Mn-mediated in-cell electrochemical addition of active methylene compounds is an interesting alternative to
usual chemical methods notably with respect to the amount of manganese salt used. The electrochemical approach however
requires the reagent to be readily oxidized in order to be associated with an efficient in situ anodic regeneration process.
We have used amperometric measurements to show that the rate constants for the Mn(III)-oxidation of active methylene

compounds at 60°C range between 1072 and 1.2 L mol™' s~

! In this study we show that the addition reaction occurs in

the coordination sphere of Mn; this requires the active methylene compound and the olefin to be coordinated to the Mn
salt. This aspect can be critical in the electrochemical process insofar as the catalytic manganese salt can sometimes be fully
coordinated by only one reagent, either the active methylene compound (eg, 2,4-pentanedione) or the olefin (eg, styrene).

electrochemistry / manganese(IIl) / addition reaction / free radical

Introduction

The increasing use of manganese-IIl as a reagent in
free-radical synthetic processes [1] has stimulated the
search for efficient in situ electrochemical generation of
Mn(IIT) from Mn(II) in order to avoid the use of large
amounts of Mn(III) [2-6]. Mn(OAc); can indeed be easi-
ly anodically oxidized in AcOH containing AcONa or
AcOK at ca 1 V vs SCE, ie in the presence of most
organic compounds, which, apart from a few easily ox-
idized species, such as phenol or aniline, are them-
selves anodically oxidized at higher potential. However,
Mn(I1I)-oxidation of many organic compounds is too
slow to be associated with a constant in situ elec-
trochemical regeneration of the oxidative manganese
species at a reasonable rate. Thus the first reported
electrochemical reactions involving Mn(III) were ex-cell
processes [2]. The in-cell method has only recently been
reported to be convenient for the addition of active
methylene compounds to olefins {3,6] or the coupling
reaction between acetic acid and butadiene to give sor-
bic acid [4].

In connection with our search for new synthetic ap-
plications of Mn(III)-promoted electrochemical C-C-
bond formation [5], in this paper we report a study de-

* Correspondence and reprints

voted to the addition of active methylene compounds to
alkenes. Some of these reactions have already been stud-
ied by Nishiguchi’s group in a divided cell [3]. Our pur-
pose was to determine to what extent an undivided cell
can be used for these reactions since some limitations
can be expected because side reactions can occur at the
cathode (eg, back reduction of Mn(III)). We will com-
pare the two methods with regard to their efficiency. We
will also examine the kinetics of the Mn(III)-oxidation
of compounds usually involved in such reactions, in or-
der to select reagents which can be efficiently associ-
ated with an in-situ electrochemical regeneration pro-
cess. Addition reactions involving Mn(III) are usually
described as radical reactions [1], but the question of
the very nature of the intermediate, free or complexed
radicals, is still debated. We will also try to elucidate
the mechanism of the reactions studied here.

Results and discussion

When we started investigating the possible addition of
active methylene compounds to olefins in an undivided
cell we rapidly found that, although the same adducts
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Table I. Mn-promoted electrochemical addition of either methyl cyanoacetate 1,
cyanoacetic acid 2, or 2,4-pentanedione 3 to either 1-heptene A, cyclohexene B,

1,5-cyclooctadiene C, or styrene D?.
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* Mn(OAc)2 (2 mmol), AcOK (30 mmol), reagent (20 mmol), olefin (20 mmol), ] = 0.1 A,
2 mol electron/mol reagent, 60°C, isolated yield. b This work. © Ref 3.

were obtained, the yields were different from those ob-
tained in a divided cell by Nishiguchi [3]. Thus, surpris-
ingly, the coupling of methyl cyanoacetate with cyclo-
hexene was found to be more efficient, but the coupling
with hept-1-ene was found to be less efficient in the un-
divided cell compared with the divided one. Under both
sets of experimental conditions the reactions require a
charge of 2 faradays per mole of reagent which means
that we are not dealing with chain reactions even if the
involvement of radical intermediates usually postulated
cannot be ruled out at this stage.

In order to clarify the various aspects of these
Mn(IlI)-mediated electrochemical syntheses, we de-
cided to investigate the behavior of typical reagents,
ie methyl cyanoacetate 1, cyanoacetic acid 2 and
2,4-pentanedione 3, in the presence of various olefins
(1-heptene A, cyclohexene B, 1,5-cyclooctadiene C,
and styrene D). The results reported in table I include
those obtained in an undivided cell, and, for compari-
son, those obtained in a divided cell for some of these
reactions (eq 1). The reactions performed in an undi-

vided beaker-type cell were conducted under the follow-
ing experimental conditions. A solution of Mn(OAc),
(2 mmol), the reagent (1, 2 or 3) (20 mmol) and the
olefin (20 mmol) in AcOH (40 mL) containing AcOK
(20 mmol) was electrolyzed at 60°C under constant cur-
rent intensity (I = 0.1 A). The cell was fitted with
two concentric electrodes made of glassy carbon fiber
(anode; ca 20 cm?) and stainless steel (cathode; ca
3 cm?). The anodic reaction is the oxidation of Mn(II)
at 1 V/SCE, and the cathodic reaction is the reduction
of protons to form hydrogen gas. In all cases 2 fara-
days per mole of reagent was necessary to complete the
reaction.

R-CH=CH-R’ + W-CH,-W'
W
/
R-CH,-CH(R')-CH ]
N

Mn(OAc),

anodic oxid

W, W' = electron-withdrawing groups



Methyl cyanoacetate 1

The Mn-promoted addition of 1 on cyclohexene leads to
high yield when performed in an undivided rather than
a divided cell. In contrast, a low yield is obtained with
1-heptene in an undivided cell, whereas in a divided
cell this reaction is as efficient as that performed with
cyclohexene (entries 1,2, table I). Such a discrepancy
prompted us to carry out the other reactions reported
in table I. Good results are obtained under both exper-
imental methods when 1,5-cyclohexadiene is used (en-
try 3, table I). A bicyclic adduct is selectively obtained
with a cis-ring junction, as is usually observed in free-
radical reactions involving this diene [3b]. With styrene
(entry 4, table I}, the adduct is not formed under either
set of experimental conditions. Instead, solvent-derived
products Dx and Dy were identified, which have previ-
ously been described (7] for the Kolbe reaction to gen-
erate methyl radicals (eq 2), which add to the terminal
carbon of the double bond (eq 3); the benzylic radical
formed can be oxidized to give Dx (eq 4) or dimerize
into Dy (eq 5).

CH.COy " CH; + CO, 2
CH, + CoHe CoHa e, 3
..e.
— C(lH<\/\CH1 [41
CbHS\/\ — *
CH
— .
2 Dy
AL
————p C6H. CH3
OAc Dx

Cyanoacetic acid 2 and 2,4{-pentanedione 3

The main difference in the behavior between 2 and the
corresponding ester 1 is the easy formation of y-lactone
adducts, instead of the saturated product (eq 6). In ad-
dition, the three types of olefins (entries 5-7, table I)
gave the same type of adduct (y-lactone) and in com-
parable yield (60%). This is mechanistically quite sig-
nificant, as discussed below with respect to the carbo-
hydrogenated adduct obtained with the corresponding
ester.

R .
0AQ)
R=CH=CH—R' + CNCH,COH —OA%2,
anodic oxid. 0O, CN
S
0
[6]

2,4-Pentanedione 3 can be added to cyclohexene
to give a saturated adduct in medium yield, while a
cyclized product (D3, entry 10, table I) is formed with
styrene, and in a slightly higher yield. However no
coupling occurred with 1-heptene.
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These results show that both the active methylene
compound and the unsaturated compound have a key
role in the reaction. In addition, there is some difference
according to the method used, ie run in divided wvs
undivided cells. Moreover, compared with the chemical
approach, which uses excess Mn(IIl) relative to the
reagent, the results are found roughly comparable [8] as
regards the nature and yield of the products. The global
reaction involves many steps, and two of them could be
critical, ie the oxidation of the reagent by Mn(III) and
the regeneration of Mn(III).

Some relative rate constants are already known for
the Mn(III)-oxidation of active methylene compounds
[19a]. However, we have found it necessary to make a
more extensive approach for this step by measuring the
rate constants of Mn-oxidation of the compounds in-
volved in our reactions. The variation of the concentra-
tion of either commercially available or electrochemi-
cally generated Mn(III) [13] in the presence of the added
active methylene compound in AcOH/AcONa was mon-
itored by recording the cathodic current at 0 V vs SCE
at a graphite indicator electrode in an undivided elec-
trolytic cell. It is worth noting first that Mn(III) was
found to be stable for several hours at 60°C in AcOH or
in aliphatic alcohols containing AcONa. In addition, all
studied reagents react relatively slowly with Mn(III).
Indeed, if Mn(II) is anodically oxidized in the pres-
ence of these reagents, there is no change in the cyclic
voltammetric behavior on the cyclic voltammetric time
scale (a few seconds at a slow 0.1 Vs™! sweep rate).

General experimental conditions were first deter-
mined with the one-electron oxidation of CNCH,COsMe
1 as the standard reaction (eq 7), and which has been
supposed to give an intermediate free radical [14]. This
radical was not further oxidized by Mn(III) because it
bears two electron-withdrawing groups.

CNCH2CO2Me + Mn(OAc);
k .
——— CNCHCO;Me + Mn(OAc); + AcOH [7]

Factors other than the nature of the reagent, that
may influence the rate of disappearance of Mn(III) (eg,
nature of the solvent, temperature, nature and con-
centration of the supporting electrolyte, presence of an
olefin) were checked separately by comparison to the fol-
lowing reference run. A solution of Mn(OAc)3 (1072 M),
AcONa (5 x 107! M), and CNCH,CO,Me (10~ M to
6 x 1071 M) in AcOH at 60°C was monitored electro-
chemically. From the data obtained at different concen-
trations of 1 we obtained [15] an experimental rate con-
stant k = 0.66 x 1072 M~! s~ for reaction [7] which is
indeed relatively low. It has been checked that the dis-
appearance of Mn(IIl) is due to the oxidation of methyl
cyanoacetate and that, in the presence of an olefin, this
leads to the formation of the adduct.

We first found that the rate constant for the above
reference reaction (eq 7) increased to 2 x 10~2 M~1 57!
when the oxidation was carried out in the presence of
1 equiv of 1-heptene vs CNCH2CO;Me and that the
rate did not depend on the concentration of the olefin
for a larger olefin/reagent ratio. Although the effect of
the presence of the olefin was not found to be very large,
we investigated the oxidation of all the other reagents in
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the presence of 1-heptene (107! M). We also found that
the nature of the olefin itself, for example, 1-heptene,
styrene or 1,5-cyclooctadiene, had no specific influence
on this step. This is in keeping with Snider’s report on
the influence of the presence of an olefin on the Mn(I1I)-
oxidation rate of some esters of acetoacetic acid [16].

AcOH is the usual solvent in most Mn(III)-promoted
reactions. Commercial analytical-grade AcOH [17] was
used as received. It has sometimes been recommended
to use dry AcOH or to add Ac2O in order to increase the
overall reaction rate [18], even though negative effects
of the addition of AcyO have also been reported [19al.
In our experiments addition of AcyO to the medium
had no effect. However we found that a few percent of
added water (> 2%) dramatically reduced the life time
of Mn(III), ie in the presence of 5% and 10% water the
concentration of Mn(IIl) dropped very rapidly to ca
85% and 30% respectively of its initial concentration.
An increase of the rate of oxidation can be obtained
(see table IT) by using CF3CO2H or, more interestingly,
EtOH or MeOH in the place of AcOH. EtOH was also
recently reported by Snider [20] as being a convenient
solvent as regards both reactivity and selectivity of
some Mn(III)-promoted reactions. Mixture of solvents
such as 1:1 AcOH/AcOEt can also be used, as in the
work reported by Nishiguchi [3]. In all these solvents
or solvent mixtures the expected product Al or Bl
(see table I) was formed from methyl cyanoacetate and
1-heptene or cyclohexene respectively, but we did not
try to optimize these reactions for each new factor.

An acetate salt is usually used in the chemical re-
actions and which can supposedly [19a] act as a base
to favor the enolization in reactions involving active
methylene compounds. In the electrochemical reactions
a supporting electrolyte is used, which is also mostly
an acetate salt (AcONa, AcOK and AcONRy4). In both
methods acetate ions have a significant influence on the
reactivity of Mn(III) as indicated by the effect of the
concentration of AcONa on the rate constant of the ox-
idation of 1 (entries 1-3, table II).

Table II. Influence of the nature of the solvent and of the
concentration of the supporting electrolyte on the rate of
Mn(III)-oxidation of CNCH,CO2Me®.

Entry Solvent Supporting 10% xk
electrolyte (L mol™' s7%)
1 AcOH AcONa (5 x 1071) 2.0
2 i (7 x 1071 3.0
3 ” 7 (10 x 1071) 4.7
4 AcOH/AcOEt (1:1) AcONa (5 x 107!) 2.2
EtOH
5 MeOH 7 (5% 1071 27
5 CFsCO2H 7 (5 x 107h) 50
7 7 (5 x 107h) 4.5

2Mn(OAc)s (1072 M); 1-heptene (0.1 M); CNCH2COzMe (0.1
to 0.6 M); 60°C.

All active methylene compounds that are common
reagents in Mn(III)-promoted addition reactions are
oxidized at rate constants ranging between 10™2 and
1.2 mol L™!s~! (table III). We can notice that acids

Table III. Experimental rate constants for the oxidation of
various organic compounds by Mn(IIT) in AcOH at 60°C®.

Entry Organic coumpound 10% x k (mol L™'s7?)

1 NC-CH,-CO2CH; 1 2

2 NC-CH,-CO.H 2 16.5
3 CH;3;COCH:COCH; 3 4.9
4 Dimedone 4 120
5 CHz(COz]\Je)z 5 1

6 CICH(CO-Et) 6 67
7 CH,(COH), 7 8.6
8 Meldrum’s acid 8 116

®Mn(OAc)s (1072 M); AcONa (5 x 107! M); I-heptene
(10_1 M); organic compound (0.1 to 0.6 M).

0 (0]
Q X
. O
QO 0
4 8

(eg, 2 and 7) are eight times as reactive as the cor-
responding esters (respectively 1 and 5). As expected
from a correlation with pK, values [19] malonic acid
derivatives are the slowest reagents, unless a chlorine
atom is present to activate the C-H bond 6. 3-Diketones
are easily oxidized, particularly in cyclic structures.

In all cases the corresponding product was obtained
in preparative runs conducted according to the general
method, either as indicated in table I, or as follows
for the reactions not fully investigated and involving
the coupling of 4 with styrene (D4; 65%), 5 with
cyclohexene (B5; 25%), and 8 with 1-heptene (AS8;
15%).

COMe

Q
/\/{O
| R ><
O ijk 0

CO-Me
Ph ! ‘ :

D4 BS

Benzylic C-H-bond-containing compounds or nitro-
methane have also been reported [21,22] to be oxidized
by Mn(III). We found that these compounds are very
slowly oxidized [23] and then cannot be used in an
in-cell electrochemical process. An alternative ex-cell
electrochemical method can however be used, as re-
ported by Bellamy [24] for the Mn(III)-promoted nitro-
methylation of aromatic compounds.

To obtain a deeper understanding of the global reac-
tion we designed and carried out a set of experiments
with hexyl cyanoacetate 9 using GC analysis to bet-
ter monitor the concentration of the reagent when the
coupling is not efficient. All reactions were run in an
undivided cell. We first checked that in the absence
of Mn(OAc)2 and in the absence or the presence of
an olefin the direct anodic oxidation of 9 did not oc-
cur. Moreover in the presence of Mn(OAc)z but in
the absence of olefin no significant consumption of 9



was observed after passing a charge of 2 faradays per
mole of 9. In the presence of either 1-heptene or cy-
clohexene, 9 was consumed and with a higher rate for
the cyclic olefin. The expected adducts were formed,
but in yields lower than from 1 (A9; 7% and B9
15%) possibly because of steric hindrance due to the
hexyl group. Apart from the unreacted starting mate-
rial, hexyl cyanoacetate was found (20-30%). Thus when
the addition does not occur or is rather slow, the active
methylene compounds are not consumed and in an un-
divided cell a back reduction of Mn(1II), which may be
coordinated with the reagent, can occur, thus involving
only Mn in the overall process.

CN
CN
A~ COLC H,,
R CO.C,H,,
AY B9

It is now well accepted that to be oxidized com-
pounds have to be both acidic and enolizable in order
to complex Mn(III) through a ligand-exchange process
as exemplified in scheme 1 with a diketone. Indeed we
can see that the fastest reaction involves a compound
(dimedone, entry 4, table IIT) which is mainly (ca 95%)
in the enol form [19¢]. This ligand exchange is followed
by an inner-sphere electron transfer [25] which would
be the rate-determining step [16].

m il 11

Mn Mn Mn
O 0 .aAcOH O 0 0
AN AL T AA

Scheme 1

The rate constants reported in table I1I are probably
not those for the elementary oxidation step but are more
likely complex constants including pre-equilibrium, eno-
lization, electron transfer and possibly, a reverse redox
reaction (although we can neglect the concentration of
Mn(II}) when measuring the initial rate constant).

A simplified view of the subsequent steps would con-
sider a diffusing free radical which can add to the
C-C double bond. However, the results we have ob-
tained can better be understood if we assume that for
the reaction to be efficient the ethylenic compound must
also be coordinated to the manganese, in agreement
with a scheme proposed by Fristad et al [19b]. A mixed
complexation of the two reagents with the oxidant is in
keeping with the increase of the oxidation rate of the
active methylene compound when an olefin is present.
However, there is no correlation between the rate of
Mn-oxidation of the active methylene compound and
the yield in the addition reaction, since the yield of the
coupling product strongly depends on the nature of the
olefin. It should also be taken into account that in the
electrochemical procedures only a small amount of man-
ganese is used.
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Accordingly, on the basis of the reaction occurring
in the coordination sphere of Mn, we can consider three
cases depending on the relative equilibrium constants
between the various reagents and Mn(III). Thus, either
the active methylene compound or the ethylenic com-
pound can better coordinate Mn(III) than the other
reagent. Alternatively the two reagents have equilib-
rium constants of the same order. This can be well il-
lustrated with styrene. Thus, when 1 is reacted with
styrene only the side reactions leading to Dx and Dy
(eq 2-5) occur and during the reaction the anode po-
tential rapidly reaches 2 V/SCE. Moreover when MeOH
is used as a solvent the expected adduct is not formed
and the only reaction occurring is the methoxylation of
styrene. In the kinetic investigation we have found that
the disappearance of Mn(III) by reaction with methyl
cyanoacetate is not greatly modified by the presence of
styrene. In keeping with this, we have found that the
adduct D1 can be obtained efficiently (60%) according
to the usual chemical approach, ie in the presence of at
least 2 equiv of Mn(III) relative to 1 (eq 8).

Ph-CH=CH, + CNCH,CO,Me
D 1
Ph CN
N/
CH-CH 8]

AcOH, 60°C /
OAc COQME

Mn(QAc)s (2 equiv)

D1

The limitation for this electrochemical reaction is
the regeneration of Mn(III). It can be easily shown by
cyclic voltammetry that the oxidation of Mn(OAc), in
AcOH and in the presence of styrene does not occur
at 1 V/SCE as it does in the absence of styrene, and
is probably shifted positively to the region correspond-
ing to the oxidation of the solvent, thus indicating a
strong interaction of Mn and styrene. All attempts to
characterize any new complex failed. The absence of an
Mn complex oxidizable at ca 1 V/SCE enables the oxi-
dation of acetate ion leading to the Kolbe reaction. On
the other hand, when cyanoacetic acid 2 is reacted with
styrene, a good yield of the lactone D2 is obtained (en-
try 7, table I). More generally, 2 appears to allow an
efficient formation of a 1:1 olefin reagent complex with
Mn, whatever the olefin. This enables the coupling reac-
tion to occur easily. In addition, the intermediate radical
species is likely kept in the coordination sphere, since
it is further oxidized into the vy-lactone product. This is
clearly indicative of a reaction occurring in the coordi-
nation sphere of Mn. Finally, 2,4-pentanedione 3 should
strongly coordinate to Mn, thus preventing or restrict-
ing the complexation of the olefin, even if it is styrene
since only 40% of the cyclic adduct is formed.

In conclusion, we first repeat that the Mn-promoted
electrochemical addition of active methylene com-
pounds is an interesting alternative for the usual chem-
ical reactions using Mn(III) in high concentration. The
electrochemical reactions can be run in-cell in many
cases where the Mn-oxidation of the reagent is rapid
enough. It also appears from this study that the ad-
dition reaction takes place in the coordination sphere
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of the manganese. An undivided cell can be used with
the same efficiency as a divided cell. There is however a
severe limitation which can result from a strong coordi-
nation of a reagent with Mn which is used in catalytic
amount. This effect is a major drawback for runs in un-
divided cells since the complex formed can be oxidized
and reduced without leading to any product. Regarding
the question of a possible radical mechanism, diffusing
free-radicals as key intermediates are unlikely. It should
be added, however, that, as we have shown in previ-
ous studies [5], we can easily initiate typical free radical
chain addition reactions of halo compounds to olefins
by oxidizing electrochemically Mn(OAc); in the pres-
ence of equimolar amount of methyl cyanoacetate or
2,4-pentanedione.

Experimental section

General

NMR spectra were recorded on a Bruker AC 200 E spec-
trometer in CDCl3. Mass spectra were obtained on a Finni-
gan ITD 800 spectrometer coupled to a Varian 3 300 chro-
matograph with a 0.12 g SIL-5 (25 m x 0.32 mm) silica-
fused capillary column. Gas chromatography was performed
on a Varian 3 300 chromatograph with a 0.5 4 SIL-5 (5 m X
0.32 mm) silica-fused capillary column. Reagents, solvents
and supporting electrolytes were used as obtained commer-
cially. The electrochemical undivided cell was cylindrical
with the top fitted with five SVL necks allowing electric
and gas connections as well as sampling for monitoring the
reaction. The two compartments of the divided cell were
separated by a glass frit. The metals used as electrodes were
commercial. All reactions were carried out at 40 or 60°C in
air.

Kinetic measurements

As indicated in the text the measurements can be performed
with commercial as well as electrogenerated Mn(OAc)s. For
practical purposes the commercial salt was used. The undi-
vided cell was fitted with a working carbon microelectrode,
an auxiliary electrode made of carbon fiber, and a satu-
rated calomel reference electrode. To a solution of AcONa
in 40 ml of the selected solvent at 60°C (see table I} was
added Mn(OAc)s (20 mmol). The stability of the oxidant
was first checked by amperometric monitoring for a few min-
utes. Chronoamperometric monitoring in the presence of the
organic reagents was made at 0 V/SCE.

Typical procedure for the addition of active methylene
compounds

A solution of Mn(OAc)2 (2 mmol), the reagent (1, 2, or
3) (20 mmol), and the olefin (20 mmol) in AcOH (40 mL)
containing AcOK (20 mmol) was electrolyzed at 60°C under
constant current intensity (I = 0.1 A), the cell being fitted
with two concentric electrodes made of carbon fiber (anode;
ca 20 cm?) and stainless steel (cathode; ca 3 cm®) and
connected to a constant-current power supply. In all cases
2 faradays per mole of reagent were necessary to complete
the reaction. After the electrolysis, AcOH was removed
under vacuum, then the mixture was diluted in diethylether
or CH;Cl; and washed with water. Products were purified
by chromatography on silica gel with pentane/diethylether.

Identification of the products

o I-Phenylpropyl acetate (Dx)

It was characterized by comparison of its GC and spectral
data with those for an authentic sample prepared by acetyl-
ation of the commercial corresponding alcohol 1-phenyl
propan-1-ol.

'H NMR 6 7.2 (m, 5H), 5.6 (t, 1H), 2 (s, 3H), 1.8 (m, 2H),

0.9 (t, 3H).
13C NMR 170, 140, 128.9, 128.2, 127.8, 126.4, 125.9, 77, 29,

21, 9.75.

GC-MS (relative intensity) 149 (10.4), 136 (38), 117 (28),

107 (58), 91 (30), 79 (20), 65 (6), 51 (18), 43 (100).

A9 and B9 were characterized by GC comparison with
A1 and B1, respectively, after conversion into the corre-
sponding methyl esters.

The following products were characterized by comparison
of their spectral data with those given in the cited references:

e Methyl 2-cyanononanoate (A1) /3]

'H NMR § 3.75 (s, 3H), 3.46 (t, 1H), 1.92 (m, 2H), 1,1 (m,
10H), 1 (t, 3H).

13C NMR 166, 116, 53, 37, 31, 29.7, 28.7, 28, 26, 22, 14.

o 2-Ozo-4-pentyl-tetrahydrofuran-3-carbonitrile (9]

It was characterized as its methyl ester (A%a).

'H NMR 6 4.5 (OH), 3.75 (s, 3H), 3.58 (m, 1H), 2.7-2 (m,
2H), 1.2-1 (m, 9H), 0.95 (t, 3H).

13C NMR 168, 116, 80, 53, 47, 35.3, 31.8, 31.3, 28.8, 24.7,
22.4, 13.

o Methyl 2-cyano-2-cyclohexylacetate (B1) [3/

'H NMR 6 3.84 (s, 3H), 3.42 (d, 1H), 2.09 (m, 1H), 1.76 (m,
5H), 1.27 (m, 5H).

o 2-Ozo-octahydrobenzofuran-3-carbonitrile (B2) [11]
It was characterized as its methyl ester.
'H NMR § 4.64 (OH), 3,74 (s, 3H), 3.29 (d, 1H), 2.7 (m,
1H), 1.8-1.4 (m, 9H).
13C NMR 6 168, 116, 78, 53, 52.7, 39, 27.8, 26, 21.8, 20.

e 3-Cycloheryl-2, 4-pentanedione (B3) [12]
'H NMR 3.5 (d, 1H), 2.2 (s, 6H), 1.5 (m, 11H).

GC-MS (relative intensity) 183 (10), 101 (48), 82 (7), 67
(12), 59 (12), 43 (100).

o Dimethyl cyclohexylmalonate (B5) [3]
'H NMR § 3.66 (s, 6H), 3.46 (d, 1H), 1.8 (m, 11H).

o Methyl 2-(ezo-bicyclo [3.3.0] oct-2-yl)-2-cyanoacetate
(1) /3]

'H NMR 6 3.7 (s, 3H), 3.5 (d, 1H), 2.4-1 (m, 13H).

130 NMR 166, 115, 52, 47, 43, 41, 32.8, 32.7, 32.6, 32.3, 32.2.

o Methyl 4-acetozy-2-cyano-4-phenylbutanoate (D1)
1/1 mixture of diastereomers.
'H NMR 6 7.2 (broad s, 5H), 5.8 (m, 1H), 3.7 and 3.65 (two
s, 3H), 3.5 (m, 1H), 2.4 (m, 2H), 2 and 1.95 (two s, 3H).
13C NMR 6 169.54 and 169.5, 165.63 and 169.60, 138.17 and
136.08, 128.5, 127.35, 126.4, 115.57 and 115.47, 72.82 and
72.28, 53.40, 3570 and 35.57, 33.94 and 33.70, 20.66.
GC-MS (relative intensity) 246 (1.8), 218 (47), 202 (100),
186 (34), 170 (28), 143 (26), 121 (40), 103 (33), 77 (16).
HRMS calc for C14H15NOyLi: 268.2157. Found: 268.1154.



o 2-Ozo-5-phenyltetrahydrofuran-3-carbonitrile (D2)
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IH NMR 6 7.3 (5H), 5.4 (dd, 1H), 3.87 (dd, 1H), 3 (m, 1H),
2.5 (m, 1H).

13C NMR 6 167.7, 136.8, 129.6, 129.2, 128.2, 125.7. 124.9,
114.5, 80.7, 36.1, 33.4.

GC-MS (relative intensity) 187 (50), 160 (9), 143 (86), 116
(100), 105 (91), 77 (76), 63 (27), 51 (98).

Anal calc for C1;HgNO,: C, 70.58; H, 4.84; N, 7.48; O, 17.09.
Found: C, 70.49; H, 5.15; N, 7.39: O, 16.97.

o 4-Acetyl-5-methyl-2-phenyl-2. 3-dihydrofuran (D3)
(10

IH{ NMR 6 7.31 (m, 5H), 5.54 (dd, 1H), 2.91 (dd, 1H), 2.27
(s, 3H), 2.14 (s, 3H).

130 NMR d 190, 167, 145, 128.5, 127.5, 126.1, 126, 125.6,
117, 83, 38.5, 29, 15.

GC-MS (relative intensity) 199 (12), 154 (30), 139 (80), 113
(47), 111 (30), 98 (99), 94 (64), 81 (85), 67 (92), 55 (100).

o 6,6-Dimethyl-2-phenyl-2,3,6, 7-tetrahydrobenzo-
furan-4(5H)-one (D4) [26]

1H NMR 6 7.07 (m, 5H), 5.5 (dd, 1H), 3.05 (dd. 1H), 2.6
(dd, 1H), 2.11 (s, 2H), 2 (s, 2H), 0.85 (s, 6H).

30 NMR 6 194.65,176.55, 140.6, 128.62, 128.3, 125.6,
111.15, 86.43, 50.55, 37.54, 33.95, 33.7, 28.6, 28.3.

GC-MS (relative intensity) 243 (100). 185 (33). 171 (41).
144 (28), 129 (30), 115 (81).

o 3,4-Diphenylhezane (Dy) [18]

'H NMR 7.2 (m, 10H), 2.5 {(m, 2H), 1.25 {m, 4H), 0.45 (t,
6H).

130 NMR 142, 128.7, 128.1, 127.9, 126.2, 125.7, 54 , 27, 12.

GC-MS (relative intensity) 119 (47), 118 (39), 91 (100), 77
(10).
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