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with all the parts made of 316 stainless steel. The reactor was
loaded with a finely ground mixture of Cu,0 and SbF;/graphite
(usually 1.4 g) under an argon atmosphere in a drybox. The inlet
of the reactor was connected to a tubular preheater (length 250
mm) and the outlet to a sample port (Swegelok T fitting). The
reactor and the preheater were electrically heated. Temperature
was measured by two platinum resistance thermometers (Omega
Engineering Inc.) and controlled by a Parr temperature controler.
The reactor was flushed with argon and heated to the reaction
temperature. A mixture of 10% by volume methyl chloride with
argon was continuously fed through the reactor. Periodically
samples of the reaction mixture were taken for GC analysis.

Analysis. Products were analyzed by gas-liquid chromatog-

raphy using a Hewlett-Packard 5730A gas chromatograph
equipped with a 3390A integrator, flame ionization detector, and
a Poropak QS packed column (365 cm X 3.2 mm) operated at 170
°C.
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Superacidic antimony pentafluoride/graphite catalyzed oxidative carbonylation of methyl halides with carbon
monoxide and copper oxides (or copper metal and oxygen) gives methyl acetate (AcOMe). The reaction was
investigated in a pressure reactor in the temperature range of 100 to 300 °C and pressures of 20 to 150 atm. The
oxidative carbonylation of methyl bromide (MeBr) with CO and Cuy0 at 270 °C under a pressure of 130 atm
gave 48 mol % Me,O and 33 mol % AcOMe. Replacing Cu,0O with CuO gave about 40~50% AcOMe, with 10-20%
Me,0. Using Cu and O, gave ~50% AcOMe, with 5% Me,O. In the reaction 5-10% MeF is also formed due
to halogen exchange. The reactivity of the methyl halides shows the decreasing order of MeBr > MeCl > MeF.

Introduction

The synthesis of a wide variety of oxygenated hydro-
carbons can be achieved by using carbon monoxide or
“synthesis gas” (i.e., CO + H, mixtures).?2 Most of these
syntheses are carried out in homogeneous systems using
soluble catalysts.® Some reactions are also carried out in
heterogeneous system, over solid catalysts.2 The insertion
of CO into the C-X bonds in alkyl halides and polyhalides
can be carried out in the presence of Friedel-Crafts cat-
alysts such as AlCl;, BF; BF;-HF, FeCl,, or BiCl,.42
Acetyl chloride or chloroacetyl chlorides were reported to
be formed from methyl chloride or polychloromethanes,
respectively, with carbon monoxide with aluminum chlo-
ride as catalyst, but no details were given and in case of
methyl chloride the reaction was found to give poly-
ketene.®® Trichloroacetyl chloride was prepared by the
reaction of CCl, with CO with AIC], catalyst or with iron,
nickel, chromium, cobalt, or manganese carbonyls as cat-
alysts.® Methyl chloride or methyl bromide was carbo-
nylated with CO in the presence of rhodium or iridium
tertiary phosphine catalysts.® The products of the reaction
are acetyl chloride or bromide, respectively. The reactions
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were carried out in toluene at 130 °C under 20 atm of CO
pressure. Carbonylation of alkyl and aryl halides with
carbon monoxide also proceeds over nickel, cobalt, iron,
palladium, or rhodium catalysts but generally requires
severe reaction conditions (200-300 °C and pressures of
6800-1000 atm).2 More moderate reaction conditions are
sufficient when carbonylations of alkyl or aryl halides with
carbon monoxide or with transition-metal carbonyls are
carried out in the presence of strong bases such as tertiary
amines,”? sodium or potassium methoxide,'° or alkali
carbonates.!’13 When alcohol is added to the reaction
mixture carboxylic acids or esters are the products. The
reaction proceeds at temperature of 20-100 °C and pres-
sures of 1-30 atm.10-12

Carbonylation of saturated hydrocarbons, olefins, or
alcohols with CO was reported in the presence of cuprous
compounds,4?! copper and cupric oxide,?22 or copper
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carbonyls®2 in a strong acid (BF;-H,0, H,80,, HSO,F,
H3;PO,, H;PO,BF;) solution at temperatures of ~10 to +70
°C under atmospheric pressure. The cuprous compounds
are assumed to react with carbon monoxide, forming
copper carbonyl ions.24%

Cu* + 4CO = Cu(CO),*
Cu(CO),* = Cu(CO)* + 3CO

Matsushima et al.?” reported the formation of Cu(CO),*
in BF3-H,0 solution as the predominant carbonyl com-
pound at temperatures below 20 °C. At higher tempera-
tures under atmospheric pressure it decomposes to Cu-
(CO)* and carbon monoxide. Cu(CO)* is much more
stable than Cu(CO),*. Even at temperatures above 80 °C
it is formed in BF;H,0 solution.?” It has been found that
copper carbonyl complexes of strong acids such as Cu(C-
0)AsFg,2® Cu(CO)CF480;, Cu(CO)C,H;S0;, and Cu(C-
0)CH,S0,% can be isolated as stable crystalline solids.
According to Souma and Sano? copper carbonyls play the
role of “CO carrier” in the carbonylation reactions in so-
lution. Cu(II) compounds did not show any complexing
or catalytic activity,% but the mixture of equimolar amount
of Cu?* compounds and metallic copper in concentrated
H,S0, acts similarly to Cu* compounds.?

Carbonylation of hydrocarbons or alcohols in strong acid
solution in the presence of cuprous compounds can be
considered as an improved Koch reaction because the re-
action proceeds at lower temperatures and under much
reduced pressure. The main disadvantages of these car-
bonylation methods are the difficulty in separation of
products from solutions of acid catalyst and their strongly
corrosive nature.?

We have reported in the preceding paper the conversion
of methyl halides to dimethyl ether with copper oxides (or
with copper and oxygen) over supracidic SbFs/graphite
catalyst.! In continuation of our work we report now a new
method of the preparation of methyl acetate (AcOMe) by
the heterogeneous oxidative carbonylation of methyl
halides with copper oxide (or metallic copper and oxygen)
using intercalated SbF -graphite catalyst.

Results and Discussion

The oxidative carbonylation of methyl halides with
carbon monoxide and copper oxides (or copper powder and
oxygen) was studied in a heterogeneous system over solid
superacidic SbF; intercalated into graphite catalyst. The
reactions were found to be dependent on the temperature,
pressure, and amount of the catalyst.

Oxidative Carbonylation of Methyl Bromide
(Chloride, Fluoride) with CO and Cu,0 over SbhF;/
Graphite Catalyst. Cuprous compounds have been
widely studied concerning their adsorption properties of
CO and catalytic activity®®3 in heterogeneous carbony-
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lation reactions. Herman et al.®® reported that Cu/
Zn0/ALO; or Cu/Zn0/Cr,0; are useful catalysts for
methyl alcohol synthesis. Cu* ions are the active sites on
which CO is adsorbed and subsequently transformed to
methyl alcohol. In the catalyst prepared from CuO and
Cr,0,, Cu™ exists as a crystalline CuCrQ, phase.! CuCrO,
was formed in the reduction of the calcined catalyst with
H,/CO at 270 °C.3! Huang found that carbon monoxide
is selectively adsorbed in Cu'Y zeolites, forming a Cu(CO)*
complex with a strong Cu*—CO interaction.®

In our studies we investigated the oxidative carbonyla-
tion of MeBr over a catalyst composed of SbF; intercalated
into graphite with carbon monoxide and cuprous oxide at
temperature of 100-300 °C and pressures of 24-150 atm.
The molar ratio of CH3Br/CO was generally about 1:32.
The reaction was studied at temperatures of 100, 156, 226,
270, and 306 °C under CO pressure. In each experiment
the same amounts of reagents and catalyst were used.

The reaction is very slow at a temperature of 100 °C and
initial pressure of 140 atm. After a 24-h reaction time only
about 7% AcOMe and 8% Me,0 were formed, together
with about 2% MeF (due to halogen exchange with SbF5).
By raising the temperature to 160 °C the formation of
Me,0 increased to 80% in about 2 h but the amount of
AcOMe remained at around 5%. At 270 °C and initial CO
pressure of 140 atm the formation of AcOMe is increased
to about 35% in 2 h with about 48% Me,0O and 10% MeF
also formed. More prolonged reaction time has little effect,
the yield of AcOMe increasing only to 37% after 24 h
(molar ratio of MeBr/CO/Cu,0 in all experiments was
about 1.7:50:1 and the MeBr/SbF; catalyst ratio 4.5:1).

Increasing the temperature further to 306 °C caused a
decrease of yield of AcOMe and an increase in the for-
mation of MeF (the halogen exchange byproduct with the
catalyst).

Considering that the study of the reaction over pro-
longed periods of time indicates that Me,O, AcOMe, and
MeF were formed in parallel reactions, the yield of any of
the products is not dependent on the concentration of the
others. The product forming reactions are

2CH;Br + Cuy0 — 2CuBr + CH;0CH;,
2CH;Br + CO + Cuy0 — 2CuBr + CH;COOCH;,
2CH3BI' + CUZO + SbF5 g ZCH3F + CuBr2 + SbF3

In the preceding paper! we described the conversion of
MeBr with Cu,0 over SbF;-graphite to Me,O. It is further
known?33435 that carbonylation of Me,O gives, depending
on the catalyst and reaction condition, AcOMe, or acetic
anhydride. Thus it could be also that in the present study
Me,O is first formed and is subsequently carbonylated,
forming AcOMe. In order to study the feasibility of this
possible path of formation of AcOMe, carbonylation of
Me,0 was attempted under the reaction conditions. The
carbonylation reaction of Me,O was carried out in the
presence of Cu,O and SbF;—graphite at 280 °C under 75
atm of CO pressure. Even after 42 h of reaction time only
0.5% of AcOMe was formed (together with 2.9% MeF).
Similarly the attempted carbonylation of Me,O with Cu
and SbF;—graphite gave only 3% of AcOMe (with 5%

(30) Herman, R. G.; Klier, K.; Simmons, W. G.; Finn, B. P.; Bulko, J.
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Table 1. Effect of Pressure on SbF;-Graphite-Catalyzed Oxidative Carbonylation of CH;Br with CO and Cu,0 (270 °C,
CH;Br/CO/Cu;0 Molar Ratio 1.7:53:1; CH,Br/Catalyst Ratio 4:1)

25 atm 48 atm 95 atm 140 atm
yield, mol % yield, mol % yield, mol % yield, mol %
time (h) CH, MeF Me,0O AcOMe time (h) CH, MeF Me,0 AcOMe time (h) MeF Me,0 AcOMe time (h) MeF Me,0 AcOMe

1 04 120 59.6 14 1 72 609 2.0 1 104 64.8 14.6 1 34 475 5.2

3 04 132 633 2.1 2 11.0 709 4.8 3 11.0 68.2 15.6 2 7.7 435 28.4

5 06 146 70.0 24 4 109 740 5.9 4 10.3 66.7 18.1 4 9.2 457 32.8

6 06 151 711 2.6 6 11.9 748 5.3 5 10.2 68.6 17.0 8 9.9 46.0 36.0

24 0.7 155 740 4.0 24 0.3 104 770 5.4 8 91 662 21.5 24 89 473 41.3
27 0.2 9.7 179.2 7.3 24 11.2 686 17.8
27 19.7 67.7 19.9

Table I1. Effect of Ratio of CH,Br to SbF;~Graphite on the Oxidative Carbonylation of CH;Br with CO-Cu,0 (270 °C; 140 atm; Molar
Ratio of CHy,Br/CO/Cu,0 = 1.7:53:1)

CH;Br/SbF; = 2.2 CH,Br/SbF, = 4.5

CH,Br/SbF; = 6.1

CH,Br/SbF; = 9.0 CH,Br/SbFs = 50.3

yield, mol % yield, mol % yield, mol % yield, mol % yield, mol %

time Ac-  time Ac- time Ac-  time : Ac-  time Ac-
(h) MeF Me,0 OMe (h) MeF Me,O OMe (h) MeF Me,O OMe (h) MeF Me,O OMe (h) MeF Me,O OMe
1.0 5.1 427 7.5 1.0 34 475 5.2 10 46 616 6.6 1.0 37 696 35 1 28 270 0.7
125 65 457 128 2.0 7.7 435 284 40 178 731 1731 30 41 8,3 51 30 50 310 10
3.0 114 405 401 4.0 92 457 328 170 80 699 205 60 44 896 44 60 57 347 20
45 11.8 407 406 45 112 475 294 240 78 708 197 240 41 894 58 100 63 369 238
6.0 109 387 464 8.0 99 460 36.0 715 38 879 79 240 78 433 6.0
65 103 363 490 200 104 500 361

7.0 134 384 435

220 121 324 53.2

240 148 355 49.1

MeF). As small amounts of AcOMe could also be formed
from byproduct MeF (vide infra), Me,O is not considered
to be involved in the formation of AcOMe in the oxidative
carbonylation of methyl halides.

Experiments were carried out at initial pressures of 26,
48, 93, and 240 atm, respectively, to study the effect of
pressure on the oxidative carbonylation of MeBr with
CO-Cuy0 at 270 °C. In each experiment the molar ratio
of CHzBr/CO was about 1:30.

During the reactions the pressure generally drops about
15% due to the progress of the reaction and taking of gas
samples for GC analysis from the reactor. The results of
the experiments are summarized in Table I. Yields always
relate to conversion of methyl bromide. Pressures are
initial pressure at the given reaction temperatures. Usually
three independent experiments were carried out and data
were generally within £10%. The studies showed that the
formation of AcOMe increased significantly with increasing
pressure of CO. At higher CO pressures, the formation of
the cuprous carbonyl complex (vide infra) is enhanced and
this increases the yield of AcOMe.

Having established that the optimum condition for the
oxidative carbonylation of MeBr to AcOMe is about at 270
°C temperature and a pressure of 140 atm, we subse-
quently studied the effect of the ratio of CH;Br to SbhFy
(contained in the SbF;~graphite catalyst). It should be
pointed out, however, that only the surface-exposed SbF;
is considered to be active.® SbF; intercalated within the
layers cannot contact the reagents, although during the
reaction it can, in part, slowly diffuse to the surface.
Consequently any discussion of the molar ratio of MeBr
to SbF; is arbitrary, and the “effective” SbF5 concentration
is probably only !/, of the overall SbF; in the system.
Although the methylation reaction of CO by polarized
MeBr is catalytic, with a turnover estimated to be at least
50-100, halogen exchange giving MeF tends to consume
SbF;—catalyst. The results of reactions with different

(36) (a) Olah, G. A.; Messina, G.; Bukala, J.; Olah, J. A.; Mateescu, G.
D. 1st North American Chem. Conf., Mexico City, Dec. 1975, Abstr. Paper
PHSC 153. (b) Olah, G. A.; Kaspi, J.; Bukala, J. J. Org. Chem. 1977, 42,
4187.

amount of catalyst are given in Table II. The yield of
AcOMe decreases rapidly as the apparent molar ratio of
CH;Br/SbF; increases from 2 to 9. At a molar ratio of
about 50 the yield increase of AcOCHj is less than 8 mol
% even after prolonged reaction time. These results, ir-
respective of the de facto CH3Br/active catalyst ratio,
suggest that the amount of catalyst and thus the number
of active sites has an important influence on the formation
of AcOMe. It is most likely that the strongly polarized
CH,*Br — SbF;* complex is formed at the active sites.

We also carried out the oxidative carbonylation of MeCl
or MeF with CO and Cu,0 over SbF;/graphite under
conditions similar to those of the reaction of MeBr (270
°C, 140 atm; mol ratio of Cuy,0/SbFy 3:1; CHyCI(F)/
CO/Cu,0 = 1:35:0.6). In the reaction of MeCl with CO
and Cu,0, Me,O is the main product that is formed in
more than 60 mol % yield after 2 h of reaction time. MeF
and AcOMe were formed as byproducts in about 12 mol
% yield for each. Methyl fluoride was found to be the least
reactive methyl halide in the studied oxycarbonylation
reaction. AcOMe and Me,O are formed in its reaction in
about 15 mol % yield for each after 6 h of reaction time.
The yield of the products does not increase further even
after 46 h of reaction time. There was also some methane
(2%) formed in the beginning of the reaction, which slowly
increases to 6 mol % during 46 h of reaction time. These
results again suggest that Me,O is not an intermediate in
the formation of AcOMe.

Mechanistically the oxidative carbonylation of MeBr (as
well as of other methy! halides) is considered to be initiated
by formation of a strongly polarized donor—acceptor com-
plex of MeBr and SbF;/graphite (involving surface expo-
sed active sites). Without SbF; catalyst the reaction does

CH;Br + SbF;/graphite — CH;**Br—SbF* /graphite

not take place under the reaction conditions. Thermal
radical reactions involving CH,* consequently cannot be
significant. Cu,0 adsorbes CO, forming a cuprous carbonyl
complex. The formed methoxy copper complex (CO)-
CuOCHj; is considered the key intermediate in the for-
mation of Me;O or AcOMe, respectively. If a second
methylation occurs on the methoxy oxygen of the complex,
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2C0 + Cu0 —= (CO),Cu,0
(CO)CU—O—Cu(CO) + CHy ' Br—s= SbFs® ~/graphite —»

+ -
(CO)Cu —O—Cu(CO)SbFs-Br —=
CH,
(COJCuU—O—CH; + Cu(CO)Br + SbFs

Me,O will be readily formed. If, however, the carbonyl
group is methylated upon rearrangement, methyl acetate
is formed.

(CO)Cu—O—CH; + CHZ " Br—SbFs~/graphite —=
+
(CO)Cu—O—CH; SbFsBr™ —=

CHj;
CH3OCH; + (CO)CuBr + SbFs/graphite

(CO)CU—O—CH; + CHS'Bri~—=sbF®~ —=
5+ N\

O===C —CuOCH;—Br —=SbFs?~ —= CHaﬁOCHa + CuBr + SbFs
CH, o

The highest yield of Me,O was obtained at ~156 °C,
whereas that of AcOMe was at 270 °C. The significant
effect of temperature can be explained by the difference
in activation energies. The reaction in which Me,O is
formed has a lower activation energy than that in which
AcOMe is formed. Raising the temperature increases more
rapidly the rate of the reaction with the higher activation
energy. Comparing the yields of Me,O in the reaction of
MeBr with CO and Cu,0 over SbF;—graphite, much higher
vields of Me,O are obtained at lower temperatures
(100-160 °C). These results suggest that carbon monoxide
plays the role of cocatalyst in formation of Me,O. Probably
the cuprous oxide-carbonyl complex is more reactive with
MeBr than cuprous oxide itself.

Methyl fluoride formed in the reactions of MeBr and
MeCl comes from fluorine exchange with the SbFs/gra-
phite catalyst. The use of MeF would eliminate halogen
exchange, but the reactivity of MeF is relatively low in the
oxidative carbonylation reaction.

Oxidative Carbonylation of MeBr with CO—Cupric
Oxide over SbF;~Graphite Catalyst. Cupric oxide was
shown to be a good oxidizing agent and can be used as a
catalyst for oxidation of olefins. It can be easily reduced
to cuprous oxide or copper with CO or H, at temperatures
of 300-400 °C.3® Cupric oxide is used for the preparation
of Cu/ZnO or Cu/Cr,0; catalysts and for synthesis of
methyl alcohol from syn-gas. It has been found that during
the synthesis cupric oxide is reduced to Cu* compounds
and in this form exists at the active sites in the catalysts.?
We consequently extended our studies to the oxidative
carbonylation of MeBr with CO-cupric oxide over
SbFy-graphite catalyst and carried out the reactions at the
optimum conditions found for the preceding reactions with
carbon monoxide and cuprous oxide, i.e. reaction tem-
perature of 270 °C, 150 atm pressure, molar ratio of
CH;Br/CO/Cu0 = 1.7:50:1 and molar ratio of CuQ/SbF;
= 2.9:1. The results of the reactions are given in Table
IIL

The results of the reactions are different from those
obtained in the carbonylation of MeBr with CO and Cu,0
over SbF;—graphite catalyst. The reaction with CuO
caused the main product to be AcOMe with Me,O only a
relatively minor product. After 6 h of reaction time, the
yield of AcOMe was twice that of Me;O. The results
suggest that the reaction with CO and CuO over SbF;—
graphite catalyst proceeds via an intermediate different
from that of the reaction with CO and Cu,O.
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Table III. Oxidative Carbonylation of MeBr with CO and
CuO over ShF;-Graphite at 270 °C and 150 atm (Molar
Ratio CH;Br/CO/Cu0O = 1.7:50:1, CuO/SbF; = 2.9:1)

yield, mol %

time (h) MeF Me,0 AcOMe
1 7 7 19
2 10 12 37
4 11 18 38
6 11 19 41
22 12 22 40
26 11 21 45

Although it is possible that during the reaction CuO
could be reduced to Cu,0 by CO, this can only happen to
a very limited degree. The presence of a significant
amount of CuyO would accelerate the formation of Me,O,
which was not observed. Thus CuQ itself plays a signif-
icant role in the formation of AcOMe via carbonylation
of MeBr. It was® reported that on cupric oxide surfaces
a large amount of carbon monoxide was absorbed. Con-
sequently, formation of a carbonyl complex with cupric
oxide must be considered. The formation of AcOMe and
Me,O can proceed according to

CuO + CO — (CO)CuO
CH4Br + SbF; — *CH,Br—SbF*

(CO)CuO + **CH;Br—SbF;* —(CO)Cu*OCH; BrShF;-
— (CO)BrCuOCHj; + SbF;

Subsequent methylation of the carbonyl group leads to
AcOMe

(CO)BrCuOCH; + *CH,Br—SbF,"~ —
(CH,C*0)BrCuOCH, BrSbFy~ —
CH,COOCH; + CuBr, + SbF,

Methylation of the methoxy oxygen bonded to copper
leads to formation of Me,O

51-
(CO)BrCUOCH; + CHqBr—=SbFs®~ —=
+ -
(CO)BrCu o—cla—CH3 SbFgBr —= CH,OCH; + CuBr + SbFs
CH,

In addition to AcOMe and Me,0O, MeF was again formed
in the reaction by halogen exchange. Trace amounts of
methane were also detected. The amount of MeF was
similar to that observed in the oxidative carbonylation
reaction of MeBr with CO-Cu,0. By necessity the sug-
gested reaction mechanism is tentative, as we have no
direct evidence or observation of copper carbonyl inter-
mediates, or their methylated onium ions. The proposed
scheme, however, at this time best accounts for the ob-
served results.

Oxidative Carbonylation of MeBr with CO/Cu/0,
with SbF;—Graphite Catalyst. Carbonylation of MeBr
with CO/0O, and copper powder over SbFs~graphite cat-
alyst was also carried out using varying ratios of oxygen.
Typical results of the reaction are given in Table IV, The
reactions were again carried out at the optimum condition
for oxidative carbonylation of MeBr found previously, i.e.
at 270 °C and 140 atm. The results obtained show high
selectivity in forming AcOMe, with the amount of Me,O
only about 5%. Smaller amounts of methane and ethane
are also formed.

Conclusions
A new oxidative carbonylation reaction of methyl halides
giving methyl acetate has been found. Methyl bromide
(and with decreasing reactivity methyl chloride and
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Table IV. Oxidative Carbonylation of MeBr with
CO/Cu/0, over SbF;-Graphite Catalyst (270 °C, 140 atm,
CH,;Br/C0O/0, = 1.5:44:1, Cu/SbFy = 2.4:1)

yield, mol %

time (h) MeF Me,0 AcOMe
1 13 5 23
2 10 6 36
4 12 6 34
6 10 7 38
22 6 5 51
25 5 4 48

fluoride) reacts with carbon monoxide and copper oxides
or copper and oxygen over SbF;—graphite catalyst to give
methyl acetate. The reaction is an oxidative carbonylation
because it proceeds only when a copper oxide or copper
and oxygen is present. The major byproduct of the re-
action is dimethyl ether (as well as methyl fluoride formed
by halogen exchange with the catalyst). When Cu,0 is
used, AcOMe and Me,O0 are formed in comparable
amounts in competing reactions. With Cu and Cu/O,,
AcOMe becomes the major product. AcOMe was found
not to be produced via prior formation of Me,0O. AcOMe
and Me,O are formed in parallel reactions.

2CH X + Cuy0 — CH30CH; + 2CuX
2CH;X + CuO — CH3;0CH; + CuX,
2CH;X + Cu,0 + CO — CH;COOCH; + 2CuX
2CH X + CuO + CO — CH3;COOCH; + CuX,
2CH;X + Cu + %0, + CO — CH;COOCH; + CuX,

2CH,X + Cu + SbF, — 2CH,F + CuX + SbF,
(X=F,CLBr)

The results of the studied reactions showed that the
prefered system for oxidative carbonylation of methyl
halides to AcOMe uses CO and CuO or Cu powder and
molecular oxygen in conjunction with SbF;—graphite cat-
alyst. The optimum conditions of the reaction are at 270
°C and 140 atm pressure.

Experimental Section

Materials and Catalyst. Carbon monoxide of 99.5% mini-
mum purity (Matheson) was used in all experiments without
further purification. According to GC analysis carbon monoxide
contained small impurities of methane (~0.1% and ethane (=0.05
mol%). Cuprous oxide, cupric oxide, and copper powder were
as used previously.! Purified argon was used for flushing and
blanketing the reactors. Oxygen used was extra dry (Matheson).
Methyl halides (Matheson) were used as received. Intercalated
SbF;-graphite catalyst was obtained from Alfa Products.

General Experimental Procedure and Analysis. The
pressure reactor, general procedures used, and analytical methods
were described previously.!

In typical runs 17.6 mmol of CH3Br (1 mL) or 20 mmol of CHzF
or CH;Cl was used together with 10 mmol of Cu,0 and 1.7 g of
SbF;—graphite catalyst. The molar ratio of MeBr/CO/Cu,0 in
typical experiments was about 1.7:50:1 and the MeBr/SbFg
catalyst ratio was 4.5. The results are summarized in the tables.
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The electrochemical reduction of p-nitrophenyl azide in DMF, acetonitrile, and butyronitrile is initially a
one-electron process that affords the corresponding anion radical as a transient intermediate. Although p-
0,NC¢H Nj*~ is too short-lived to be observed by our methods, product studies are consistent with a reaction
pathway in which p—~0,NC;H, N, decomposes by loss of dinitrogen to give the corresponding nitrene anion radical,
p-0,NC¢H,N", as a short-lived intermediate. In the absence of added reagents, 4,4’-0,NC;H,N=NC¢H,NO,*
is formed as the principal product via dimerization of anion radicals. In DMF, hydrogen atom abstraction and
carbonyl addition/radical 5-fragmentation are observed also as reaction pathways and become increasingly important
processes with decreasing current density and increasing temperature. The products of the two latter reaction
pathways are p-O,NC;H,NH" and p-O,NC;H,N-CON(CHj;),, respectively. In the presence of the weak oxygen
acid (CF3),CHOH, reduction of p-O,NC¢H Nj is a two-electron process that yields dinitrogen and p-O,NC,H,NH,
as products. In the presence of weak methylene carbon acids such diethyl malonate, a chain reaction involving
diazo transfer ensues, producing the corresponding diazoalkane and p-O,NCzsH,NH, in high yields.

Introduction
Dissociative electron attachment to diazoalkanes
(R,C=Ng,) has been shown to be a convenient and ready

method for the preparation of certain carbene anion rad-

icals (R,C*) in the gas! and condensed phases.? In the

condensed phase, R,C*™ formation has only been observed
from those R;C=N,*~ where the negative charge has been
stabilized by electron-withdrawing substituents (e.g.,
(EtO,C),C)* or where the carbene carbon center has been
incorporated into a cyclopentadienyl ring.2d In the few
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