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General Introduction

Development of new synthetic reactions using carbon monoxide
has been one of the main subjects in organic synthesis and in
industry‘.1 Furthermore, recent numerous works2 on transition
metal complexes or catalysts have come to suggest a variety of
novel possibilities concerning utilization of carbon monoxide.

Recently it has been found in our laboratory that selenium,

a non-transition element, assists carbonylation of amines with
carbon monoxide,3 and special interest has been focused on the
reaction system using carbon monoxide and selenium.

The main object of the present research is to develop new
synthetic reactions using carbon monoxide-selenium reaction system.

This thesis consists of three chapters. Chapter 1 deals with
the use of carbon monoxide as a carbonylating reagent, while
Chapters 2 and 3 are concerned with that as a reducing reagent.

In Chapter 1 is dealt with the selenium assisted carbonylation
of alkyl aryl ketones with carbon monoxide. Novel non-transition
metal catalyzed C-carbonylation with carbon monoxide will be
described. A plausible reaction path is also described.

Chapter 2 refers to the new selenium catalyzed reduction of
diphenyl diselenide with carbon monoxide and water. This chapter
also involves Michael addition of in situ formation of benzene-
selenol with various unsaturated compounds.

In chapter 3, a new method for synthesis of selenocarboxamides



by the reaction of nitriles with carbon monoxide, selenium, and
water will be described. As applications of selenoamides obtained
to organic synthesis, the stereospecific deoxygenation of epoxides
with selenocarboxamides and the method for synthesis of a new’
selenium-nitrogen heterocycle by the reaction of selenoamides with

aliphatic aldehydes are also revealed.
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Chapter 1 Selenium Assisted Carbonylation of Alkyl Aryl Ketones with

Carbon Mnoxide
1-1 Introduction

A large number of works1 concerning transition metal catalyzed
carbonylation of various organic compounds with carbon monoxide have
been reported, and have shown that carbon monoxide is particularly
useful as a source of carbon in organic synthesis.

Whereas, there have been few reports of carbonylations with car-
bon monoxide in which non-transition metals act as catalysts. Known
examples of non-transition metal catalysis are concentrated in the
following three types of reactions: (1) alkaline base-catalyzed O-car-
bonylation of alcohols to formates and N-carbonylation of amines to
formamidesZ; (2) acid-catalyzed C-carbonylation of olefins or alcohols
to carboxylic acids (Koch reaction)s; (3) free radical initiated
copolymerization of olefins and carbon monoxide to polyketpnes.4

Recently it has been found in our laboratory that selenium, a
non-transition element, effectively catalyzed the carbonylation of var-
ious amines5 (or alcoholsG) with carbon monoxide and oxygen to give
urea (or carbonate) derivatives in excellent yields, respectively
(eq 1-1).

1 Se

-— —— -
| 2RNH2 + CO + 2o2 (RNH)ZCO + HZO (1-1)

[or ROH] [or (RO)2CO]



Successful isolation of the amine salts 1 of selenocarbamic acid from
the reaction syst:em5 and formation of the salts 1 by the reaction of
amines with carbonyl selenide7 isolated suggested that the reaction
process involved formation of 1 by a nucleophilic attack of amines at
the carbon of carbonyl selenide (2), generated in situ from carbon
monoxide and selenium under basic conditions (Scheme 1-1). Amine
salts 1 were converted to the corresponding ureas following nucleo-

philic attack of another amine molecule.

Scheme 1-1
RHH, + H,0 =
Se
[HSe]‘[RNH3]* [Sec0]

(RNH) ,C=0
[RNHﬁSe]'[RNH3]+ 2RNH,
RNH 0
2 1

From the studies of selenium catalyzed carbonylation described
above, the use of a C-nucleophile instead of N- or O-nucleophile would
be of special interest since a novel C-carbonylation with carbon
monoxide assisted by selenium might be expected. A variety of C-
nucleophiles were examined, and several ketone enolates were found to
be carbonylated by carbon monoxide and selenium.

This chapter describes the first example of a selenium assisted



carbonylation with carbon monoxide leading to the formation of a C-

carbonylated products.

1-2 Carbonylation of Acetophenone with Carbon Monoxide in the

Presence of Selenium

The reaction of acetophenone with carbon monoxide and selenium
in tetrahydrofuran (THF) at 100°C for 72 h using 1,5-diazabicyclo-
[5.4.0lundec-5-ene (DBU) as a base, followed by quenching with n-

butylamine gave the amide 3 in 28 % yield (eq 1-2).

0 o O
DBU n-BuNH
Ph/ﬂ\ + CO + Se 2 >’Ph/u\/u\NHBun (1-2)

-

THFE
3

The product 3 may be drived from aminolysis of the intermediate
seleno-acid 4 generated by the reaction of the enolate anion of
acetophenone with carbonyl selenide 2 (eq 1-3).

0 OHO -
DBU
Ph/u\ +[SeCO0] =——> PhMSe (g-oBu]*

4

n-BuNH2
i —> 3 -3
- (u-pBU] T [SeH] (1-3)




The low yield may be due to the decomposition of seleno-acid 4 into
acetophenone and 2 through the equilibrium of eq 1-3 before the
quenching of 4 with n-butylamine.

Then we examined intramolecular capture of the carbonylated

intermediate 4.

1-3 Carbonylation of o-Hydroxyacetophenones with Carbon Monoxide in
the Presence of Stoichiometric Amount of Selenium -
The carbonylation of o-hydroxyacetophenone (5a) to 4-hydroxy-
coumarin (6a) with carbon monoxide and equimolar amount of selenium
(eq 1-4) was examined varying bases and temperatures: The results

are summarized in Table 1.

0 b OH
cH ase
@(J\ “3 + CO + Se —m> < + ste (1-4)
OH o0
Ba 6a

The nature of the base has a marked effect on this reaction: strongly
basic conjugated diaza compounds such as DBU and 1,5-diazabicyclo-
[4.3.0]non-5-ene (DBN) were most effective for the carbonylation of
Sa (entries 6, 8, and 9 of Table 1), but the carbonylation did not
take place in reactions using tertiary amines such as triethylamine,

N-methylpyrrolidine, or 1,4-diazabicyclo[2.2.2]octane (DABCO) (entries



1, 2, and 3 of Table 1).

Table 1.
entry base (mmol) témp (°C) yield (%)
1 Et;N (40) 100 0
2 [[n-ca; (40) 100 0
3 DABCO (40) 100 0
4 DBU (40) 100 26
5 DBU (40) 40 0
6 DBU. (40) 80 - trace
7 DBU (40) 120 4
8 DBU (80) 100 100
S DBN (80) 100 40

Reaction conditions: 5a(20 mmol), THF (10 mL),
CO(30 kg/cm?), 30 h.

It has been reported that DBU is the base of choice in the car-
boxylation of active methylene compounds with carbon dioxide, where
C02-DBU complex (7) formed from carbon dioxide and DBU has been

considered to be an active species for carboxylation.8

=0
|

/

N‘f N-

¢
]
~d

Furthermore it was found that carbonyl sulfide {S=C=0) when blown into
the N,N-dimethylformamide (DMF) solution of DBU at room temperature
afforded white solids, which were thermally unstable and regenerated

carbony! sulfide on warming to 45°C.9 These solids were assumed to



be a SCO-DBU complex.

In spite of my efforts confirming a SeCO-DBU complex, both iso-
lation from the present reaction system and spectroscopical detection
of the complex were unsuccessful, probably because the complex would
be much more susceptible to air and thermal instability, compared with
7. It is not understood why DBU is effective in the present carbony-
létion while other tertiary amines are not. However it is assumed
from analogy with the carboxylation with carbon dioxide in the pres-
ence of DBU that DBU would react with carbonyl selenide 2, a key
intermediate in the present carbonylation, to form a DBU-SeCO com-
plex, which might act as an active SeCO-transfer species.lo

The molar ratio of DBU/5a is also important, and the reaction
proceeded smoothly when four molar equivalents of DBU to substrate
5a was employed (entry 8 of Table 1).11 The best reaction tempera-
ture for the carbonylation was 100°C (entries 4, 5, 6, and 7 of Table
1). The present carbonylation also proceeded in benzene, dioxane, or
DMF as the solvent, although the yields were slightly lower. The
best reaction conditions leading to the quantitative formation of
4-hydroxycoumarin (6a) were as follows: a stirred mixture of 5a
(20 mmol), selenium (20 mmol), carbon monoxide (30 kg/cm2: initial
pressure at 25°C), DBU (80 mmol), and THF (10 mL) in a stainless
steel autoclave were heated at 25°C for 30 h to give 6a (100 %) with
concomitant formation of hydrogen selenide (8).12

Similar reaction occurred under the same reaction conditions with

5-methyl-2-hydroxyacetophenone (5b) and 4-methoxy-2-hydroxyaceto-



phenone (5¢) to give 6-methyl-4-hydroxycoumarin (6b) and 7—me£ﬁoxy—
4-hydroxyacetophenone (6c), respectively, in about 40 % yields

(entries 2 and 4 in Table 2). In order to increase the yields of 6b

and 6c, greater excesses of base were required (entries 3 and 5 in
Table 2). When this reaction was applied to o-hydroxypropiophenone
(5d), whose enolate (9d) possessed a secondary carbanion at the

reaction site, the expected 3-methyl-4-hydroxycoumarin (6d) was not
formed in the reaction at 100°C for 30 h in spite of appreciable
uptake of carbon monoxide (entry 6 in Table 2). However a 42 % yield
of 6d was obtained with slightly elevated temperature (at '130°Cj

(entry 7 in Table 2).

Table 2.
)
entry Substrate DBU THF temp. product vield
(mmol) (mL) (°C) (3)
1 e 20 5 100 ou 100
@1, sa @, 6a
, oM 0~o
2 cn 2 20 ° 5 100 & 35
et it
3 o - 40 15 100 00 77
: : )3
4 Ren 20 5 100 2 28
,@fLK 3 B¢ N, 6c
5 Cly0 on 40 15 100 cH ;0 070 36
6 2 20 5 100 o 0
c.u : S
@125 g4 @(JI 3 6d
7 ot 20 5 130 o%o 42

3Reactions were run on 5 mmol of substrate in tetrahydrofuran with 1.0
: . 2 ;
equiv. of selenium and carbon monoxide (30 Kg/cm® at 25°C) in the

presence of DBU for 30 h. bIsolated yields.



1-4 Catalytic Carbonylation of o-Hydroxyacetophenone with Carbon

Monoxide.

In the study of carbonylation of o-hydroxyacetophenones (5) using
stoichiometric amount of selenium, it was revealed that hydrogen
selenide (8) was formed in equimolar amount with the carbonylated
products. If the hydrogen selenide formed in situ could be oxidized
to selenium by an appropriate oxidizing agent, it would be expected

that the carbonylation could proceed with a catalytic amount of

¥ -

selenium (Scheme 1-2).

Scheme 1-2.
(o}
CH
Reduced products Se @(u\ 3 + CO
OH
OH

i\
Oxidizing agent HZSe @L)OIO

Various types of oxidizing agents including p-quinone, manganese
dioxide, and molecular oxygen were examined for this purpose in vain.
Finally, however, the carbonylation of 5 with carbon monoxide was
found to proceed catalytically in the presence of nitrobenzene as the
oxidizing agent. For instance the reaction of 10 mmol of 5a with

2 at 25°C) in

0.2 equivalent of selenium and carbon monoxide (30 kg/cm
the presence of DBU (40 mmol) and nitrobenzene (5 mmol) in THF (5
ml) at 90°C for 2 days afforded 6.8 mmol of carbonylated product 6a

in which the turnover number of selenium catalyst was about 3.5.

- 10 -



Nitrobenzene was reduced concomitantly to aniline during the reaction.

The proposed catalytic cycle is given in Scheme 1-3.

Scheme 1-3. |
R base OH

[SecO]
PhNO

PhNH + H )

1-5 A Plausible Reaction Path

The exact course of the carbonylation of 5 with carbon monoxide
and selenium has not been .elucidated yet. The two plausible reaction

paths as illustrated in Scheme 1-4.

Scheme 1-4.
OH O _
Ot A\ se (Path A)
base ¥ seco [ o :
5a — > (O - —— 102 ;= 6a
0 Ci ~Se
.
9a —> @(K‘ som (Path B)
o~"*
o}
11a

The first possibility is that the reaction involves selenoic acid 10a,
formed by nucleophilic attack of the enolate site of 9a to the carbon

atom of 2, followed by intramolecular cyclization with elimination of

- 11 -



hydrogen selenide to give 6a (Path A: C-carbonylation). The second
possibility is that the phenolate site of 9a attacks 2 to form seleno-
carbonate 1la (Path B: O-carbonylation). The trapping of an inter-
mediate anion by alkylation would be desirable. It has already been
described that carbonylation of 5d to 6d did not proceed at 100°C
for 30 h in spite of appreciable absorption of CO. Here, the
resulting reaction mixture was yellow homogeneous solution, and
metallic selenium had disappeared. - On exposure to air, the

yellow solution gradually changed to dark brown solution with
depositibn of metallic selenium. When the brown sc;iution was worked
up in the usual way, no carbonylated product was obtained: starting 5d
was recovered in almost quantitative yield. These observations
suggested that the yellow solution might include a transient carbony-
lated intermediafe, which gave the starting compounds 5d and metallic
selenium on exposure to air. A slight excess of allyl bromide rela-
tive to 5d was added dropwise to the yellow solution to yield 3-allyl-
3-methyl-2,4-chromandione 12 (44 % yieldrbased on 5d) with con-
comitant formation of diallyl selenide, however, the desired alkylated
intermediate were not >obtained at all. This experimental result
would suggest the following (see Scheme 1-5). (1) Carbonylation of
5d might occur even at 100°C to form intermediate 10d or 11d.

The cyclization of 10d or 11d proceeded at 130°C to give 6d

. (Table 2, entry 7); (2) Treatment of the yellow solution with

allyl bromide might afford Se-allylated intermediate 13d or 14d,

which might easily cyclize at room temperature to give 6d, since

- 12 -



RSe” is a much better leaving group than Sez-. Formation of 12
might be due to further alkylation of thus formed 6d; (3) When air
was introduce into the yellow solution, 10d or 11d would decompose
to 6d, metallic selenium, and CO. As shown above, it seems difficult

to trap the carbonylated intermediate from the carbonylation of 6d.

Scheme 1-5. 6d
130° ’r —se?™
5d _—e-@(k/J- [Seco]iﬁ— @L}O\HI/?\S‘E_ @f%%e-
) or 044
2

10d 11d
R.Xl/

0 OH O or_
[ n RX (:\)\KKSeR S
O =———[6a] ~——|C sex
o0 basa -rSa" o] or O
- 0

12  1ad 144
RX: WBr

However the carbonylation of acetophenone with carbon monoxide
and selenium leading to a C-carbonylated product suggests that the
C-cafbonylation path seems to be more plausible for the present
carbonylation of 5 to 6.

1-6 Experimental

General

- 13 -



The instruments used were as follows: 1H-NMR, Hitachi R-24B;
IR, Shimadzu IR-400; MS, Hitachi RMU-6A; melting points, Yanagimoto
micro melting point apparatus. |

Tetrahydrofuran (THF), dioxane, and benzene used were dried over
sodium wire and/or lithium aluminum hydride, and distilled before use.
N,N-dimethylformamide (DMF) was purified by distillation. Metallic
selenium (99.99 %) from Nakarai Chem. Co. and carbon monoxide
(99.999 %) from Seitetsu Chem. Co. were used as purchased.
Tertiary amines (1,5-diazabicyclo[5.4.0]lundec-5-ene (DBU), triethyl-
amine, 1,4-diazabicyclo[2.2.2]octane (DABCO), and I,S;Qiézabicyclo-
[4.3.0]non-5-ene (DBN)), aryl alkyl ketones (o-hydroxyacetophnone,
o-hydroxypropiobhenone, 2-hydroxy-5-methylacetophenone, and 2-
hydroxy-4-methoxyacetophenone), and other reagents (nitrobenzene,
p-quinone, manganese dioxide, molecular oxygen, and allyl bromide)
were all purchased from commercial sources, and purified by distil-

lation or recrystallization.

Synthesis of 4-Hydroxyvcoumrin (6a): Carbonylation of o-Hydroxy-

Acetophenone (5a) Using Stoichiometric Amount of Selenium

In a 50 mL stainless steel autoclave were placed 5a (1.36 g,
10 mmol), selenium (0.79 g, 10 mmol), DBU (6.08 g, 40 mmol), THF
(5 mL), and a magnetic stirring bar. The apparatus was flushed
several times with carbon monoxide and charged with carbon monoxide
at 30 kg/cmz. The mixture was heated with stirring at 90°C for

30 hr. After the reaction was complete, carbon monoxide was purged

- 14 -



and air was blown into the resulting solution to oxidize hydrogeﬁ
selenide to selenium and water. Water (10 mL) was added to the
mixture, which was then neutralized with aqueous hydrochloric acid
(35 %). The depositted selenium was filtered off and the filtrate
was poured into 50 ml of water. The product was extracted with
diethyl ether (100 mL x 3), dried over anhydrous magnesium sulfate,
concentrated on a rotary evporator and recrystallized from benzene-
ethyl acetate (1:1) solvent, affording 1.62 g (100 %) of 6a: m.p.

3

206.7-207.2°C (lit.,1 206°C); IR (KBr) 3600-2000 (OH), 1680 (C=0,

1

conj), 1605 cm™' (C=C); 'H-NMR (d;-DMSO) §5,60 (s, 1H), 7.20-

7.86 (m, 4H); MS 162 (M").

Carbonylation of 2-Hydroxy-5-methylacetophenone (5b) into 4-Hvdroxy-

6-Methylcoumarin (6b)

A mixture of 5b (0.75 g, 5 mmol), selenium (0.40 g, 5 mmol),
DBU (6.08 g, 40 mmol) and THF (15 mL) was stirred at 95°C for 30
hr under 30 Kg/cm2 of carbon monoxide (initial pressure at 25°C).
The resulting mixture was worked up in the same manner as described
in the synthesis of 6a to yield 0.68 g (77 %) of 6b: m.p. 255-

14

257°C (recrystallized from MeOH, lit.,”~ 258°C); IR (KBrj 3600-

2200 (OH), 1680 (C=0, conj), 1600 cm ! (C=C); 'H-NMR (dg-DMSO)

§2.40 (s, 3H), 5.60 (s, 1H), 7.10-7.60 (m, 3H); MS 176 (M™).

Carbonylation of 2-Hydroxy-4-methoxyacetophenone (5c) into 4-

Hydroxy-7-methoxycoumarin (6¢)

- 15 -



Reaction of 5c¢ (0.83 g, 5 mmol) and the following workups were
performed as described above, resuiting in the formation of 6c¢ in
36 % yield (0.35 g); m.p. 255-256°C, (recrystallized from MeOH,
lit.,'> 256°C); IR (KBr) 3600-2000 (OH), 1685 (C=0), 1600 cm!
(C=C); lH-NMR (d6-DMSO) §3.81 (s, 3H), 5.35 (s, 1H), 6.70-7.70

(m, 3H); MS 192 (M*).

Carbonylation of o-Hydroxypropiophenone (5d) into 4-Hydroxv-3-methyl-

coumarin (6d)

A mixture of 5d (0.75 g, 5 mmol), selenium (5 mmol), DBU (20
mmol), and THF (5 mL) was stirred at 130°C for 30 hr under carbon
monoxide (30 Kg/cm-lz initial pressure at 25°C). The crude pro-
duct obtained in the same manner as described in the synthesis of 6a
was subjected to column chromatography on silica gel (n-hexane-MeOH)

6

to afford 0.74 g (42 %) of 6d; m.p. 228-230°C (lit., % 230-231

°C); IR (KBr) 3500-2000 (OH), 1675 (C=0, conj), 1615 cm ! (C=C);

TH-NMR (dg-DMSO) §2.00 (s, 3H), 6.55-7.95 (m, 4H); MS 176 (M").

Catalytic carbonylation of o-hydroxyacetophenone (5a)

A mixture of 5a (1.36 g, 10 mmol), selenium (0.16 g, 2 mmol),
DBU (6.08 g, 40 mmol), nitrobenzene (5 mmol), and THF (5 mL) was
heated with stirring under a pressure of carbon monoxide (30
Kg/cm_lz initial pressure at 25°C) at 90°C for 30 hr. The
resulting mixture was worked up in the same manner as described in

the synthesis of 6a using stoichiometric amount of selenium, and

- 16 -



1.10 g of 6a was obtained (6.8 mmol, 68 %).

Carbonylation of Acetophenone

A stirred mixture of acetophenone (2.9 mL, 25 mmol), selenium
(0.395 g, 5 mmol), DBU (6.0 mL, 40 mmol), and THF (5 mL) was heated
at 100°C for 72 hr under the pressure of CO (30 kg/cmz). After
the reaction was complete, CO was purged in the welil ventilated
hood. n-Butylamine (5 mL, 50 mmol) was added to the mixture at 0°C,
and then the reaction was continued at 15°C for 12 h. - Extraction
of the product with diethyl ether (100 mL x 3), followed by column
chromatography on silica gel (n-hexane - EtZO) gave N-(n-butyl)-
benzoylacetamide (3) (28 % yield): IR (NaCl) 3350 (N-H), 1695
(C=0), 1645 (C=C), 1565 cm | (C-N); 'H-NMR (CCl) & 0.87 (t, 3H),
1.35 (m, 4H), 3.08 (t-d, 2H), 5.50 (s, 1H), 7.00-8.05 (m, 5H); MS
219 (M").

An Attempt for the Trapping of the Intermediate

In a 50 mL stainless steel autoclave with a glass insert were
placed 5d (1.50 g, 10 mmol), selenium (0.79 g, 10 mmol), DBU
(6.08 mL, 40 mmol), and THF (5 mL). The mixture was stirred at
90°C for 24 h under the pressure of carbon monoxide (30 Kg/cm_l:
initial pressure at 25°C). The final pressure after cooling to

25°C was 23 Kg/cm-L After releasing the pressure, the glass
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insert was taken out, into which allyl bromide (0.95 mL, 11 mmoi)

was added at 0°C under nitrogen. The mixture was stirred at room
temperature for additional 10 h. The resulting mixture was worked
up in the same manner as described in the carbonylation of aceto-

phenone to give 3-allyl-3-methyl-2,4-chromandione (12) (44 %

yield): m.p. 62.0°C (lit.,17 65-65.5°C); IR (NaCl) 1780 (C=0),

1

1700 (C=0), 1620 cm~! (C=C); 'H-NMR (CDCl.) 51,55 (s, 3H), 2.65

3)
(d, 2H), 4.80-5.95 (m, 3H), 6.95-7.90 (m, 4H); MS 216 (M").
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Chapter 2 Selenium Catalyzed Reduction with Carbon Monoxide and
Water. In Situ Formation and Michael Addition of

Benzeneselenol
2-1 Introduction

Development of novel synthetic reactions using carbon monoxide
and water as a reducing agent has been one of the subject of current
interest. Several metal hydrides, which are well known to be key
intermediates in the water gas shift reaction,1 have been reported
to be effective catalysts for reduction2 or reductive carbony-

.3 . . . 1c,4
lation™ of nitrobenzenes and carbonylation of olefins.
Recently a convenient method for preparation of hydrogen

selenide (8) by the reduction of metallic selenium with carbon

monoxide and water has been found in our laboratory (eq 2—1).5

base

Se + CO + H20 - HZSe + CO2

8

(2-1)

Hydrogen selenide has not only been recognized to be an important
reagent in the syntheses of various organic selenium compounds6
but also has been proved to have a potent reducing ability toward
. 7
organic compounds.
It has been also shown that the successful conbination of

these of two reactions, preparation of HZSe and application of
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that, along our strategy, made a novel reduction\system by use of‘r
the reducing ability of carbon monoxide catalyzed by elemental
selenium, in which aromatic nitro compounds were reduced to aromatic
amines quantitatively with carbon monoxide in the presence of water
and a catalytic amoﬁnt of selénium.7

This chapter describes a new selenium assisted reduction of
diphenyl diselenide with carbon monoxide and water to benzeneselenol
(15), which gave Michael adducts with a variety of activated

olefins in good yields.

2-2 Reduction of Diphenyl Diselenide with Carbon Monoxide,

Selenium, and Water Leading to Benzeneselenol

The reduction of diphenyl diselenide took place under the pres-
sure of carbon monoxide (20 kg/cm2: initial pressure at 25°C) at
50°C by use of N-methylpyrrolidine as a base, and benzeneselenol

(15) was isolated by distillation in 21 % yield (eq 2-2).

Se
PhSeSePh + CO + H,0 ——> 2PhSeH + CO

(2-2)
2 base

2
15

The observed low yield may be due to oxidation of once formed
selenol to diphenyl diselenide during workup, because air-oxidation

of 15 was much faster under basic condition.
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2-3 In Situ Formation and Michael Addition of Benzeneselenol

Benzeneselenol is the most general reagent for the phenyl-

selenenylation8 or reduction9 of various organic compounds, but

is highly susceptible to air-oxidation so that special care is
required in its manipulation, and in some cases in situ generated
15 was used without isolation. In order to avoid such trouble in
the isolation of 15 and to enable the use of selenol formed in

situ directly for phenylselenenylation, we examined the redugtion
“of diphenyl diselenide in the presence of ‘Michael acceptors. The
reduction of diphenyl diselenide with carbon monoxide (5 Kg/cmz),
water, and one equivalent. of selenium using of N-methylpyrrolidine
carried out in the presence of excess methyl vinyl ketone at 50°C,

and Michael adduct, 4-(phenylselenenyl)butan-2-one (16a) was

successfully obtained in 78 % yield (eq 2-3).

o Se-CO-H.,0

0
phseserh + M~ 2 ,/U\/\seph (2-3)

base
T6a

0]
* ( se| 17a
2

The reaction was accompanied by the concomitant formation of

bis(3-oxo-buthy)selenide (17a), which might be produced by the
reaction of hydrogen selenide with methyl vinyl ketone.
The reaction also proceeded at atmospheric pressure of carbon

monoxide, and 16a was obtained in 72 % yield by introduction of
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CO into the the reaction mixture. ‘The syntﬁesis of 16a using
stoichiometric amount of methyl vinyl ketone was also achieved
successfully as follows. After the reduction of diphenyl diselenide
was complete, the resulting mixture was acidified with acetic acid.
The subsequent addition of methyl vinyl ketone to the mixture gave
16a in 78 % yield.

A variety of Michael acceptors were examined, and in every
case benzeneselenol formed in situ underwent smooth conjugate

addition (Table 3).

Table 3.
substrate (24mmol)
PhSeSePh + Se + CO + H,0 . —-
2.5mmol  2.5mmol Satm 28mmol |UNMe (1mL) , THF (7nL)
50°C,5h
run substrate product yield, %
0 U
1
(0] 0
20 jo &
PhSe
- COOCH
3 | NCOOCH,  PhSé 3 76
4 A CN
Z~ CN PhSéNV/ 55
H H
52) HC=CPh No=c” 6oP)
/ AN
PhSe Ph

a) 80°cC b) Z-iscomer
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Since the reduction of diphenyl diselenide is expected to
proceed with a catalytic amount of selenium, the selenium- catalyzed
reduction was examined using 0.1 equivalent of sélenium at 50°C for
24 h, resulted in the formation of adduct 16a in 56 % yield based
on diphenyl diselenide used (the turnover number: 5.6) together with
a trace amount of 17a.

Although the details of the reaction mechanism are not clear
yét, it seems likely that the present reaction may involve the
nucleophilic attack of HSe at the selenium atom of diphenyl
diselenide deduced from an analogy of the 31m11ar reductxons,10 in
which disulfides were reduced to thiols with some nucleophiles
such as cyanide ion,11 phosphines,12 thiolates,13 and sodium

14

hydrogen selenide. A plausible path for the catalytic reaction

is shown in Scheme 2-1.

Scheme 2-1.
o
/U\/\SePh-<—————- PhSeH
PhSeSePh
ste [secq]
CO»p [Hocse
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2-4 Experimental

General.

Tertiary amine (N-methylpyrrolidine), Michael acceptors (methyl
vinyl ketone, cyclohexenone, methyl acrylate, acrylonitrile, and
phenyl acetylene), and tetrahydrofuran were all purchased from
commercial sources, and purified by distillation. Diphenyl
diselenide was prepared as described in the literature,15 purified

by recrystallization from n-hexane, and dried under reduced pressure.

General Procedure for the Reduction of Diphenyl Diselenide with

Carbon Monoxide and Water Using Stoichiometric Amount of Selenium.

In a 50 mL stainless steel autoclave were placed diphenyl
diselenide (0.79 g, 2.5 mmol), selenium (0.20 g, 2.5 mmol), water
(0.5 mL, 28 mmol), N-methylpyrrolidine (1.0 mL, 9.0 mmol), methyl
vinyl ketone (2 mL, 24 mmol), THF (7 mL), and a magnetic stirring
bar. The apparatus was flushed several times with carbon monoxide
and charged at 5 Kg/cmz. The mixture was heated in an oil bath
maintained at 50°C with magnetic stirring for 5 h. After the
reaction, carbon monoxide was purged in a well-ventilated hood,
and the resulting mixture was slightly acidified with aqueous
hydroéhloric acid (2 N), and extracted with diethyl ether (100 mL
x 3). The organic layer was dried (MgSO4), and evaporation of
the solvent gave a yellow residue, which was chromatographed on

silica gel (n-hexane-Et

2O) to give 0.89 g (3.9 mmol, 78 %) of
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4-(phenylselenenyl)butan-2-one (16a): IR (NaCl) 1720 (C=0), 735, ‘

1.1

and 680 cm °; H-NMR (CCl,) §2.04 (s, 3H), 2.60-3.10 (m, 4H),

4)
and 7.10 (m, 5H); mass m/e 228 (M"); Anal. Calcd for C10H1208e:

C, 52.87; H, 5.32. Found: C, 52.74; H, 5.46.

Catalytic Reduction of Diphenvl Diselenide in the Presence of

Methvl Vinvl Ketone.

Reaction using 2.5 mmol of diphenyl diselenide, 0.1 equivalent
of selenium (0.25 mmol), water (0.5 mL), and methyl viny ketone
(24 mmol)-in the presence of N-methylpyrrolidine (5 mL) in THF (7
mL) at 50°C for 24 h, and the subsequent workup as described above
were performed to give 2.8 mmol (56 % based on diphenyl diselenide)

of 16a.

Alternative Procedure for Synthesis of 16a Using Stoichiometric

Amount of Methyl Vinyl Ketone.

In the autoclave were placed diphenyl diselenide (0.94 g,
3.0 mmol), selenium (0.24 g, 3.0 mmol), carbon monoxide (5 Kg/cmz),
water (0.5 mL, 28 mmol), N-methylpyrrolidine (1.2 mL, 11.0 mmol)
and THF (7 mL). The mixture was heated at 50°C with magnetic
stirring for 5 h. After the reaction was complete, the resulting
mixture was slightly acidified with acetic acid (ca. 4.5 mL) ﬁnder
the atmosphere of nitrogen, followed by the addition of methyl
vinyl ketone (0.41 mL, 5 mmol) to the mixture. The reaction was

continued at room temperature for 3 h under nitrogen. By the
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-

similar workup of the resulting mixture, 0.89 g (3.9 mmol, 78 %)

of 16a was obtained.

Isolation of Benzeneselenol (15) from the Present Reaction System.

A mixture of diphenyl diselenide (3.14 g, 10 mmol), selenium
(0.78 g, 10 mmol), water (2 mL, 112 mmol), N-methylpyrrolidine (2
mL, 14 mmol), and THF (7 mL) were stirred at 50°C for 24 h under
20 Kg/cm2 of CO (initial pressure at 25°C). The resulting mixture
was slighly acidified with aqueous hydrochloric acid (2 N), and
extracted with EtzO_ (50 mL.x 2). The extracts were dried under
nitrogen (CaSO4), and filtered. Evaporation of the filtrate,

followed by distillation (47-52°C/5 mmHg; Iit.,16

1

bp 73-74°C/

20 mmHg) gave 0.64 g (20 %) of 15: 'H-NMR (CCl ) 1,37 (s, 1H),

6.85-7.50 (m, SH).
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Chapter 3 A New Synthesis and Reactions of Selenocarboxamides

3-1 A New Method for Synthesis of Selenocarboxamides: Reaction

of Nitriles with Selenium, Carbon Monoxide, and Water
3-1-1 Introduction

Selenocarboxamidés, which are well-known to-be useful reagents
for the synthesis of selenium-nitrogen heterocycles such as I,3-
selenazoles,l, have been prepared by the acidition of hydrogen
selenide (8) to the corresponding nitriles.2 In earlier investi-
gations,za—e poisonous hydrogen selenide was directly bubbled into
the reaction vessel; however, the yields were generally very low.
Better yields have been reported by Cohen2f using excess amounts
of aluminum selenide (A128e3) and water as the source of 8.

As shown in chapter 2, CO-Se-HZO reaction system is exceedingly
convenient, in terms of manipulation without isolation of air- |
sensitive and highly toxic hydrogen selenide. Then the reaction of
in situ formed 8 with nitriles was examined to synthesize seleno-

amides (eq 3-1).

base Se

1l
RCN + Se + CO + HZO o R—C—NH2 + C02

18

(3-1)
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This section describes a new synthesis of various kinds of

selenoamides by using CO-Se—H20 reaction system.

3-1-2 Synthesis of N-Unsubstituted Selenocarboxamides

Treatment of benzonitrile with selenium, carbon monoxide, and
water in the presence of triethylamine at 100°C for 5 h gave rise
to the corresponding selenocarboxamide 18a (76 % yield).

In a similar manner a number of aromatic and heterocyclic
selenocarboxamides were successfully synthesized from the
corresponding nitriles as shown in Table 4. Structural assign-
ments of selenocarboxamides were based on spectral analyses (IR,
1I-I—NMR, and Mass spectrum) after isolation of the products (see
Table 4). The elemental analyses of new amides (18b, 18f, 18h,
18j, and 18k) were also in good agreement with the calculated
values. The yields of selenocarboxamides were high except for some
cases of sterically hindered amides such as 18b and 18j.

The aromatic selenoamides obtained are all yellow solids and
are stable enough under nitrogen at ordinary temperature to be
kept for several weeks with high purity. On exposure to air, they
gradually decomposed into theAstarting nitriles, selenium, and
water at room temperature or lower temperature. These observa-
tions may show that the selenoamides are in equilibrium with the

corresponding nitriles and hydrogen selenide {eq 3-2), and that the
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equilibrium lies so far to the selenoamide products at room tempe-
rature under nitrogen, however, in the atmosphere of air hydrogen
selenide is easily consumed by oxidation to water and selenium, so

that the equilibrium may be shifted to the left of equation 3-2.

R-C-NH, =~ RCN + H.Se - (3-2)

In contrast to aromatic selenoamides, little is known about
the isolation of N-unsubstituted aliphatic selenoamides. Phenyl-
selenoacetamide has been prepared by Kindlerzc and shown to be
thermally unstable and susceptible to air. Another example is
a carbohydrate' possessing the selenoamide group.3 Aliphatic
selenoamides are assumed to be less stable owing to the lack of
conjugation between the aromatic ring and the selenocarbonyl group
observed in aromatic ones. The synthesis of aliphatic seleno-
amides was attempted using aliphatic nitriles in a similar fashion
to that described above, and the corresponding selenoamides were
successfully isolated as shown in Table 5. These selenoamides
isolated were thermally unstable and highly sensitive to air and,
even under nitrogen, gradually dissociated at room temperature
into the starting nitriles and hydrogen selenide, which deposited
elemental selenium on exposure to air: The position of the
equilibrium of aliphatic selenoamides was slightly shifted to left

compared with that of aromatic ones. This is the cause of the
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lower yields of the aliphatic selenoamides. Owing to such insta-
bility of aliphatic selenoamides, confirmation of their structures

by mass spectram and elemental analyses was unsuccessful and there-
fore the assignments of selenoamides (181, 18m, and 18n) were

performed only on the basis of spectral analyses (IR and 1H-NMR

spectrum).

Table 5.

entry formula yield. D
3¢

1 CH3CH2CH2CNH2 181 35
by

2 PhCHZCNH2 18m 38
i

3 CH,0CH,CNH,, 18n 35

3-1-3 Synthesis of N-Substituted Selenocarboxamides

The hitherto known procedures for synthesis of N-substituted
selenocarboxamides (19) were limited to the following three
methods: (i) the reaction of amides with phosphorus pentaselenide,4

(ii) the substitution reaction of selenoesters with amines,5 and
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(iii) the addition of secondary amines to alkynyl .selenols.G
However these methods are not general, and in some cases the yields
are very low.

Our strategy for the synthesis of 19 is the amino-group
exchange reaction of 18 formed in situ from the reaction of

equation 3-1 with primary or secondary amines (eq 3-3).

base 52 R'NH, Se
RCN + Se + CO + H,0 ——> R—C—-NHZ—-——>-R—C—NHR’ (3-3)
-NH o
18 3 19

Reaction of benzorﬁtrile with selenium, carbon monoxide, and water
in the presence of triethylamine in THF at 100°C for 5 h, followed
by treatment of the resulting mixture with n-butylamine at 100°C
for 3 h successfully afforded N-(n-butyl)benzeneselenocarboxamide
(18b) (81 %) [Method Al |
The representative results were shown in Table 6. The reac-
tion appears general with respect to the substituents of seleno-
amides: both aromatic and aliphatic, and both N-mono- and N,N-di-
substituted selenoamides were all easily synthesized in moderate
to high yields. But the yields of aromatic selenoamides (19a-19g)
differed depending on the bulkiness of the alkyl groups of amines
(R = primary alkyl group: >80 %; secondary: 30-50 %; tertiary: 0 %).
In the cases of N-(sec-alkyl) derivatives (19a, 19c, and 19f),

the yields could be improved by prolonged reaction time in the
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amino-group exchange reaction (20 h). On the other hand, the
amino-group exchange reaction with aromatic amines did not take
place under these reaction conditions.

Structural assignments of selenoamides were based on spectral

analyses (IR, 1

H-NMR, and Mass spectrum: see Table 6) and elemental
analyses after purification of the products by column chromatography
on silica gel.

N-Substituted selenoamides are yellow crystalline or red oil,
and are generally stable enough to be kept for several weeks unde;‘
the atmosphere of nitrogen at about 0°C withc;ut degradation. On
exposure to air, however, they gradually decomposed with deposition
of elemental selenium.

In addition to Method A, forvthe preparation of N-mono-
substituted selenocamides a more facile procedure became available
(Method B, eq 3-4). For example, N-benzylbenzeneselenoamide (19e)

was obtained in 94 % yield by heating the mixture of benzonitrile,

selenium, and benzylamine under CO pressure in THF.

I
RCN + Se + CO + 3R’NH, —————>= R-C-NHR® + (R°NH),CO + NH, (3-4)

2 2 3

As shown in eq 3-4, Method B affords the corresponding urea deriva-
tive as the by-product concomitantly, which is easily separable from

19. A suggested reaction path is illustrated in equation 3-5.
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RCN R’NH2
o ¥ Se + (0 —— > HZSe —> 18 —==>19 (3-5)
-(R’NH)ZCO -NH3

2R’NH

This method is inapplicable to synthesis of N,N-disubstituted
selenoamides probably because the reaction of secondary amines
with carbon monoxide and selenium does not give hydrogen selenide
but the amine salts of selenol carbamic acids.7

In summary, general and convenient methods for, synthesis of
selenoamides using carbon monoxide and selenium has been developed.
Present methods offers several advantages against hitherto known
methods: (i) a wide range of applicability to a variety of seleno-
amides (aromatic and aliphatic; N-unsubstituted, N-monosubstituted,
and N-disubstituted); (ii) high yields of selenoamides; (iii) one-
pot syntheses with simple operation without troublesome handling

of hydrogen selenide.

3-1-4 Experimental

General

All reactions were carried out using a 50 mL stainless steel
autoclave (SUS-304) purchased from Taiatsu Glass Kogyo. Nitriles
(benzonitrile, n-butyronitrile, acetonitrile, and phenylaceto-

nitrile), amines (i-propylamine, n-butylamine, sec-butylamine,
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t-butylamine, benzylamine, cyclohexylamine, n-octylamine, dimethyi— _
amine, piperidine, and triethylamine), and solvent (tetrahydrofuran)

were all purchased from commercial sources, and purified by distil-
lation or recrystallization. CO pressures mentioned in the paper

refer to those at 25°C.

General Procedures for Synthesis of N-Unsubstituted Selenoamide

In a typical reaction, a stirred mixture of benzonitrile (0.52
g, 5 mmols), selenium (0.43 g, 5.5 mmol), water (I mL, 56 mmol),
triethylamine (1 -mL, 7 mmol), and tetrahydrofuran (5 mL) in a 50
mL stainless steel autoclave was heated under the pressure of
carbon monoxide (5 atm: initial pressure) at 100°C for 5 h. After
the reaction carbon monoxide was purged in the well-ventilated
hood, and the reaction mixture was slightly acidified with aqueous
hydrochloric acid (2 N)9 and extracted with diethyl ether (50 mL
x 3). The combined extracts were dried (MgSO4) under nitrogen,
filtered, and evaporated. The crude material was chromatographed
on silica gel, affording 0.69 g (76 %) of benzeneselenocarboxamide
(13a). Anal. Calcd for C,H

77
Found: C, 45.78; H, 3.91; N, 7.48.

NSe: C, 45.67; H, 3.83; N, 7.61.

o-Methylbenzeneselenoamide (18b)

Found: C, 48.68; H, 4.74; N, 6.95 %. Calcd for C8H9NSe:

C, 48.50; H, 4.58; N, 7.07 %.
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p-Methvlbenzeneselenoamide (18d)

Found: C, 48.80; H, 4.79; N, 6.90 %. Calcd for CSHgNSez

C, 48.50; H, 4.58; N, 7.07 %.

m-Chlorobenzeneselenoamide (18f)

Found: C, 38.43; H, 2.93; N, 6.16 %. Calcd for C7H6CINSe:

C, 38.47; H, 2.77; N, 6.41 %.

a-Naphthvlselenoamide (18j)

H,NSe:

Found: C, 56.55; H, 3.95; N, 5.76 %. Calcd for C,1Hg

C, 56.42; H, 3.87; N, 5.98 %.

B-Naphthvlselenoamide (18k)
Found: C, 56.71; H, 3.97; N, 5.90 %. Calcd for ClngNSe:
C, 56.42; H, 3.87; N, 5.98 %.

n-Propvlselenoamide (181) .

IR (KBr) 3280, 1630 cm '; 'H-NMR (Me,SO-dg) & 0.87 (t, 3H),

1.62 (t-q, 2H), 2.52 (t, 2H), 9.80 (br s, 1H), 10.00 (br s, 1H).

Phenylselenoacetamide (18m)

1.1

IR (Nujol) 3280, 1635 cm ~; "H-NMR (Me,SO-d;) & 3.09

6
(s, 2H), 7.31 (m, 5H), 9.90 (br s, 2H).

Methoxyselenoacetamide (18n)
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IR (Nujol) 3260, 1635 cm }; 'H-NMR (Me,SO-d;) & 3.41

(s, 3H), 4.04 (s, 2H), 9.40 (br s, 1H), 10.60 (br s, 1H).

4-(N, N-Dimethylamino)-benzeneselenocarboxamide (18h)

The reaction was carried out in the same manner described
above for the general procedure of selenoamide synthesis. After
the reaction, the reaction mixture was neutralized. A yellow
precipitate deposited, was filtered off, and washed with water,
n-hexane, and benzene successively. The remaining solid, containing
metallic selenium, was dissolved in acétone and metallic selenium
was removed by filtration. The filtrate was dried and evaporated
to give 0.92 g of selenocamide 18h (82 % yield). Anal. Calcd for
C,H.,N,Se: C, 47.56; H, 5.33; N, 12.34. Found: C, 47.74;

9 '12°72
H, 5.58; N, 12.51.

General Experimental Procedure for Synthesis of 19b (Method A)

In an autoclave were placed benzonitrile (0.52 g, 5 mmol),
selenium (0.43 g, 5.5 mmol), water (1 mL, 56 mmol), triethylamine
(1 mL), THF (5 mL), and a magnetic stirring bar. The autoclave
was flushed with carbon moncxide for three times, charged at 5
Kg/cm2, and set in an oil bath maintained at 100°C. The reaction
was carried out for 5 h with magnetic stirring. Then the autoclave
was cooled to room temperature, and carbon monoxide was purged in
a well-ventilated hood. n-Butylamine (1.0 mL, 10 mmol) was

immediately added to the reaction mixture under an atmosphere of

- 43 -



nitrogen, and the reaction was continued at 100°C for 3 h under‘
nitrogen. After the reaction was complete, the resulting mixture
was transferred into a 100 mL flask, dried overnight (MgSO4), and
then filtered. Evapolation of the filtrate, followed by purification
by the column chromatography on silica gel (n-hexane - Et20) gave
0.97 g (4.0 mmol, 81 %) of 19b: Found: C, 55.39; H, 6.58; N,

5.85. Calcd for CllHlsNSe: C, 55.00; H, 6.29; N, 5.83.

Similarly prepared were the followings.
19a: Found: C, 53.38; H, 5.85; N, 6.18%. Calcd for

C10H13Nse: C, 53.10; H, 5.79; N, 6.19.

19c: Found: C, 55.38; H, 6.51; N, 5.72. Caled for

C“HISNSe: C, 55.00; H, 6.29; N, 5.83.

19e: Found: C, 61.36; H, 4.76; N, 5.01. Caled for

C14H13NSe: C, 61.32; H, 4.78; N, 5.11.

19f: Found: C, 58.66; H, 6.29; N, 5.15. Calcd for

C13H17NSe: C, 58.65; H, 6.44; N, 5,26.

19g: Found: C, 60.97; H, 8.05; N, 4.87. Calcd for

C15H23NSe: C, 60.80; H, 7.82; N, 4.73.

1%h: Found: C, 50.98; H, 5.34; N, 6.57. Calcd for

CnglNSe: C, 50.95; H, 5.23; N, 6.60.

19i: Found: C, 57.21; H, 6.08; N, 5.50. Calcd for
C12H15NSe: C, 57.15; H, 5.99; N, 5.55.
19§: Found: C, 47.09; H, 8.71; N, 6.81. Calcd for

C8H17NSe: C, 46.60; H, 8.31; N, 6.79.
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19k: Found: C, 55.13; H, 6.34; N, 5.72. Calcd for

C“I—IISNSe: C, 55.00; H, 6.29; N, 5.83.
191: Found: C, 51.18; H, 5.18; N, 6.55. Calcd for

CnglNSe: C, 50.95; H, 5.23; N, 6.60.
19m: Found: C, 62.60; H, 5.24; N, 4.82. Calcd for

CISHISNSe: C, 62.50; H, 5.25; N, 4.86.
Method B

Benzonitrile (0.52 g, 5 mmol), selenium (0.43 g, 5.5 mmol),
n-butylamine (2.0 mL, 20 mmol), and THF (5 mL) were placed in the
autoclave with a magnetic stirring bar. .;I‘he reaction was carried
out under the pressure of CO (5 Kg/cmz) at 80°C for 5 h in the
similar manner to that described in Method A. After the reaction
was complete, the autoclave was cooled to room temperature; and
carbon monoxide was purged. The reaction mixture was trasferred
into a 100 mL flask and left overnight under the atmosphere of air
in order to decompose benzeneselenoamide (18a) and the remaining
hydrogen selenide. The deposited metallic selenium was filtered
off, and the solvent was removed from the filtrate under reduced
pressure. The resulting residue was chromatographed on silica gel

to give 1.12 g (4.7 mmol, 93 %) of 19b and 0.86 g (5.0 mmol) of

di(n-butyl)urea.

3-1-5 References and Notes
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3-2 Selenocarboxamides as New Reagents for Stereospecific

Deoxygenation of Epoxides under Mild Conditions
3-2-1 Introduction

The preceding section has dealt with a general and convenient
method for synthesis of selenocarboxamides by using CO-Se reaction
system.

On the other hand little has been known about the c‘hemistry
of selenoamides, because general procedures for synthesis of“ seleno-
amides had been lacking. However selenoamides are synthetically
promising and expected to react with various organic or inorganic
reagents owing to high reactivity of their carbon-selenium doublg
“bond.

In the course of investigations of reactivities of selenoamides
against electrophiles, it has been found that selenoamides are
efficient reagents for converting epoxides into olefins stereo-
specifically in high yields under mild conditions.

Deoxygenation of epoxides is one of the important methodologies

for control of olefin stereochemistry1 and for synthesi32 and
structural analysis3 of natural products. For this purpose, high

yields, mild conditions, and high stereospecificity are essential.

A variety of methods4 have been devised to accomplish the trans-
formation, and in some cases, the deoxygenation was found to proceed

stereospecifically: for example, inversion with MeBSiK,lg
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1f 1h

Me,PhSiLi,”" Ph,PLi,

2 2
KSeCN, 1m 3-methyl-2-selenoxobenzothiazole, 1 Me(PhO)

and Coz(CO)S,IC and retention with

li
3PI,

Ph.P'HI/Ph.PL, Y and WCI_/n-BuL1.!®1P
3 32 6
This section describes stereospecific deoxygenation of epoxides

using selenoamides.
- 3-2-2 Stereospecific Deoxygenation of Epoxides

The reaction of cyclohexene oxide with benzeneselenoamide (18a)

-~

in the presence of trifluoroacetic acid in dichloromethane at 0°C

gave cyclohexene in 84 % yield (eq 3-6).

< v

R )-’———’O\ R, Ph c://e Ht RNy R Se + Ph c/9 (3-6)
] \ o - \ - / \ T ee T - -

R2 r4 NH, Rr2 r4 \NH2

Similar deoxygenation of some other epoxides was examined, and the
results were shown in Table 7. 1- And 2-octene oxides, cyclohexene
oxide, and 1-methylcyclohexene oxide underwent smooth deoxygenation
at 0°C. Cyclopentene oxide and cyclododecene oxide were sluggish
under the same conditions. But slightly higher temperatures and
longer reaction times enabled these reactions to complete success-
fully. On the other hand sterically hindered epoxides such as
norbornene oxide did not give any olefinic products. Reaction of

cis- and trans-2-octene oxides and trans-dodecene oxide afforded
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olefins having the same geometry as the epoxides. All reactions in

Table 7 were accompanied by the concomitant formation of metallic

selenium and benzamide.

Table 7.
entzy epoxide temp, °C time preduct yield, %
1 A 0 5 min AANAAF 89
0
2 ~~L 0 10 min AN 74l
3 /\/\/ﬁ 0 10 mi /\/\/\' 752
min N
o)
4 0 30 mis 54
oK ' min Ph/\
5 @o 20 30 h @ 85
6 o) 0 5 min @ 84
7 [:L(O 0 5 min O/ 51
8 C’U—‘EO 40 21 h (’_’Djl g22

aSingle iscmer was formed stersospecifically.

examined and found to be effective for the deoxygenation.

Some other selenoamides (19e, 19f, 18h, 191, and 19m) were

For

example, cyclohexene oxide was converted into cyclohexene in ca.

80 % yield in every case.

A suggested reaction path5 for the present deoxygenation of

acyclic epoxides is illustrated in Scheme 3-1 from an analogy of

the deoxygenation using KSeCN.lm
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Scheme 3-1.
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3-2-3 Experimental

General

Trifluoroacetic acid, some epoxides (cyclohexene oxide and
styrene oxide), olefins (1- and 2-octene, cyclopentene, methylcyclo-
hexene, cyclododecene, and norbornene), and m-chloroperbenzoic acid
(80 %) were all purchased from commercial sources.

Gas chromatographic results were obtained on either a Shimadzu
GC-3BF (analytical gas chromatography) or a Hitachi K-53 (prepara-

tive gas chromatography).

General Procedure for Synthesis of Epoxides
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In a 50 mL three necked flask with a cooler were placed m—.
chloroperbenzoic acid (m-CPBA: 4.31 g, 20 mmol) and dichloro-
methane (40 mL), and olefin (20 mmol) was added dropwise at 0°C
under nitrogen, and then the mixture was stirred overnight. Afer
the reaction was complete, aqueous sodium sulfite (10 %) was added
in order to decompose excess m-CPBA. The depositing m-chloro-
benzoic acid wés filtered off, and then the filtrate was extracted
with diethyl ether. The extracts were dried (MgSO 4), and evapora-
tion of the solvent gave the crude product, of which distillation

afforded the desired epoxides.

Cis- and Trans-2-Octene Oxides

Epoxidation of 2-octene oxides (cis and trans mixture) was
carried out in the similar fashion to that descibed above. The
purification of cis- or trans-2-octene oxide was performed by

preparative gas chromatography.

General Procedure for Deoxygenation of Epoxides

In a typical reaction, to the stirred mixture of cyclohexene
oxide (0.098 g, 1 mmol) and benzeneselenoamide (18a) (0.276 g,
1.5 mmol) in 7 mL of dry dichloromethane under nitrogen at 0°C was
added dropwise trifluoroacetic acid (0.11 g, 1 mmolG). Elemental
selenium precipitated almost instantly. After stirring for 5

minutes, GLC analysis indicated the formation of cyclohexene in

84 % yield.
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(4) For a list of methods, see: (a) I. T. Harrison and S.

Harrison, @ Compendium of Organic Synthetic Methods, Wiley

Interscience, New York, pp 501-504 (1971); (b) Idem, ibid., Vol. 2,
pp 200-201 (1974); (c) L. S. Hegedus and L. Wade, ibid., Vol. 3,
pp 317-319 (1977); (d) L. G. Wade, Jr., ibid, Vol. 4, pp 324-327
(1980); (e) Idefn., ibid., Vol. 5, pp 380-382 (1983).

(5) In the case of cyclic epoxides, absence of C-C free rotation
indicates that the mechanism of Scheme 3-1 is unlikely. The
deoxygenation of cyclic epoxides may be explained by the

following scheme:

Scheme 3-2.
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(6) Deoxygenation using 0.03 equivalent of trifluoroacetic acid
relative to cyclohexene oxide also proceeded at 25°C for 24 h to

give the corresponding olefin in 87 % yield.
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3-3 A New Selenium-Containing Heterocycle. Acid Catalyzed
Reaction of Benzeneselenocarboxamide with Aliphatic

Aldehyde
3-3-1 Introduction

Selenocarboxmides would be expected to be employable as re-
agents for synthesis of new selenium-nitrogen hetelocycles, because
they have a Se-C-N bond as their stlf’uctural feature.1

This section describes the reaction of benzeneselenoamide (18a)
with some aliphatic aldehydes under acidic conditions leading to
the formation of a new six-menbered heterocycle containing selenium,

nitrogen, and oxygen.2

3-3-2 Reaction of Selenoamide with Aliphatic Aldehydes under

Acidic Condition

Reaction of benzeneselenoamide (18a) with acetaldehyde in
the presence of sulfuric acid gave 2,6-dimethyl-4-phenyl-6H-1,3,5-
oxaselenazine (20a) as a major product (eq 3-7) with concomitant

formation of a condensation product (21a) of 20a with acetaldehyde.

R

oo L 25
Ph-C-NH, + 2 RCHO > e * Ha0  (3.7)
' Ph

20
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S
Ph-C-N=CHR 21

In the same manner, the reaction using some other aliphatic aldehydes
was examined, and every reaction afforded the corresponding oxa-

selenazines (20b-20e) (Table 8).

Table 8.
yield, 3
aldehyde 20 21
CHBCHO 42 6
n-prcao 24 11
i-PrCHO 34 15
£-BuCHO 12 8

<:>-cﬁo 15 12

This reaction was also proceeded by using Lewis acid such as boron
trifluoride etherate complex instead of sulfuric acid.

Further work is in progress to extend the scope of the reaction
and to clarify the reaction mechanism. A plausible reaction path

was shown in Scheme 3-3.

Scheme 3-3.
o R R
N+ N
Se se CH=O( ,CH—0_
1] N\ CH-R ——:} Se CH-R
Ph-C-NH, + RCHO Cc-NH” - c=n"
/ Ve
. Ph pn 20
gt cat. RCHO
OH + Se + Se
1l I H i+ —-H ]
Ph-C-NH-CH-R —————— Ph-C-NH=CH-R ——= Ph-C-N=CH-R
~H,0 H
21
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3-3-3 Experimental

General

Aldehydes (n- and iso-butyraldehydes, pivalaldehyde, énd cyclo-
hexanecarboxaldehyde), chloroform, acetic acid, sulfuric acid, and
boron trifluoride etherate complex were all purchased from com-
mercial sources. Acetaldehyde was obtained by treatment of

paraldehyde with p-toluenesulfonic acid.3

General Procedure for Synthesis of 6H-1,3,5-Oxaselenazine

Derivative

In a typical reaction, sulfuric.acid (0.28 mL, 5 mmol) in
acetic acid (3 mL) was added to the mixture of benzeneselenocarbox-
amide (0.92 g, 5 mmol), acetaldehyde (0.67 mL, 12 mmol), and acetic
acid (10 mL) at 18°C, and the solution was kept at 18°C for 24h
with magnetic stirring. The resulted mixture was extracted with
diethyl ether after neutralization with aqueous sodium carbonate,
_and followed by purification by column chromatography on silica
gel, affording 0.53 g (42 %) of 2,6-dimethyl-4-phenyl-6H-1,3,5-
oxaselenazine (20a): IR (NaCl) 1620 cm™'; 'H-NMR (CCl,)
§ 1.55 (d, 3H, J=6.0 Hz), 1.70 (d, 3H, J=6.0 Hz), 5.01 (q, 1H),
5.45 (g, 1H), and 7.10-7.80 (m, 5H); !SH-NMR (CDCl,) 23.065,
23.918, 73.378, 89.582, 126.536, 128.440, 128.765, 140.298, and
157.841.
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Procedure for Synthesis of 20a using Lewis Acid

The reaction of selenoamide 18a (0.92 g, 5 mmol) with
actaldehyde (1.5 mL, 27 .mmol) in the presénce of boron trifluoride
etherate complex (i.26 mL, 10 mfnol) in chloroform (20 rﬁL) at 18°C
for 15 h and similar workups described above gave oxaselenazine

20a in 55 % yield.
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Conclusion

The aim of this research was to develop new synthetic reacs-
tions using carbon monoxide—seleni.um reaction system.

The important results mentioned in each chapter of this
thesis are summarized as follows.

In chapter 1, a new. selenium assisted carbonylation of alkyl
aryl ketones with carbon monoxide leading to formation of 1,3-
dicarbonyl compounds as C-carbonylated products has been described.
o-Hydroxyacetophenone and its derivatives have been converted to
the corresponding 4-hydroxycoumarins in moderate to quantitative
yields by treatment with an equivalent of selenium and carbon
monoxide with concomitant formation of hydrogen selenide. It has
been further revealed that oxidation of in situ formed hydrogen
selenide to selenium with an appropriate oxidizing agent such as
nitrobenzene permitted catalytic use of selenium for the present
carboriylation.

In chapter 2, a new selenium catalyzed reduction with carbon
monoxide and water has been described. Reduction of diphenyl
diselenide with carbon monoxide and water in the presence of
selenium gave benzeneselenol, which was treated in situ Michael
acceptors such as methyl vinyl ketone to afford the c_orresponding
adducts in high yields.

In chapter 3, a new method for synthesis of selenocarbox-

amides by using carbon monoxide-selenium reaction system has been

-.58"'



described. A variety of N-unsubstituted selenoamides have been
prepared in moderate to high yields by the reaction of nitriles
with hydrogen selenide, generated in situ from elemental selenium,
carbon monoxide, and water in the presence of triethylamine. |
Furthermore, convenient one-pot synthesis of N-substituted seleno-
amides has been developed on the basis of amino-group exchange
reaction of N-unsubstituted selencamides formed in situ with
primary or secondary amines. Chapter 3 has also referred to
applications of selenoamides to organic synthesis. Selenoamides
have been found to be efficient reagents for converting epoxides
into olefins stereospecifically in high yields under mild condi-
tions. In addition, acid-catalyzed synthesis of a new heterocyclic
compound containing selenium, nitrogen, and oxygen using seleno-
amides has been described.

Characteristic feature of carbon monoxide-selenium reaction
system. are summarized as follows.

Carbon monoXxide-selenium reaction system -may involve several
key intermediates such as carbonyl selenide, selenocarboxylic acid,
and hydrogen selenide (or HSe'), and synthetic reactions
utilizing the reaction system are principally classified into two
types of reactions:

(i) carboylation reaction where carbonyl selenide acts as a

key carbonylating species |
(ii) synthetic reactions using hydrogen selenide (or HSe’),

that is, reduction by the use of reducing ability of HSe™
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and synthesis of various selenium-containing compounds

employing hydrogen selenide as a source of selenium.

Reduction Se
. CO
5¢ RCN

RCNH2 ——— HZSe base [SeCO]

Nufﬁ—Nu
0]
Nu-H

Nu-H [Nu—ﬁ—SeH]
0]

Several important knowledges obtained through the present
investigations on carbon monoxide-selenium reaction system would

open a new area of synthetic utilization of carbon monoxide.
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