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also presented.
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I NT ROD U C T ION

Isocyanide (or isonitrile as it is sometimes called) is a well-known

organic compound from old time which is formed by heating a primary amine

with chloroform in the presence of alkali. Isocyanide is easily detected by

its characteristic unpleasant odor, and this is applied to the detection of

primary amine (ltcarbylamine test"). 1) Isocyanide was prepared more than one

hundred years ago. 2) Little attention, however, has been given to its

chemical reactions except for Passerini reaction,3) because its preparation

was of great difficulty. Since new preparative method of isocyanide has been

presented by Ugi in 1960,4) much attention has been paid to its chemical

behaviors, its increased reactivity and synthetic utility.

Isocyanide is a conspicuous example of stable organic co~)ound which has

a carbon atom carrying lone-pair electrons as indicated by the structure (I).

Its stability can be rationalized on the basis of two resonance structures

(Ia) and (Ib).

Carbon monoxide (II) and carbene (III) are characterized also by lone

pair electrons on a carbon atom. Especially, carhon monoxide has a closely

related structure (II) with oxygen in the place of N-R of isocyanide (~.~.,

which is isoelectronic with isocyanide).
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Carbene (III) is probably one of the most intensively studied metastable

species at the present time. 5) It should be noted that a part of reactions

which were previously regarded to proceed via "carbene H intermediate has now

been called ncarbenoid" reaction. Hmvever, it is still equivocal to differen-,

tiate the term "carbenoid" from the term 11 carbene" in the st rict sence,

especially in the case of the so-called catalytic decomposition of diazo

compounds. Therefore, the term "carbene" is tentative ly used in this volume

for the sake of simplicity.

Recently, studies upon synthetic reactions using metal complexes as

catalysts have been developed, remarkably. The Fischer-Tropsch process for

the conversion of water gas into hydrocarbons, Reppe reactions and "Oxo"

process for syntheses of aldehydes or alcohols are based on the reactions of

carbon monoxide by the catalysts of transition metal compounds. These

reactions are recognized to proceed via metal carbonyl complex intermediates. 6)

This fie ld is of great importance from an industrial view point and has

attracted the attention of both industrial and academic chemists. Very few

workers, however, have investigated the organic reactions by means of metal

isocyanide complexes, although isocyanide are considered to exhibit similar

chemical behaviors with carbon monoxide. The different natures as ligands

between isocyanide and carbon monoxide are well demonstrated by the difference

of the metals with which they are coordinated. The following transition

metals have been reported to form isocyanide complexes. 7) Among them, the
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IB IIB VIA VIlA VIII
A..

/ ,
Cu Zn Cr Mn Fe Co Ni

Ag Cd Mo Ru Rh Pd

Au Hg W Re Pt

transition metals of groups VI, VII and VIII generally form more than one

type of both isocyanide and carbonyl comp lexes. On the other hand, the

elements of the B groups do not form pure metal carbonyls. Only the metal

carbonyl halides of Groups IB elements are known. These facts can be taken

to differentiate isocyanide from carbon monoxide. From this standpoint,

Groups IB and lIB metal compounds may be expected to show specific catalytic

behaviors which are different from other transition metal compounds.

Copper and its compounds are outstanding within Groups IB and lIB metal

compounds for the variety and value of their applications as catalysts in

several organic reactions, ~:&:' Ullmann coupling reaction 9) and Sandmeyer

reaction. 10) The present author has been interested in the facts that

isocyanide, carbon monoxide and carbene are coordinated with copper salts,

that the decomposition of diazo compounds is catalyzed by copper compounds,

and that amine, alcohol, thiol, and phosphine etc are known to coordinate to

copper and other Groups IB and lIB metal compounds. The present studies are

concerned with reactions of isocyanide, carbon monoxide and carbene from

diazo compound in the presence and/or absence of catalysts.

In Part I, reactions of isocyanide with active hydrogen compounds such

as amine, alcohol, thiol, silane, and phosphine have been investigated. It

has been found that copp.;;r compounds as well as other IB and HB metal
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compounds catalyze effectively the reactions of isocyanide with these active

hydrogen compounds. The carbon atom having lone-pair electrons of isocyanide

is inserted into heteroatom-hydrogen linkages to produce the corresponding

derivatives of formimidic acid in high yields and selectivities. These

reactions are conveniently utilized for synthetic purposes. Catalytic

behaviors of IB and IIB metal compounds, particularly of copper compounds,

seem to be quite specific in the reactions of isocyanide with thiol or with

silane. These reactions have been proposed to proceed via "mixed ligand

complex" intermediates. In fact, ternary complex of cuprous chloride,

is ocyanide and amine was isolated as an unstable intermediate in the

isocyanide-amine reaction.

In Part II, reactions of carbon monoxide and carbene have Deen studied.

The catalytic activities· of IB and lIB metal compounds, especially of (:opper

compounds, for the carbonylation of primary and secondary amines to produce

formamide derivatives have been investigated in Chapter 1. Copper compounds

have been found to be excellent catalysts for the aliphatic amine carbonyl

ation, while gold comp?und is a good catalyst for the aromatic amine carbonyl

ation. Copper catalyzed insertions of carbene between N-H bond of amine and

between S-H bond of thiol and O-H bond of alcohol have been described in

Chapters 2 and 3, respectively. All of the products were isolated and the

reaction processes have been discussed in detail. In Chapter 4, the reaction

of ethyl diazoacet ate with cupric chloride has been investigated. All

products were explained by assuming unstable organocopper intermediates and

subsequent chlorine ligand transfer processes.

In Part III, several reactions of isocyanide have been examined in
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relation to the reactions by metal complex catalysts of Part I. Here, the

catalytic reactions using transition metal complexes are not included in this

Part. New radical reaction of isocyanide with thiol is described in Chapter

1. In the reaction of substituted phenyl isocyanide with thiol, the effect

of substituent upon the reactivity was examined. From the Hammett plott,

reaction mechanism was discussed. In Chapter 2, new reactions of isocyanide

with nitroalkenes are given. Deoxygenation process of nit roalkenes by

isocyanide is a quite interesting finding. In Chapter 3, oxidation reaction

of isocyanide by nitric and nitrous oxides to produce isocyanate is described.
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SYNOPSES

Part I

Insertion Reactions of Isocyanide Catalyzed by Copper Compounds

New insertion reactions of isocyanide have been found. These reactions

require catalysts, which are copper compounds as well as other Groups IB and

lIB metal compounds. Reactions of isocyanide examined here are insertions of

carbon atom of isocyanide between nitrogen-hydrogen of primary and secondary

amine, oxygen-hydrogen of alcohol, sulfur-hydrogen of thiol, si licon-hydrogen

of silane and phosphorus-hydrogen of pho.sphine.

In Chapter 1, reactions of isocyanide with primary and s~condary amines

producing formamidines catalyzed by Groups 18 and lIB metal compounds, mainly

by copper compounds, have been investigated. In the reaction of cyclohe~yl

isocyanide with piperidine, the order of catalytic activity was, AgCI:> Cuel

~ ZnCI 2 , Cd(OAc)2' HAuCI 4·4H20. The AgCl catalyzed reaction proceeded almost

quantitatively in 2.5 hr at 17°C. The reaction of aliphatic isocyanide with

aromatic amine, ~.£., N-methylani line, required higher reaction temperatures

(l60°C) even in the presence of catalyst, in which the order of catalytic

activity was, HAuCI 4 ·4HZO> ZnC12 > AgCl~ CuC!. A ternary complex of (CuCl)2

(cyclohexyl isocyanide)2(piperidine) was isolated, which was unstable and
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decomposed gradually at room temperature to give the formamidine product. A

mechanism through a mixed ligand complex has been proposed, in which both

isocyanide and amine are coordinated with the common metal ion and the

reaction takes place in the sphere of complex ligand.

In Chapter 2, insertion reactions of isocyanide between oxygen and

hydrogen bond of alcohols to produce formimidates have been studied in terms

of the catalyst activities and of the reaction mechanism. The catalysts are

classified into two groups. The first group includes metallic copper, and

the oxides of copper (CuI and Cull), silver and mercury, which induce the

isocyanide reactions of various alcohols including saturated and unsaturated

alcohols and aminoalcohol. The second group cat alysts are the chlorides of

copper (CuI), silver, zinc and cadmium, which cause the reactions of

isocyanide only with special alcohols having strong coordinating tendencies

toward the catalyst, as being eXEmplified by allyl alcohol and I3-N ,N-dimethyl

aminoethanol. Among these catalysts, met allic copper and copper oxides are

the most effective and give the products almost quantitatively. The dif

ference in catalyst activity between the two groups of catalysts is well

explained by assuming a ternary complex consisting of the catalyst, isocyanide

and alcohol as the site of reaction. It has been observed that copper is

dissolved in liquid isocyanide to form a soluble complex. The coordination

of isocyanide with copper catalysts has been examined by the shift of vN=C

band of IR spectrum. The coordination of isocyanide with the first group

catalysts (Cu and CuO) is weak (the magnitude of 6vN=C is small) whereas that

with the second group catalysts (CuCI and CueN) is strong (6V N=C is large).

From these findings it has been reasoned that the isocyanide ligand which is
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loosely coordinated with the first group catalysts is readily replaced even

by the alcohols of small coordinating tendencies such as saturated alcohols

to form a ternary complex. On the other band, the isocyanide ligand which is

held rather tightly by the second group catalysts is partly replaced only by

allyl alcohol and (3-aminoethanol having strong coordinating tendencies. The

strong coordinations of these special alcohols with CuCl have been demonst

rated also by IR spectroscopy.

In Chapter 3, reactions of thiols and isocyanide have been investigated.

The reaction of thiol with isocyanide proceeds in two directions. In the

first reaction (course-a), the carbon atom of isocyanide having lone-pair

electrons is inserted into the sulfur-hydrogen bond of thiol to produce thio

formimidate. In the second reaction (course-b), isothiocyanate and the

alkane from the alkyl group of thiol are formed. The proportion of the

participation of two reactions depends upon the alkyl group of thiol and the

reaction conditions including the employment of catalyst. Primary thiol

prefers course-a to course-b, on the other hand tertiary thiol prefers

course-b. In the reactions at 15°C, the Groups 18 and IIB metal compounds,

!.£., copper compounds, catalyze preferably the course-a reaction. At higher

temperatures, !'R" 100°C, thiol reacts with isocyanide quite rapidly even in

the absence of catalyst. However, the cat alyst effect favoring course-a is

seen even in the high temperature reactions. The mechanism of reaction,

especially of course-b, has been discussed. Syn-~nti structures of thio

formimidate were also studied by NMR.

In Chapter 4, a new hydrosilation reaction of isocyanide is presented.

The catalysts required for this reaction are copper compounds which seem
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quite specific in catalytic activities. Chloroplatinic acid, which is known

to be an efficient catalyst of hydroc;i lation of olefins, does not work as

catalyst for the hydtosil'ation of isocyanide. ~loreover, suitable solvent

is necessary for this reaction. The reaction of cyclohexy 1 isocyanide with

trimethylsilane by copper (II) acetylacetonate gave a new compound, form

imidoylsilane, in high yield. Cycloi1exyl isocyanide-triethylsilane and t

butyl isocyanide-'--trimethylsilane reactions have also been studied.

Chapter 5 is concerned with the reaction of dialkylphosphine with iso

cyanide in which the isocyanide carbon atom is inserted between phosphorus

and hydrogen of dialkylphosphine. This is a new reaction to form the

phosphorus-earbon bond by the a,a-addition of phosphine to the carbon atom of

isocyanide. The product, N-substituted formimidoylphosphine may be regarded

as a Schiff base of formylphosphine, which has not been known until now.

Reactions of cyclohexyl isocyanide with diethylphosphine and with di-~

propylphosphine have been examined. The order of catalytic activity was,

CU20~ CU(AA)2' 2nC12 , CdClZ' Hg(OAc)2» AlC1 3 •

Part II

Reactions of Carbon Monoxide and of Diazo Compounds

Other species than isocyanide which have lone-pai r electrons on carbon

atom are carbon monoxide and carbenes generated by the decomposition of diazo

compounds. From the isoelectronic relationship between carbon monoxide and

isocyanide, catalytic reactions of carbon monoxide and amines have been
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investigated. Also from a similar standpoint, reactions of carbene species

with amine, with thiol and with alcohol have been examined. Finally,

reactions of ethyl diazoacetate with metal salts involving ligand transfer

reaction have been studied.

Chapter I describes the catalytic activities of Groups IB and lIB metal

compounds, mainly of copper compounds, for the carbonylation of aliphatic and

aromatic amines with carbon monoxide. At the same time, the catalytic

activities of other metd compounds have also been examined. It was found

that (i) copper compounds are excellent catalysts for the carbonylation of

aliphatic amines to produce the corresponding formamides; (ii) the catalytic

activities of copper compounds are enhanced by the addition of water; and

(iii) chloroauric acid catalyzes the carbonylation of aromatic amine whereas

copper compounds do not.

In Chapter 2, insertion reaction of carbenes between nit rogen and

hydrogen of amine has been accomplished by copper co~)ound catalysts. Copper

compounds catalyzed the reaction of piperidine with ethyl diazoacetate,

whereas the acid catalyst did not. Piperidine, morpholine and !!.-butylamine

were used as amine in this reaction, and ethyl diazoacetate and diazomethane

were the diazo compounds.

In Chapter 3, the reactions of thiols and alcohols with diazoacetate by

copper compound catalyst have been examined, in which R of RSH (thiol) and

ROH (alcohol) were ~-C4H9J C6HSCH2 and CH2=CHCH2 . All the products were

isolated and identified, the total yields of the products based on diazo

acetate being almost quantitative. In the reaction with thiols, the carbene

from ethyl diazoacetate was inserted. into the sulfur-hydrogen linkage to
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produce ethyl alkylthioacetate in a high yield and a high selectivity. In

addition, diethyl alkylthiosuccinate (V) and diethy1 thiodiglyco1ate (VI)

were isolated as the by-products. On the other hand, the reaction of alcohol

with ethyl diazoacetate afforded the insertion reaction products in low

selectivity. The a-analogs corresponding to V and VI as well as triethyl 1

alkoxypropane-l,2,3-tricarboxylate, triethyl propene-l,2,3-tricarboxylate,

diethyl fumarate and maleate were formed. In the allyl alcohol-diazoacetate

reaction, the cyclopropane derivatives were also formed. Comparison of both

reactions and some mechanistic discussions were also given.

In Chapter 4, the reaction of ethyl diazoacetate with CUCl2 has been

investigated. In this reaction, ethyl ch10roacetate, ethyl dichloroacetate

and a mixture of ethyl dichloroma1eate and ethyl dichlorofumarate were

produced. These products were explained by assuming a-ch1orocarboethoxy

methy1copper complexes. The reactions of ethyl diazoacetate with CoC12 and

HgC12 were examined in more detai 1 as referehce reactions from the mechanistic

view point.

Part III

Reactions of Isocyanide with Thiol, with Nit roalkene

and with Nitric Oxide

The reactions of isocyanide of this Part do not use metal complex

catalysts.

In Chapter 1, radical reaction of isocyanide with thiol has been
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investigated. The reaction of isocyanide and thiol proceeds in two courses.

Course-A is regarded as a,a-additions of thiyl group and hydrogen to the iso

cyanide carbon atom to produce thioformimidate. Course-B forms isothiocy~~ate

from isocyanide and alkane from alkyl group of thiol. First, experimental

findings supporting the radical chain mechanism involving thiyl radical are

given. Radical reactions of primary and aromatic thiols take course-A,

whereas those of a-toluenethiol as well as tertiary thiols take course-B.

TIle reaction with secondary thiol takes both courses. Copper catalyzed

reaction, however, takes course-A exclusively, regardless of the nature of

thiol alkyl group. The effect of substituent of aromatic isocyanide upon its

reaction with thiyl radical is examined by means of a competitive reaction

method. The result of Hammett plots is explained by assuming that the

reaction rate is influenced by the polarity of isocyanide in its reaction

with thiyl radical and by the resonance stabilization of the resultant

formimidoyl radical.

In Chapter 2, new reactions of isocyanide with nitroalkenes are

presented. In the nitroalkene-isocyanide reaction, l-nitropropene and w

nitrostyrene were employed, which have a hydrogen at a-carbon atom of nitro

group. These nitroalkenes react with isocyanide to produce isocyanate and

a-cyano-o.-substituted acetamide. The latter reacts with nitroalkene to form

a-cyano-a, B-disubsti tuted y-ni trobutyramide as a by-product, which is consid

ered to be a r-fichael addition product. TIle course of the reaction is ex

plained by assuming that the first step of the reaction involves the nucleo

philic attack of isocyanide on J3-carbon from nitro group to form the 1,3

dipolar type intermediate followed by the deoxygenation by isocyanide.
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In Chapter 3, the oxidation reaction of isocyanide with nit ric oxide has

been described. The reaction of isocyanide and nitric oxide produces iso

cyanate and nitrogen in high yields. Nitrous oxide also has the capacity of

oxidizing isocyanide to isocyanate.
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C h art e r 1

Reaction of Isocyanids with ~nine Catalyzed by Groups IB and lIB

f1eta 1 Compounds ~ rna; nly by Copper COP1pounds

Various synthetic reactions with copper compound catalysts have been

known. Catalysis by copper compound in the reactions of nitrogen-containing

compounds, ~'K" amines, amino acid, acid amides, nitriles, and diazo

compounds, constitutes one of catalysis features of copper, which may be due

to a strong tendency of copper to form coordination complexes with nitrogen

compounds.

In the present chapter, the reaction of amine with isocyanide was

examined based upon the fact that isocyanide also forms a coordination

complex with copper (I) compounds. 1)

It has been fotmd that copper compounds as we 11 as other Groups IB and

lIB metal compounds catalyze the reaction of isocyanide with primary and

secondary amines, producing formamidine (I). The reaction of aliphatic

R- N---:> C: + R' 2NH ---?7- R' 2N- CH=N-R

I

(1)

isocyanide with amine, which does not take place without catalyst, is induced

quite effectively by the compounds of copper, silver, zinc, cadmium and gold.
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On the other hand, aromatic isocyanides have been known to react with amine

2)
even in the absence of the metal compound catalyst. In the reaction of

aromatic isocyanide with amine, however, the accelerating effect of the above

metal compounds is observed.

A reaction mechanism through a mixed ligand complex has been proposed,

in ',,,hich both isocyaJlide and amine are coordinated with the common metal ion

and the reaction takes place in the sphere of the complex ligand.

1. Results and Discussion

1.1. Catalytic Activities of Hetal Compounds

The catalytic activities of various metal compounds were examined in the

reaction of cyclohexyl isocyanide with piperidine producinn N-cyclohexyl-N I ,N 1_

pentamethylene formamidine (Table I). The catalytic activities of IB and IIB

metal compounds except for mercuric compound are conspicuously shown. The

yield of the formamidine product is quite high, and this catalytic reaction

can be conveniently uti lized for the synthesis of the formamidine derivati ves.

In contrast to IB and IIB compounds, Lewis acids such as ferric chloride and

aluminum chloride are much less active. In the isocyanide-amine reaction,

zinc chloride was used in an old work. 3) The results of an extended screening

of the metal compounds in the present studies have indicated that the

catalytic activity of zinc chloride is not ascribed to its function of the

so-called Lewis acid. In the systems with typical transition metal salts

such as cobalt and nickel chlorides the rapid polymerization of isocyanide
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took place and hence no formamidine derivative was formed.

Table I. Catalytic Activities of Metal Compounds

for Cyc10hexyl Isocyanide--Piperidine Reaction

@-NC + OH -.-+)@-N=CH-O

Catalyst Conditions (hr)a Yield (%)

none 18 a

CuCl
, 96.l-

AgCl 1 98

ZnC1 2
1 97

Cd(OAc)2 1 97

HAuCl4 ' 4H2O 22 46

Hg(OAc)2 6 5

FeC1
3

6 15

Ferrocene 17 2

Fe(M) 3 4 1

AlC1
3

7 1

a Crm, 100 mmol; @-NC, 30 mmol; Cat., 0.2 mmol;

110 - 120°C.

Table II illustrates the catalytic activities of several copper compounds

and metalli c copper. Under these reaction conditions, the catalytic activity

(the product yield) is not much affected by the valency of copper and the

nature of anion ligand. It is to be mentioned, however, that the cupric

chloride is reduced to cuprous chloride by isocyanide in a stoichiometric way
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according to equation 2. 4) Consequently it may be assumed that the cupric

2CuCl2
+ PN -O>C: 2CuCl + (2)

species in Tanle II were reduced to the cuprous species which served as the

real active catalyst.

Table II. Catalysis of Copper Compounds

in Cyc1ohexy1 Isocyanide--Piperidine Reaction
a

@-NC + emf
Catalyst

CuCl

CUCI Z

CuCN

Cu(CN) 2

Cu(AA)2

Cu

--7"-> ®-N=CH-~O

Yield (%)

94

86

90

94

86

93

a <=)lH, 100 mmol; ~NC, 30 mmo1; Cat., 0.2 mmol;

110 -- 120°C., 1 hr.

As to the catalyst activity of metallic copper, it is of interest that

metallic copper dissolves in liquid isocyanide to form a soluble complex of

copper isocyanide. f/1etallic copper powder was put in liquid cyclohexyl

isocyanide and the mixture was centrifuged. The IR spectrum of the liquid

-1phase showed a new hand at 2180 cm in addition to the absorption band of

cyclohexyl isocyanide. The new band is reasonably assi~ned to vN=C of the

isocyanide species which is coordinated with copper. ~·1oreover, the correspond-
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ing formamidine was formed when the liquid phase was treated with piperidine

at room temperature. In the system of the metallic copper catalyzed reaction,

the catalytic activity is thus ascribed to the soluble complex. (The actual

valency of copper in liquid isocyanide must be the subj ect of future research.)

Table III shows the results of the reactions of three isocyanides with

aliphatic and aromatic amines by cuprous chloride catalyst.

Table III. Cuprous Chloride Catalyzed Reaction of Isocyanide with Amine a

RNC + P'p,IINH ~ PN=CH-NR'R"

Condition Yield

Isocyanide Amine (hr) (OC) (%)

®-NC OJH 5 25 90

@-NC @-NH2 3 1l0-120 80

@-NC ONH 24 140 85- 2

®-NC ONHCH 25 160 20- 3

®-NC HN;---\NHb 6 110-120 82 c
"----!

n-Bu-NC OH 3 110-120 90

n-Bu-NC CNH 10 25 87

n-Bu-NC n-Bu-NH 5 110--120 88- 2

ONC CNH 0.3 0 96

a Conditions: RNC, 30 mmo1; R'R"NH, 100 mmo1; CuCI, 0.2 mmo!.
b As the reaction solvent, 10 m1 of dioxane Has employed.
c The product was bis-N,N' - (cyc1ohexylformimidoy1)piperazine.
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The cuprous chloride catalyst causes the reaction of aliphatic isocyanide with

aliphatic amine at considerab Ie rates even at 25°C. The aliphatic isocyanide

--aromatic amine reaction catalyzed by cuprous eh loride requires higher

reaction temperatures. As will be mentioned later, cuprous chloride is not a

suitable catalyst for this combination of reaction.

Aromatic isocyanide reacts \"lith amine without catalyst. For example,

the reaction of phenyl isocyanide with piperidine proceeds at 25°C to give N-

phenyl-N' ,N' -pentamethylene formamidine in a yield of 85 % after 48 hr.

However, also in this case, the catalysis of cuprous chloride is clearly

observed. In the presence of cuprous chloride, the reaction takes place

instantaneously even at aOc to produce the formamidine product almost quan

titatively (the last run of Table III).

The catalyst activities of several salts of Groups IB and lIB metals are

evaluated in a semiquanti tative way by the time-conversion curves in the

reactions of cyclohexyl isocyanide with piperidine at 17°C and with N-methyl

aniline at 160
Q C as shown in Firs. land 2, respectively. The order of

catalyst activity in the former reaction is AgCl > Cuel» ZnClZ' Cd(OAc)Z'

HAuC1
4

'4HZO, which is quite different from the order in the latter reaction

of cyc10hexyl isocyanide with aromatic amine, HAuC1 4 ' 4H ZO > ZnCl Z > AgCl »

CuCl. The specific activity of chloroauric acid in the aromatic amine-iso

cyanide reaction is of interest especially from the fact that it is also

quite active as the catalyst in the reactionS) of aromatic amine with carbon

monoxide which is isoelectronic to isocyanide.
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Fig. 1. Reaction of cycl ohe.x.y 1 isocyanide with piperidine (17°C).
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Fig. 2. Reaction of cyc10hexyl isocyanide with N-methy1ani line (l60°C).

--0- : Agel. -tJ- : CuCl.
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1. 2. Hechanism

The isocyanide--amine reaction of the present studies seems to proceed in

the ligand sphere of a ternary complex consisting of metal ion, isocyanide and

amine. The crystalline, binary complex ofcyclohexy1 isocyanide and cuprous

chloride, [Cu(ct:: NC
6

H
ll

) ]C1, was dissolved into liquid piperidine at aOc. On

standing the homogeneous solution at aOc, a new crystalline solid separated

out.

Nf,fR spectrum of the new crystalline solid in deuterated chloroform showed

two broad signals centered at 0 3.7 (2H, )CH-N:::::7C: of two mol. of cyc10hexy1
/012-

isocyanide) and {; 3.3 (4II, -N,_ of one mol. of piperidine) and a complex
'l:tl2-

signal at 0 1.0 - 2.1 (26H, 20H of -(012)5- of two mol. of cyc1ohexy1 iso-

cyanide plus 6H of -(012) 3- of one mol. of piperidine). Together with the

elemental analysis (Found: C, 45.92; H, 6.78; N, 8.75; C1, 14.54. Calcd. for

II: C, 45,51; H, 6.63; N, 8.38; Cl, 14.14), the composition of the new

complex was determined as indicated by the formula,

(CuCl) 2 ( @-N=4C)2( CNII)

II

T' e IRtf th t 1 h d t k b d t 2176 cm- 1n . spec rum 0_ I e ernary comp ex s owe wo ey an s a

-1
and 3192 cm , which were assigned to vN=C of the isocyanide ligand and \I

N
_
H

of the piperidine ligand. It is quite sip,nificant to compare these bands with

those observed in three reference species, the isocyanide--CuCl binary complex,

free isocyanide and free amine. The band of vN=C of the ternary complex is

different from the corresponding vN=C of the binary complex at 2192 cm-1 and

from that of free isocyanide at 2140 cm- l . Variation of vN=C indicates that
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the coordination of isocyanide in the ternary complex is influenced by the

piperidine ligand. These observations show the formation of a mixed ligand

complex in Hhich the isocyanide and amine ligands are coordinated with the

common cuprous ion.

The tenlary, mixed ligand complex formed here was not stable and decomposed

gradually even at room temperature. The decomposition product was just the

formamidine product, N-cyclohexyl-N' ,N'-pentamethylene formamidine. Therefore,

it is quite reasonable to assume that the cuprous chloride catalyzed reaction

of isocyanide with amine proceeds in the ligand sphere of the mixed ligand

complex.

2. Experimental

Materials

Metal salts were commercially available, analytical reagent grade.

Hetallic copner was prepared by reduction of cupric sUlfate with zinc

powder. In 600 ml of water. 100 g of cupric sulfate pentahydrate was dis

solved, to which 15 g of zinc powder was added slowly with stirring below

70°C. The precipitate was washed several times Nith water and then with

acetone. It was stored in acetone under nit regen, and dried under nit regen

immediately prior to use.

Isocyanide was prepared by dehydration of N-suhstituted formamide with

phosphorus oxytrichloride according to the Ugi' s procedure. 6)

General Procedure

A mixture of isocyanide (30 mmol) , amine (loa mmol) and metal compound
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catalyst (0.2 mmo1) \vas heated at the indicated temperature monitoring the

reaction by the decrease of an infrared band vN=C of isocyanide. The product

of N,N' -disubstituted formamidine was isolated by disti l1ation or by crystal-

lization. Their structures were established by elementary analysis, IR and

NMR spectra.

Identi fications of the Formamidine Products

N-Cyclohexyl-N' ,N'-pentamethylene formamidine, b.p. 155- 156°C (28 mm).

Anal. Calcd for CloH20N2: C, 74.17; H, 11.41: N, 14.42. Found: C,74.40;

H, 11. 71; N, 14.53. IR (neat):

(singlet, -N=CH-N().

-1
1660 cm (vN=C), NMR (CDCI 3): 6 7.10 ppm

N,N'-Dicyc1ohexyl formamidine, m.p. 100 -- 101°C (recrystallization from

n-hexane). Anal. Calcd for C13H24N2: C, 74.94; H, 11.61; N, 13.45. Found:

-1 -1C, 74.61; H, 11.35; N, 13.64. IR (nujol): 3280 cm (vN_H), 1650 cm (vN=C).

N-Cyclohexy1-N' -methy1-N'-phenyl formamidine, b.p. 94 - 96°C (0.7 rom).

Anal. Caled for C14H20N2: C, 77.73; H, 9.32; N, 12.95. Found: C, 77.61;

-1
H, 9.58; N, 13.11. IR (neat): 1640 em (vN=C)'

Bis-N,N'-(cyc1ohexy1formimidoy1)piperazine, m.p. 99 - 101°C (recrystal

lization from E..-hexane). Anal. Ca1cd for ClsH32N4: C, 71.00; Ii, 10.59; N,

18.40. Found: C, 71.16; H, 10.71; N, 18.68: Ho1ecu1ar weip.ht (cryoscopic in

benzene) Calcd for C1SH32N4: 304. Found: 294. IR (nujol): 1630 cm- 1

(vN=c).

N-~-Butyl-N' ,N' -pent amethy 1ene formamidine, b.p. 118 - 120°C (27 mm).

Anal. Ca1cd for C10H20N2: C, 7.1.37; H, 11.98: N, 16.65. Found: C,7l.39;

-1
H, 12.08; N, 16.79. IR (neat): 1640 cm (vN=C)' m,4R (CCI

4
): <57.10 ppm

(singlet, -N=CH-N().
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Preparation of Cyclohexyl Is~cyanide-Cuprous Chloride (1; 1) Complex

Cuprous chloride ",as added slowly to excess cyclohexyl isocyanide at room

temperature, and the precipitation was collected by filtration. The white

crystalline product was recrystallized from chloroform-ether, m.p. 95 -- 96°C.

Elementary analysis revealed that the crystalline product consisted of ! mol

cyclohexyl isocyanide and 1 mol cuprous chloride. Anal. Caled for C7H11NCICu:

C, 40.40; H, 5.22; N, 6.60; C1, 17.01. Found: C, 40.40; H" 5.29; N, 6.73;

Cl, 17.07.

~reparation of Ternary COJnpJex

A mixture of piperidine (0.04 mol) and cyclohexyl isocyanide--<uprous

chloride 0:1) complex (l g) was stirred below O°C. After several minutes a

green homogeneous solution was obtained. On standinf! for further several

minutes, a white crystalline was precipitated. The crystalline was washed with

dry cold petroleum ether by decantation and dried in vacuo. This ternary mixed

ligand comple~ is unstable at room temperature, and is readily decomposed to

give N-cyclohexyl-N l ,N'-pentamethylene formamidine.
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Chapter 2

Copper Catalyzed Reaction of Isocyanide \"Iith Alcohol

Based upon the fact that isocyanides form complexes with various transi

tion metal salts, especially copper compounds, isocyanides are expected to

react with alcohols as Vlell as with amines l ) as described in Chapter 1 in the

presence of copper cat alysts .

The present chapter describes the copper catalyzed reactions of iso

cyanides with alcohols, together with some results of infrared spectrum studies

upon the interactions between copper catalyst and the reaction comnonents.

1. Results and Discussion

It was found that a new reaction of an isocyanide: with an alcohol

producing a forrnimidate, \1hiD'1 was accomplished for the first time by means

of catalysts of metallic copper and some copper compounds.

ROB + :C!::N-R.'
Cu catalyst

-------...,..;,. nOCH=N-R'

I

( 1)

This reaction provides a convenient, highly se lective method for the
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preparation of formimidates. The product formimidate may be regarded as being

derived by the insertion of the iSOcYffi1ide carbon bearing lone pair electrons

between the oxygen and the hydrogen of the alcohol. In the ahsence of the

copper catalyst, alcohol is quite inert toward isocyanides. Alcohol was

sometimes employed as an inert solvent in several reactions of isocyanides.
2

)

1.1. Reactions of Isocyanides \.;ith Alcohols Catalyzed by ~1etallic Copper

and Copper Oxides

~~tallic copper and copper oxides (CuI and Cull) catalyzed quite

effectively the reactions of cyclohexyl isocyanide with various alcohols

(Tables I and II).

Table I. Metallic Coppera Catalyzed Reac~ions

of Cyclohexy1 Isocyanide l",ith Alcoholsb

Product yield (%)

ROH

EtOH

n-BuOH

sec-BuOH

I

c99

(199 .

II

1

2

3

a Metallic copper was prepared by the reduction of CuS04

with zinc powder according to the procedure given in

"Organic Syntheses," ColI. Vol. ~, (1941), p. 432.

b Reaction conditions: Cyclohexyl isocyanide, 30 mmol;

alcohol, 34 mmo1; Cu, 3 mmol; 120°C; 5 hr.

c B.p. 85°C (27 mm). e B.p. 90°C (21 mm).
d fB.p. 8loC (21 mm). B.p. 90°C (26 mm).
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Table II. Copper Oxide Catalyzed reaction

of Cyclohexyl Isocyanide with Alcohols a

Product yie ld (%)

ROH Cat. I II III

EtOH 95 Z 1

n-BuOH 95 1

sec-BuOH Cu
2

0 94 2 trace

t-BuOH 94
b

CH2=CHCHZOH 92 5

EtOH " 87 1

n-BuOH 81

sec-Buotl CuO 88

t-BuOH 91 1 trace

CH
2

=QICH
2

OH 89 3

a Reaction conditions: Cyclohexyl isocyanide, 30 mmol;

alcohol, 34 mmol; CuO (or Cu20), 3 mmol; 120°C; 5 hr.
b B.p. 93°C (19 mm).

Several alkyl N-cyclohexylformimidates were produced in almost quan-

titati ve yields. In the reactions catalyzed by cuprous and cupric oxides,

small amounts of two by-products. N-cyclohexylformamide (II) and alkyl N-

cyclohexylcarbamatcs (III) were formed. II may possibly have been produced

by the hydrolysis of the isocyanide or formimidate (I) with water which was

present as an impurity in the initial reacti.on mixture or was produced in. situ

by the etherification of alcohol. II may also be derived from the formimidate

according to

ROCH=N-R' + ROH ---;.-> (RO)2CHNHR' -+ R'NHCHO + ROR.

-30-
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The formation of III is ascribed to the oxidation of isocyanide to isocyanate

by the copper oxide catalysts. The reduction-oxidation between mercuric oxide

and isocyanide is knO\ffi, in which isocyanide is oxidized into isocyanate. 3)

As expected, III was not formed in the reaction when metallic copper was

the catalyst. As to the catalyst activity of metallic copper, it is very

important to note that a small amount of metallic copper dissolved in cyclo

hexyl isocyanide to form a soluble complex. The complex formation from

metallic copper and isocyanide will be described later. From these observa

tions, it appears possible that copper oxide catalysts are reduced by iso

cyanide to form a copper(O)--isocyanide complex which is the actual active

species responsible for their catalytic activities.

1.2. Cuprous Chloride Catalyst in the Isocyanide--Alcohol Peaction

The catalysis of cuprous chloride in the alcohol--isocyanide reaction was

somet</hat different from that of metallic copper and of copper oxides. Cuprous

chloride did not induce the isocyanide reactions with the usual saturated

alcohols such as ethanol and n-butanol. It catalyzed only the reactions

involving S-dimethylaminoethanol and S,y-unsaturated alcohols such as allyl

alcohol. As wi 11 be discussed later, these alcohols are dlaracterized by a

strong tendency of coordination onto cuprous chloride. The complexes of

cuprous chloride and these alcohols are stable and can be isolated. These

findings suggest that the coordination of isocyanide as well as alcohol onto

cuprous c~loride are essential for this reaction.

The reactions of cyclohexyl isocyanide with B,y-unsaturated alcohols,

and B-dimethylaminoethano1 by cuprous chloride catalyst are shown in Table III.
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Table III. Cuprous Chloride Catalyzed Reaction

of Cyclohexyl Isocyanide with Alcohol a

Product yie ld (%)

ROH I II IV

CH
2
=aIaI

Z
OI-I 67 25 6

CH
Z

=C(CH
3

) 0i
2

OH SOb 32
fn.d.

@-Ol=CHCHZOH 4Sc 20 n.d.

@-aIZOH 20d 10 63

(CHS) 2NQI2a~20H 67e 16 n.d

C H2 lOB no reactionn n+

e B.p. 85 _. 86°C (5 mm).

f Not determined.

(27 rom).

(3 mm).

(3 mm) .

a Reaction conditions: Cyclohexyl isocyanide,

alcohol, 70 romol; CuCl, 8 mmol; 120°C; 5 hr.
b B.p. 116°C

c B.p. l30°C
d B.p. l5SoC

40 mmol;

Benzyl alcohol is among the alcohols which react with isocyanide in the

presence of cuprous chlo~ide. Perhaps the phenyl group plays a role similar

to that of S, y-unsaturated group. In these reactions, N-cyclohexylformamide

(II) and N-alkenyl-N-cyclohexy1formamide (IV) were produced as the by-products.

The amount of II, the product of the hydrolysis of cyclohexyl isocyanide, was

much higher than that in the reactions with metallic copper and copper oxides

catalysts. It may be attributed to a higher concent ration of water formed in

situ by the etherifications of these alcohols. It is known that B,y

unsaturated alcohols are easily etherified by cuprous chloride catalyst. 4)
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The by-product IV was probably produced by the thermal rearrangementS) of I

(Chapman rearrangement) which took place, at least partly, during the dis

tillation of the reaction mixture. A higher yield of IV in the reaction with

benzyl alcohol may be due in part to the higher distillation temperature.

In the cuprous chloride catalyzed reaction of cyclohexyl isocyanide with

allyl alcohol, the decrease of isocyanide and the increases of the yields of

products are plotted against the reaction time (Fig. 1). There is observed

an induction period of 4 hr for the formation of I. The nature of the

induction period has not yet been elucidated. As to the induction period, a

possibility that the reaction is autocatalytic may be excluded. The addition

of formamide or formimidate to the reaction system did not shorten the

induction period. Cuprous chloride catalyst itself was not changed throughout

the reaction. The hydrolysis of isocyanide to produce a by-product of II

starts at the beginning of the reaction. Another by-product of IV, however,

is produced only after the main product of I is accumulated in the reaction

system.

1.3. Catalyst Behaviors of Other Copper Compounds

In the cupric chloride catalyzed reaction of isocyanide with saturated

alcohols, only small amounts of N-substituted carbamate (III) and N-sub

stituted formamide (II) were produced. The carbamate formation suggests the

reduction-oxidation reaction between isocyanide and cupric chloride. A

series of reactions of cyclohexyl isocyanide with increasing amounts of

cupric chloride in the presence of excess ethanol was carried out (Fig. 2).
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Fig. 1. CuCl catalyzed reaction of cyclohexyl isocyanide with allyl alcohol.

--x-- Cyclohexyl isocyanide.

---0- N-Cyclohexylformamide.

~--: Allyl N-cyclohexylformimidate.

--0--: N-Cyclohexyl-N-allylformamide.
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Fig. 2. CuC12-eyclohexyl isocyanide reaction in ethanol.

~-: CuCl (formed by reduction of CUCl
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) .

~-: Ethyl N-cyclohexylcarbamate.
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It was found that cupric chloride was reduced to cuprous chloride, and the

molar ratio of cuprous chloride and carbamate was about two. A separate study

by us6) has shown that the isocyanide-eupric chloride reaction in the absence

of alcohol produces cuprous chloride and N-substituted imidocarbonyl chloride,

the precursor of carbamate.

+ RN-+C: ---7-> 2CuCI + (3)

The catalytic activity of cuprous cyanide was similar to that of cuprous

chloride in the isocyanide--alcohol reaction. Cuprous cyanide induces the

isocyanide--allyl alcohol reaction to form allyl formimidate but it does not

promote the isocyanide reactions \\lith the usual saturated alcohols.

1.4. Catalytic Activities of Other Metal Compounds

Silver oxide and mercuric oxide also catalyzed the reaction of isocyanide

with saturated alcohol. Two runs of the cyclohexyl isocyanide--ethanol reac-

tion in the presence of silver oxide and mercuric oxide respectively were

carried out under the same conditions as Table I, in which ethyl N-cyclohexyl-

formimidate was formed in yields of 89 % and 51 %, respectively. However,

oxides of zinc, cadmium and iron were inactive. Oxides of cobalt llild nickel

caused only the homopolymerization of isocyanide to produce brown colored,

insoluble and infusible polymers.

Chlorides of silver, zinc and cadmium caused the reaction of isocyanide

with allyl alcohol, but they did not induce that with the usual saturated

alcohol. Mercuric chloride did not show catalyst activity even for the

isocyanide--allyl alcohol reaction. Chlorides of nickel, cobalt, and
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Therefore, the magnitude of shift of vN=C

palladium did not induce the insertion reaction but caused the homopolymeriza-

tien of isocyanide.

1. 5. Mechanisms of Copper Catalysis

According to the catalysis behavior, copper catalysts are divided into two

groups. The first group includes metallic copper and cuprous and cupric

oxides, which catalyze the reactions of isocyanide with saturated and un-

saturated alcohols. The second group of catalysts a.re cuprous chloride and

cyanide which induce the reactions of isocyanide only with S,y-unsaturated

alcohol and B-aminoalcohol. The IR spectra of mixtures of cyclohexyl iso-

cyanide and copper catalysts showed a new band at a frequency higher than

2140 cm-1 of vN=C of free isocyanide. The new band has been assigned to vN=C

of isocyanide coordinating to metal compound. 7) From a Hammett re lationship

of the argentation constant of styrene derivatives, 8) it is assumed that the

contribution of the backdonation in the complex of clIO metal ion is small. The

shift of vN=C to a shorter wave length is due to the donation of the electrons

f . . d d lO 1 .o lsocyanl e to meta lon.

caused by coordination may be utilized as a measure of the strength of the

coordination of isocyanide onto copper catalysts. It follows that the

coordination of isocyanide with the first group catalysts is weaker than that

with the members of the second group.

The cyclohexyl isocyanide--metallic copper system for IR diagnosis was

prepared at room temperature by the addition of metallic copper pO\vder to

liquid cyclohexyl isocyanide under nitrogen. Metallic copper was prepared by

the reduction of cupric sulfate with zinc powder in aqueous solution. The
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copper-isocyanide mixture was centrifuged. The In spect.rum df the liquid phase

of copper-isocyanide showed a fairly strong absorption at 2180 cm- l as well

as the band of vN=C of free isocyanide at 2140 cm-
l

This findin~ indicates

the formation of a soluble complex from metallic copper and isocyanide. On

treating the cent rifuged solution with alcohol, the formimidate was produced.

This indicates that the metallic copper catalyzed reaction proceeds in a

homogeneous solution phase, and the solid phase is merely the source of

soluble catalyst complexes. The band of coordinating species of cyclohexyl

isocyanide appeared at 2181 cm- l in the system of cuprous oxide with iso··

cyanide.

On the other hand, the IR spectrum of the 1:1 complex of cuprous chloride

with cyclohexyl isocyanide showed the band of coordinating isocyanide group at

2192 cm- l The shifts of vN=C band of cyclohexyl isocyanide caused by copper

catalysts are shown in Tab Ie IV.

Tab Ie IV. Shifts of vN=C Band of Cyclohexyl

Isocyanide Caused by Copper Catalysts

Copper catalyst

First group

CuO

Se cond group

CuCl

CuCN

-38-
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Thus, the magnitude of the shift of \}N=C caused by cuprous-chlO'ride is larger

than that caused by metallic copper and cuprous oxide. These findings are

taken to indicate that isocyanide coordinates more tightly with cuprous

chloride than with the first group catalysts. Cuprous chloride is almost

insoluble in the usual saturated alcohols, whereas it is quite soluble in

allyl alcohol and in S-dimethylaminoethanol. This observation suggests a

specific interaction between cuprous chloride and these particular alcohols.

The comp1exing of cuprous chloride with these alcohols was indicated by IR

spectroscopy. In comparison with the IR spectrum of allyl alcohol, the

spectrum of cuprous chloride dissolved in allyl alcohol had additional bands

-1at 1548 and 10lD cm ,which are assigned to the olefin and alcohol groups,

respectively, of the allyl alcoho1--cuprous chloride complex (Fig. 3).9) The

strong complexing tendency of S-dimethylaminoethanol with cuprous chloride

was also demonstrated by IR spectroscopy. From cuprous chloride and B-

dimethylaminoethano1, an 1:1 complex was successfully isolated, whose IR

-1spectrum showed the shift of \}C-O band from 1039 to 1020 cm (Fig. 4).

On the basis of these IR spectroscopy studies, the difference in

catalyst activity between the first group catalysts and those of the second

group is explained by a hypothesis of mixed ligand complex. Isocyanide is

held rather loosely by the first group catalysts, and hence a part of the

isocyanide ligand will be replaced by alcohols including saturated alcohols

of weak complexing tendency as well as the particular alcohols mentioned

above. The first group catalysts will form a ternary, mixed ligand complex

consisting of copper, isocyanide and various alcohols. On the other hand,

isocyanide is held tightly by the second group catalyst, and the isocyanide
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ligand is partly replaced only by the special alcohols of strong coordinating

tendencies. The ternary, mixed ligand complexes of the second group catalysts

are feasible only for the special alcohols. It is assumed that the reaction

between alcohol ffild isocyanide will take place in the ligand sphere of the

mixed ligand complex. Thus, the formation of the mixed ligand complex is a

prerequisite for the occurrence of the reaction.

2. Experimental

Metallic Copper Catalyzed Reaction of Cyclohexyl Isocyanide with Ethanol

f\1etal1ic copper \'las prepared by treating an excess of aqueous solution of

cupric sulfate maintained below 70°C with zinc powder under a nitrogen

atmosphere. The metallic copper precipitate was collected and washed succes

sive ly with water and dry acetone, and then dried.

A mixture of cyclohexyl isocyanide 3.27 g (0.030 mol), ethanol 1.56 g

(0.034 mol), and metallic copper 0.43 g (0.003 g-atom) was heated at 120°C

for 5 hr. After the insoluble catalyst was removed by filtration, the

filtrate was subjected to glpc ffilalysis (PEG 20,000 on celite). Two products,

Ia and IIa, were detected. The product Ia was also isolated by distillation

~n y~, b.p. 4?'.5°C (5 mm).

On the basis of the following analyses, Ia was identified as ethyl N

cyclohexylformimidate. NMR (CC1
4

) of Ia: <5 1.21 (3H, triplet); 1.00 - 2.00

(lOH, complex multiplet); 2.70 - 3.10 (!H, broad singlet); 3.98 (2H, quartet);

7.43 (lB, singlet). IR (Neat): 1650 cm- l (5), 1200 (s). The structure of

Ia was further comfirmed by comparisons of the glpc retention time and IR
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spectrum with the authentic sample. The authentic sample of Ia was prepared

as follows. lO ) N-Cyclohexylformamide (0.5 mol) was added dropwise to tri

ethyloxonium fluoroborate (0.5 mol) 11) in ether at room temperature. Ethyl

N-cyclohexylformimidate hydrogen fluoroborate, separated as a viscous liquid

in the lower layer, was treated with triethylamine to give ethyl N-cyclo

hexy1formimidate.

lIa, b.p. 103°C (3 mm) was identified as N-cyclohexylformamide by

comparison with the authentic sample prepared from cyclohexylamine and ethyl

formate.

Cuprous Oxide Catalyzed Reaction of Cyclohexyl Isocyanide with sec-Butanol

A mixture of cyclohexy1 isocyanide 3.27 g (0.030 mol), ~-butano1 2.52

g (0.034 mol) and cuprous oxide 0.43 g (0.003 mol) was heated at 120°C. for 5

hr. Working up the mixture as described above, sec-butyl N-cyc1ohexylform

imidate, b.p. 90°C (21 mm) (Ib), N-cyclcllexylformamide and sec-butyl N-cyclo

hexylcarbamate (IIIb) were detected by glpc and identified. NMR (CC1
4

) of Ih:

<5 0.87 (3H, triplet); 1.15 (3H, doublet); 1.00 -- 2.00 (12H, complex multi

plet); 2.70 - 3.10 (lH, broad singlet); 4.73 (lB, multiplet); 7.33 (HI,

singlet). IR (Neat): 1650 cm- 1 (s), 1205 (s). The authentic sample of IIlb

was prepared by the reaction of cyclohexyl isocyanate with ~-butano1.

Cupric Oxide-catalyzed Reaction of Cyclohexyl Isocyanide with t-Butanol

A mixture of cyclohexyl isocyanide 3.27 g (0.030 mol), ~-butanol 2.52 g

(0.034 mol), and cupric oxide 0.24 g (0.003 mol) was heated at 120°C for 5 hr.

According to the same procedure, !-buty1 N-cyclohexylformimidate, b.p. 93°C

(19 mm) (Ie), N-cyclohexylformamide, and ~-butyl N-cyclohexylcarbamate (IIIc)
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were identified. NHR (CC1
4

) of Ie: 0 1.40 (9H, singlet); 1.00 - 2.00 (lOll,

complex multiplet); 2.70 - 3.10 (HI, broad singlet); 7.36 (lB, singlet).

IR (Neat): 1650 cm- l (s), 1220 (s), 1170 (s).

Cuprous Chloride Catalyzed Reaction of Allyl Alco1101 with Cyclohexyl

_Isocyanide

A solution of cyclohexyl isocyanide 4.36 g (0.040 mol), allyl alcohol

4.06 g (0.070 mol) and cuprous chloride 0.80 g (0. 008 mol) was heated at 120° C

for 5 hr. Then the reaction mixture was subjected to glpc analysis and the

products were identified. Allyl N-cyclohexylformimidate (Ia), b.p. 90°C

(26 mm), cyclohexylformamide, and N-allyl-N-cyclohexylformamide (IVd) were

the products. NMR (CC1
4

) of Id: 0 1.00 - 2.00 (lOB, complex multiplet);

2.70 - 3.20 (lH, broad singlet); 4.49 (2B, doublet); 4.90 - 6.20 (3H,

mUltiplet); 7.53 (lH, singlet). IR (Neat): 1650 cm- l (s), 1190 (s), 990

(m), 910 (s). The authentic sample of Id was synthesized by the reaction of

triallyloxonium fluoroborate with N-cyclohexylformamide. NMR (CDC1
3

) of IVd:

.0 1.00 -- 2.00 (lOH, complex multiplet); 2.90 --- 3.50 (lH, broad singlet);

3.84 (2H, doublet); 4.80 - 6.10 (3H, multiplet); 8.04 and 8.20 (lH, two

singlet) .

Cuprous Chloride Catalyzed Reaction of Cyclohexyl ISOCYanide with Benzyl

Alcohol

A solution of cyclohexyl isocyanide 4.36 g (0.040 mol), benzyl alcohol

7.56 g (0.070 mol), and cuprous chloride 0.80 g (0.008 mol) was heated at

120°C for 5 hr. The whole product could not be analyzed by glpc. Distilla-

tion of the reaction mixture gave benzyl N-cyclohexylformimidate (Ie), b.p.
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155°C (3 mm), cyclohexylformamide and N-benzyl-N-cyclohexylformamide (IVe),

b.p. 133°C (3 mm). NMR (CDC1 3) of Ie: 0 1.00 - 2.00 (lOB, complex multi

plet); 2.80-3.20 (lB, broad singlet); 4.49 (2H, singlet); 7.24 (5H,

singlet); 7.60 (lH, singlet). NMR (CC1
4

) of IVe: 01.00-2.00 (lOH,

complex multiplet); 2.90 - 3.30 (HI, broad singlet); 4.28and 4.40 (2H; two

singlet); 7.15 (5H, singlet); 8.02 and 8.15 (111, two singlet).

Cupric Chloride Catalyzed Reaction of Cyclohexyl Isocyanide with Ethanol

A solution of cyclohexyl isocyanide 4.36 g (0.040 mol), ethanol 5.52 g

(0.0120 mol), and cupric chloride 2.69 g (0.020 mol) was heated at 120°C for

5 hr. The insolub Ie IT!atter was separated by fi It ration, and the filtrate was

analyzed by glpc. Ethyl N-cyclohexylcarbamate (0.0084 mol) was obtained in

a yield of 42 % (based on CuCIZ)' CuCl in the insoluble portion was analyzed

according to the thiocyanate method. It was found that 76 % of CUC12 was

reduced to CuC1 (0.0152 mol).

Complex of Cyclohexyl Isocyanide--Cuprous Chloride (l:lL

Cuprous cllloride was added slowly to excess cyclohexyl isocyanide at

room temperature, and the precipitation was collected by filtration. The

white crystalline product was recrystallized from chloroform-ether, m.p. 95

-- 96°C. Elemental analysis revealed that the crystalline product consisted

of 1 mol cyclohexyl isocyanide and 1 mol cuprous chloride. Anal. Caled for

C7H
U

NClCu: C, 40.40; H, 5.22; N, 6.60; Cl, 17.01. Found: C, 40.40; H,

5.29; N, 6.73; C1, 17.07.

Complex of B-Dimethylaminoethanol--Cuprous Chloride (1:1)
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A dar:< blue solution of cuprous chloride (0.01 mol) in B-dimethylamb'O

ethanol (0.04 mol) was treated with excess petroleum ether, and the precipitat

ing green crystalline mass was collected and dried, m.p. 144 -- 145°C.

Anal. Caled for (C4H
ll

NOClCu) 2: C, 25.53; H> 5.86; N, 7.45; C1, 18.88.

Found: C, 25.93; H, 5.42; N, 7.27; Cl, 18.78.
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Chapter 3

Reaction of Thiol with Isocyanide

Insertion reactions of isocyanide into nitrogen-hydrogen bond of amine, 1)

and oxygen-hydrogen bond of alcoho1 2) have been described in Chapters 1 and 2,

respecti ve ly.

RN-+ C: + HNR'R II ----0.-> RN=CHNR' R" (1)

PN~C: + HOR ' ---')-'1>" RN= CHaR' (2)

Both reactions are catalyzed by copper compounds to produce the corresponding

derivatives of N-alkylformimidic acid. This chapter deals with the reaction

of thiol with isocyanide. The syn-anti structures of thioformimidate were also

examined by NHR.

1. Results and Discussion

1.1. Reaction of Thiol with Isocyanide

The reaction of thiol with isocy~nide proceeds in the following two

directions.

RN---;"C: + HSR '

course-a :

1_c..;..o.;.,.u_r_s_e_-_b---;_,...

-46-

RN=Q1SR'

(1)

RN=C=S + R'H

(II) (III)

(3)

(4)



In the first reaction (course-a, eq. 3), the carbon atom of isocyanide having

lone-pair electrons is inserted into the sulfur-hydrogen bond of thiol to

produce thioformimidate (I). In the second reaction (course-b, eq. 4), iso

thiocyanate (II) and alkane (III) from the alkyl group of thiol are formed by

a process containing the transfer of sulfur atom from thiol to isocyanide.

As will be discussed later, these reactions do not proceed consecutively, but

they occur separately from each other.

The proportion of participation of the two reactions depends on the

alkyl group of thiol and the reaction conditions including the employment of

catalyst.

The results of the reactions of thiol with cyclohexyl isocyanide a.re

shown in Tables I and II where the effects of the thiol alkyl group and of the

reaction conditions are illust rated. In the reactions at 15°C, the catalyst

activities of the Groups rB and IIB metal compounds have been clearly

demonstrated. However, at higher temperatures, ~.K" 100°C, the reaction

proceeds rapidly without any added catalyst.

The alkyl group of thiol controls the relative participations of the two

reactions. Primarf thiols, ~'K" IV and VI in Tables I and II prefer course-a

to course-b. On the other hand, tertiary thiols, :::: JI:, VII, prefers course-b.

2-Methyl-2-heptanethiol also takes course-b preferab ly.

Propane and isobutane, respectively, are the alkane products of the

course-b reactions of 2-propanethiol and 2-methyl-2-propanethiol with iso

cyanide. No olefinic hydrocarbon was detected by NMR analysis in the products

of these reactions.
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Table I. Reactions of Thiols with Cyc10hexyl Isocyanide (Part 1)

course~ RSCH=N-@ (1)
RSH + :C?--N-<B) -i course-b > ®-NCS (II) + RH (III)

Rea:::tion Yields d

RSH Catalyst Temp. (OC) Time (hr) I II III

15 3 3
enone trace n.d.

Cu(acac)2 a 15 3 86 1 n.d.

C2H~SH CuO 15 3 76 3 n.d.

(IV) CUC12 15 3 32 2 n.d.
bCd(OAc)2 15 3 67 4 n.d.

none 15 3 1 16 n.d.

!..-C
3
H

7
SH

Cu20 15 3 78 3 n.d.

(V) ZnCl2 15 3 45 10 n.d.

Hg(OAc)2
c 15 3 41 14 n.d.

!!..-C4H
9

SH {Cu20 20 15 73 7 n.d.

(VI) Cu 20 15 81 4 n.d.

r none 15 3 0 26 n.d.

!.-C4HgSH
b 15 3 68Cd(OAc)2 13 n .d.

<
(VII) l CuCN 15 3 8 54 n.d.

CuO 15 3 4 38 n. d.

C6HSSH { none 20 15 89 0 0

(VI II) Cu20 20 15 42 0 0

a Copper acetylacetonate.

b Cadmium acetate.

c ~1ercuric acetate.

d The yield of each product is based on the amount of cyclohexyl isocyanide.
e n. d., not determined.
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Table II. Reactions of Thiols with Cyclohexyl Isocyanidea (Part 2)

Reaction Yie1dsb

time
RSH Catalyst (hr) I II III

CZHSSH 3 85 8 cnone n.d.

(IV) Cu20 3 93 1 n.d.

i-C,3H7SH none 1.5 23 64 60

(V) Cu20 3 86 5 n.d.

!.-C4H9SH none 1.5 1 92 81

(VII)

a The reactions were carried out at 100 0 C.

b The st ructures of the products are indi cated in Table I.

The yield of each product is based on cyclohexyl isocyanide.

c n. d., not determined.

The Groups IB and lIB metal compounds catalyze the thiol-isocyanide

reaction and also increase preferably the relative participation of the

course-a reaction. The effect of catalyst upon the relative participations

of the two re?ctions is well demonstrated in the reaction of cyclohexyl iso-

cyanide with 2-propanethiol. The uncata1yzed reaction is inclined towards

course-b producing isothiocyanate, and the catalyzed reaction proceeds

preferably through course,-a. Similar tendency is seen in the reactions of

isocyanide with other thiols. Copper compounds SUdl as cuprous and cupric

oxides and copper acety1acetonate dissolve in the thiol-isocyanide mixture at

room temperature to form homogeneous system. The compounds of cadmium, zinc

and mercury also accelerated the course-a reaction in preference to the

course-b reaction. The catalyzed reaction of course-a proceeded at fairly
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high rates. For example, the yield of ethyl N-cyclohexylthioformimidate in

the reaction of ethanethiol--cyclohexyl isocyanide with copper acetylacetonate

at 15°C was 30 % at 20 min, 55 % at 40 min, 65 % at 1 hr, and 86 90 at 3 hr.

As to the acceleration by catalyst it may be assumed that both isocyanide and

thiol are coordinated with the catalyst met al ion to form a complex having

the thiol and isocyanide ligands and the reaction proceeds within the sphere

of ligand.

In addition to alkanethiol, aromatic thiol reacts with isocyanide. The

reaction of benzenethiol (VIII) with cyclohexyl isocyanide, with or without

catalyst, gave phenyl N-cyclohexylthioformimidate exclusively.

Aromatic isocyanides react with thiols to produce the corresponding

thioformimidates. For example, ~-butyl N-phenylthioformimidate was produced

in a yield of 90 % by the reaction of phenyl isocyanide with n-butanethiol.

The reactions of two courses occur separatelY, but not successively. In

other .words, isothiocyanate (II) and alkane (III) are not formed by the

decomposition of thioformimidate. The reaction between 2-methyl-2-propane

thiol and cyclohexyl isocyanide occurs preferably along the course-b to

produce cyclohexyl isothiocyanate and isobutane. But these products are not

formed by the decomposition of !..-butyl N-cyclohexylthioformimidate. It was

observed that !.-butyl N-cyclohexylthioformimidate, which was prepared by the

thiol interchange between isopropyl N-cyclohexylthioformimidate and 2-methyl

2-propanethiol, remained unreacted under the same reaction conditions in the

presence of catalyst.

A mechanism involving a free radical may be considered to explain the

over-all results of the reaction without any added catalyst.
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R'SH ---)'l>- R'S' R-N~C: ;,..

R'SH» R-N=CH ..SR'

R'S'+
R'SH---»",. R'HR' .

+

+• • )w R-N=C=S
8-5 C1SSlon

R-N=C-S-R'

I

As to the above scheme of a free radical mechanism, it has been observed

that the addition of a radical inhibitor such as hydroquinone affects the

reaction between thio1 and isocyanide. Further studies on the reaction

mechanism wi 11 be discussed later. 4)

1. 2. Syn-Anti Structures of Thioformimidate

For thioformimidate, syn (IX) and anti (X) forms are expected due to the

restrictAd rotation of )C=N- bond.

H

a""
/C=N\ r-\

RS I\!:!)
H

x

syn (I X) anti (X)

In the NMR spectra of thioformimidates in deuterioch1oroform and benzene,

there were obtained two signals in the region of T 1.7 - 2.1, both of which

were assigned to H of IX and X (Table III). In Figure 1, the NMR spectrum
a

of ethyl N-cyclohexylthioformimidate is shown as an example. Two signals of

H
a

have been ascribed to syn-anti isomerism on the basis of the solvent

~ 6)
effect on the NMR spectrum. ~,
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Fig. 1. NMR spectrum of ethyl N-cyclohexylthioformimidate (XI) (in deuteriochloroform)



Table III. NMR Data of -SCH =N- of Thioformimidates
a

a

H JH H Ratioh
ex

a x
Thioformimidate Solvent cps cps (%)

CZHsSCHa=N;<B CDC1
3

syn 480.9, 482.6 1.7 47

Hx anti 493.7 0.0 53

(XI) C
6

H
6 ~ 471. 2 , 472 .9 1.7

anti 476.7 0.0

i-C H -SCH =N;<D CDCl
3

syn- 485.9, 487.5 1.6 56- 3 7 a
H ! anti 495.1 0.0 44x

(XII) C
6

H
6

syn 480.2, 481. 8 1.6

anti 477.6 0.0

t-C H -SCH =N~ CDC1
3

syn 496.5, 498.2 1.7 73
~ 4 9 a

H anti 506.7 0.0 27
x

(XIII) C
6
H

6
syn 496.3, 498.0 1.7

anti 487.0 0.0

OS-CHa=N IE> CDC1
3

syn 480.7, 482.6 1.9 72

H anti 500.4 0.0 28
x

(XIV) C
6

H
6

syn 481. 0, 482.6 1.6

anti 486.6 0.0

n-C H -S-CH =N~ CDC1
3

syn 487.8 8- 4 9 a -
(XV) anti 492 .0 92

a
All spectra were recorded at 60 Me/sec on a modified JEOL JNM-3H-60

spectrometer for 10 - 15 % CDC1
3

or C
6

H
6

solutions at 23°C.

Chemical shifts values are in cps from TMS as an internal standard.
b No reliable value is obtained in benzene, because the signals of H

a
and benzene protons overlap each other.
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Table IV. Solvent Effects on the Chemical Shifts of Protons (H )
a

Thioformimidate

XI

XII

XIII

XIV

[;v value (v in CDC1
3

- v in C6H6)cps

syn 9.7

anti 17.0

syn 5.7

anti 17.5

syn 0.2

anti 19.7

syn ~O.O

anti 13.8

5 6)
Karabatsos ~~.' have presented a method for assigning syn and an!!.

structures of hydrazone, semicarbazone and related compounds having the

general formula:
H

a",
/C=NrvvvZ

R

It is based on the fact that in aromatic solvents H hydrogens, cis and trans
a

to Z, resonate at higher fields than they do in aliphatic solvents and that

the degree of upfield shifts of cis hydrogen is larger than that of trans- -

hydrogen. The shielding effect is ascribed to the benzene ring existing

preferably in the vicinity of cis H. The same reasoning is applied also to
-- a

thioformimidate. Owing to the repulsion between the lone-pair electrons of

nitrogen of thioformimidate and the 'IT electrons of benzene ring, the shield

ing effect of benzene ring upon trans H (syn form) is less than that upon
a --
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cis H
a

(anti form). In Table III, the assignment of two signals of Bet

hydrogen has been made based upon the above consideration. From the peak

areas of two H
a

signals synjanti ratio has been calculated. As indicated in

Table III, syn H gives a doublet whereas anti H gives a singlet. The
--a --a

coupling of syn H with the a-hydrogen (H x) of cyclohexane ring is more
-- a

pronounced than that of anti H. This observation corresponds with the fact
-- a

that the coupling constant between !.raI1S hydrogens in olefin is larger than

that between cis hydrogens. Table IV summarizes ~v values (~v = v in CDC1 3

- v in C6H6) of four thioformimidates.

2. Experiment al

Reaction of IV with Cyclohexyl Isocyanide

A mixture of 6.Z g (0.1 mol) of IV and 8.8 g (0.08 mol) of cyclcllexyl

isocyanide was stirred with or without catalyst (2 mmol) at the indicated

reaction temperature. Then the reaction mixture was subjected to glpc, where

ethyl N-cyclohexylthioformimidate (XI) and cyclohexyl isothiocyanate were

identified and quantitative ly analyzed. XI was isolated from the reaction

mixture, by distillation, b.p. 110 - llZoC (20 mm). Anal. Calcd for

CgH17NS: C, 63.10; H, 10.01. Found: C, 63.02; H, 10.05. The structure of

-1
XI was established by means of NMR (Fig. 1) and IR spectra (vC=N at 1590 em ).

The authentic sample of cyclohexyl isothiocyanate was prepared by the

reaction of cyclohexyl isocyanide with sulfur. 7)

Reaction of V with Cyclohexyl Isocyanide
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Reaction of V with cyclohexyl isocyanide was carried out in the same

manner as the above. By glpc analysis, isopropyl N-cyclohexylthioformimidate

(XII) and cyclohexyl isothiocyanate were identified and quantitatively

analyzed. XII was isolated by distillation of the reaction mixture, b.p. 135

- 136°C (20 mm). Anal. Calcd for ClOH19NS: C, 64.81; H, 10.33; N, 7.56.

Found: C, 64.67; H, 10.23; N, 7.62. The structure of XII was further estab

-1
lished by IR (vC=N 1590 em ) and NNR spectra. In some experiments, gas

evolved during the reaction was collected in a gas burette and quantitatively

analyzed. The evolved gas was identified as propane by glpc and NMR.

Reaction of VII with Cyclohexyl Isocyanide

The same procedure as the preceding two reactions was adapted. In the

glpc analysis of the reaction mixture, !.-butyl N-cyclohexylthioformimi date

(XIII) and cyclohexyl isothiocyanate were identified and quantitatively

analyzed. The gas evolved from the reaction system was identified by glpc

and NMR as isobutane. XIII was isolated by disti llation of the reaction

mixture, b.p. 122 - 125°C (3 mm), m.p. 56 - 58°C. Anal. Calcd for

C
ll

H
21

NS: C, 66.27; H, 10.62; N, 7.03; S, 16.08. Found: C, 65.98; H, 10.63;

N, 7.05; S, 15.53. The structure of XIII was further established by IR (vC=N

1590 em-I) and NMR spectra studies.

Reaction of Other Thiols with Cyclohexyl Isocyanide

Similarly, VI and VIII were treated with cyclohexyl isocyanide to give

~~bptyl N~cy~~ohexylthioformimidate(b,p. 129 -.-. 131°C (3 mm)) XVI and phenyl

N-cyclohexylthioformimidate (b.p. 120 - 122°C (0.1 mm)) (XIV), respectively.

XVI and XIV were identified by means of their IR and NMR spectra as well as
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by elemental analysis.

Reaction of VI with Phenyl Isocyanide

Following the same procedure as described above, a mixture of 9.0 g (0.1

mol) of VI, 8.3 g (0.08 mol) of phenyl isocyanide mld 0.28 g (2 mmo1) of

cuprous oxide was stirred at 20°C. Then, the mixture was distilled to yield

~-buty1 N-phenylthioformimidate (XV) (14 g, 90 %), b.p. 151 -- 152°C (20 mm).

Anal. Ca1cd for C
ll

H
I5

NS: C, 68.35; H, 7.82; N, 7.25; S, 16.59. Found: C,

68.18; H, 7.59; N, 7.11; S, 16.20. The structure of XV was further estab-

lished by a study of its NMR spectrum.

Exchange of Aikyithio Group of Thioformimidate

A mixture of 5.5 g (0.03 mol) of XII and 9.0 g (0.1 mol) of VII was

stirred at 15°C for 1 hr. It was shown by glpc analysis that XII was

converted quantitatively into XIII.
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Chapter 4

A Novel Hydras; lation of Isocyanide by Copper Catalyst

In the foregoing chapters, it has been shown that isocyanide reacts with

primary and secondary amines, 1) alcohols, 2) and thiols 3) to produce the

corresponding derivatives of formimidic acid. These reactions involve inser-

tion of isocyanide into nitrogen-hydrogen, oxygen-hydrogen, and sulfur-

hydrogen linkages, respectively; on the other hand, these are considered to

be a,a-additions of amine, alcohol and thiol to the carbon atom of isocyanide.

R' R'",
R-N~C: + '"NH > /N-CH=N-R

R"/ R"

R-N~C: + R'OH ~ R'O-CH=N-R

R-N-} C: + R'SH > R'S-CH=N-R

(1)

(2)

(3)

The present chapter describes the reaction of isocyanide with trialkyl-

silane by copper compound catalyst, in which the isocyanide carbon atom is

inserted between si !icon and hydrogen of the silane compound.

R-N~C: + (4)

The product of formimidoylsilanc is the adduct of =:8iH to isocyanide, and

the reaction may be regarded as a novel hydrosilation, which is interestingly

compared to the hydrosilation of olefins with group VIII metal complex
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catalysts. 4-8) The hydrosi lation of olefins may be recognized as Ct, S-

addition of

+ Pt catalyst»
I I

R
3

'Si-C-C··H
I I

(5)

silane to the olefin carbon atoms.

1. Results and Discussion

First of all, the reaction of trimethylsilane and cyclohexyl isocyanide

was examined. Under nitrogen atmosphere, a mixture of 10.8 g (lOa mm01) of

cyclohexyl isocyanide, 0.89 g (120 mmol) of trimethylsilane, 0.52 g (2 mmol)

of copper (II) acetylacetonate, and 10 ml of benzene (reaction solvent) was

heated at 100°C for 5 hr in a sealed tube. As the temperature was raised,

the catalyst was gradually dissolved into the reaction mixture to form a

homogeneous system at 100°C. After the reaction, the mixture was distilled

to isolate N-cyclohexylformimidoyltrimethylsilane (1), b.p. 118 - 120°C (40

mm). Anal. Calcd for CloHZlNSi: C, 65.50; H, 11.54; N, 7.64. FOillld: C,

65.19; H, 11.89; N, 7.62. The yield of I based on cyclohexyl isocyanide was

86 %. The new silicon compound (I) is a colorless liquid and stable under

dry nitrogen atmosphere, but vulnerable to moisture.

(CH
3

) 3Si-CH:N-@

I

The structure of I was convincingly confirmed by 1R, ultraviolet,

and NMR spectra as well as by the reduction product. The IR spectrum of I
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(neat) was consistent with the assigned structure, showing -Si(CH3)3 at 1246
-1 -1 --1

em and 842 em ,and ~C=N- at 1601 cm The ultraviolet spectrum of I in

cyclohexane had an absorption of Amax = 285 mlJ (0: 70), which is assigned to

n-71T* transition of ::::C=N - group. The NMR spectrum in CDC1 3 showed a singlet

at 1.67 T (lH, -CH=N-J. two broad signals centered at 7.2 T (ll-I, =N-CH() and

at 8.5 T (lOH, -(CH 2)S- of cyclohexane ring) and a singlet at 9.87 l (9H.

-Si(CH 3)3) . Further evidence supporting the structure (I) was obtained in

the treatment of I with lithium aluminum hydride in ether at Toom temperature

which afforded N-(trimethylsilylmethyl)-cyclohexylamine (II), b.p. 208 -

2l0°C (lit. 9) b.p. 211°C). n~5 1.4520 (lit. 9) n~5 1.4519).

LiAlH 4
I in ether 1-- (CH 3) 3SiCH 2NH-@

II

The structure of II was further confirmed by IR and NMR spectra. Similar

results were obtained with cupric chloride as catalyst.

Similarly, the reaction of trimethylsilane and ~-butyl isocyanide

occured in the presence of copper (II) acetylacetonate catalyst. The product,

N-!-butylformimidoyltrimethylsilane (III) was obtained in 42 % yield, b.p. 47

-- 49°C (150 mm) •

III

Triethylsilane seems to be less reactive for hydrosilation of isocyanide.

The reaction of triethylsilane with cyclohexyl isocyanide was carried out in

benzene solvent with cupric chloride catalyst at 130°C for 18 hr. Distil-

lation gave N-cyclohexylformimidoyltriethylsilane (IV) in a yield of 35 %
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'b.p. 119°C (25 mm).

(C lIs) 3SiCH=N-@

IV

The catalytic activity of copper compounds in reaction (4) seems quite

specific. In the absence of copper catalyst both silane and isocyanide were

recovered unchanged from the heat-treated reaction mixture. Further, no

reaction was observed in the presence of chloroplatinic acid, which is known

to be an efficient catalyst of hydrosilation of olefins,4--8) as catalyst.

Silver cyanide was also inactive as the catalyst for the present reaction

between silane and isocyanide.

The reaction of silane toward isocyanide seems to depend upon the nature

of R in R3SiH. Trichloro, triphenyl and triethoxysilanes were found to be

inert for the reaction with cyclohexyl isocyanide by cupric chloride catalyst

in benzene at 100°C. These findings may be explained in terms of the nature

of hydrogen of silane. Chemical shifts of hydrogen of R3SiB in T value

(CDCI 3 solution) are 4.02 for C1 3Sm, 4.52 for (C6ES) 35m and 5.84 for

(CZHSO)3SiH, whereas 6.43 for (CH3)3SiH and (C2HS)3SiH. From these facts, it

may be said that the reaction of silane with isocyanide by copper catalyst

can take place only in the silane compounds with electron donating R groups

such as CH3 or CZHS' although the reaction mechanism is ambiguous at the

present moment.

Finally, the presence of suitable solvent is indispensable for the

present reaction. In the absence of solvent, the reaction system became

heterogenous and product formation was quite low. Suitable solvents for the

reaction examined here were dioxane, benzene, cyclohexane and tetrachloro-
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ethylene.

2. Experimental

Materials

Trimethyisilane was prepared by the reduction of trimethylsilyl chloride

with lithium aluminum hydride, b.p. 6°C. Triethylsilane was obtained in 63 ~o

yield by reaction of trichlorosilane and ethylmagnesium bromide according to

the literalure, b.p. IUoC (lit. lO
) 107°C (733 mm)). Triethoxysilane was

prepared by treating trichlorosilane with ethanol in benzene in a yield of IS

%, b.p. 133 - 135°C (lit. H ) 132 - l3S0C). Triphenylsilane was prepared by

the action of phenyl magnesium bromide on trichlorosilane in 60 % yield, m.p.

32°C from 95 % ethanol (lit .12) 36 - 37°C) .

Reaction of Trimethylsilane and t-Butyl Isocyanid~

In a 50 ml pressure tube, a mixture of 3.7 g (50 mmol) of trimethyl-

silane, 2.5 g (30 romol) of !-butyl isocyanide, 0.26 g (1 mmol) of copper (II)

acetylacetonate and 5 ml of benzene (reaction solvent) was heated at 110

120°C for 15 hr. After the reaction, III was isolated by fractional distil-

lation to give 1.97 g (42 % yield), b.p. 47 - 49°C (150 mm). IR (vN=C at

-11600 cm , very weak) and NMR (singlet at 1.65 T: IH, -CH=N) spectra

supported the structure III.

Reaction of TriethY..1silane and Cyclohe?5Yl Isocyanide

A reaction mixture consisting of 5.2 g (45 mmol) of triethylsilane, 3.3 g

(30 mmol) of cyclohexyl isocyanide, 0.135 g (1 mmol) of cupric chloride and
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4 m1 of benzene was heated in a pressure tube at 130°C for 18 hr. Dis tilla-

tion gave 2.2 g (35 % yield) of IV, b.p. 119°C (25 mm). Anal. Calcd for

C
13

H
27

NSi: C, 69.26; H, 12.07; N, 6.21. Found: C, 68.85; H, 11.82; N, 6.35.

The structure of IV was further confirmed by IR and N~lR spectra.
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Chapter 5

A New Inserti on Reacti on of Isocyani de

into Phosphorus-Hydrogen Bond

The preceding chapters have dealt with a series of insertion reactions

of isocyanides into nitrogen-hydrogen of amine,l) oxygen-hydrogen of

alcohol,2) sulfur-hydrogen of thiol,3) and silicon-hydrogen of silane4) to

produce the corresponding derivatives of N-alkylformimidic acid in high

yields.

:C=:NR'

:C-=:'NR'

ROH

RSH

+

+

+

+

:C~NR'

:C~NR'

> R2N-C-H
/I
N-R'

> RO-C-H
II
N-R'

,.. RS-C-H
II
N-R'

> R Si-C-H
3 II

N-R'

All of these reactions are catalyzed by copper compounds.

This chapter describes the reaction of dialkylphosphine with isocyanide

in which the isocyanide carbon atom is inserted between phosphorus and
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hydrogen of dialkylphosphine.

+ :C~NR' catalyst-+ R P-C-H
2 II

NR'

I

(1)

This is a new reaction to form the phosphorus-carbon bond by the

a,a-addition of phosphine to the carbon atom of isocyanide, which is

interestingly compared with the a,B-addition of phosphine to olefin through

radical mechanism. S) The product, N-substituted formimidoy1phosphine (I) may

be regarded as the Schiff base of formylphosphine, which has not been known

until now. The new phosphine compound is stable under dry nitrogen at room

temperature, but decomposes gradually in air. The present reaction (eq. 1)

provides a new preparative method of such Schiff base.

1. Results and Discussion

The reaction of cyclohexy1 isocyanide with diethy1phosphine was examined

at first. Under nitrogen atmosphere a mixture of 4.4 g (40 mmo1) of cyclo-

hexyl isocyanide, 2.7 g (30 mmol) of diethylphosphine and 0.021 g (1.5 mmol)

of copper (1) oxide was heated in a sealed test tube at 110°C for 6 hr.

Nearly complete conversion of diethylphosphine was indicated by the disap

pearance of vp_H band at 2280 cm-1 in the IR spectrum of the reaction mixture.

Then the mixture was distilled to isolate N-cyclohexylformimidoyldiethyl

phosphine (II), b.p. 110 -- 112°C (6 mm), ni° 1.5059. Anal. Calcd for
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C
ll

H
22

NP: C, 66.30; H, 11.13; N, 7.03; P, 15.54. Found: C, 65.94; H, 11.14·

N, 7.07; P, 14.79. Mol. wt. calcd for II: 199. Fo~~d (cryoscopy in benzene):

202. The yield of II based on diethy1phosphine was 81 %.

(C2HS)2P-CH=N-(E)

II

The structure of II was confirmed by IR and m1R spectra. The IR spectrum of

-1 >II (neat) showed an absorption at 1605 em ( C=N -) . The NMR spectrum in

CDC1 3 (Fig. 1) showed a doublet centered at T 1.65 (lH, >P-CH=, J p _
H

32.9

cps), a broad signal centered at T 7.1 (lH, =N-CH<), and a multiplet (lOB,

-P(C2H
S

) 2) and a broad signal (lOB, - (CH
Z

) 5 - of cyclohexane ring) in the

region of T 8.0 - 9.2.

Fig. 1. NMR spectrum of N-cyclohexylformimidoyldiethylphosphine (II)

(in deuterioch loroform)
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Similarly, the reaction of cyclohexyl isocyanide and di-~-propylphosphine

took place in the presence of copper (I) oxide catalyst. The product, N

cyclohexylformimidoyldi-~-propylphosphine (I II) was obtained in a 'lie ld of

4S %.

(~-C3H7) zP-CH:N-@

III

The reaction (1) requires catalysts of the Group IB and IIB metal

compounds. In the absence of catalyst, cyclohexyl isocyanide and diethyl

phosphine \\Yere recovered unchanged from the heat-treated reaction mixture.

So far as we have examined, (:opper (1) oxide was exce 11ent and copper (II)

acety lacetonate, zinc ch loride, cadmium ch loride and murcury (II) acetate

were fairly good. Typical Friedel--erafts catalysts such as aluminum chloride

were inactive. The Group VIII metal compounds such as nickel (II) and cobalt

(II) chlorides caused exclusively the polymerization of isocyanide to form

insoluble, light-brown solid.

2. Experimental

Materials

Diethylphosphine was prepared according to the procedure described in

literature.
6

) To a Grignard solution prepared from 36 g of magnesium, 163.5

g of ethyl bromide and 500 ml of absolute ether, 86 g of phosphorus thio

chloride dissolved in 100 ml ether was added dropwise for 5 hr with stirring

at 20 - 24°C. The ether solution was further warmed on a water-bath for

1 hr. Then, 10 % sulfuric acid was added carefully. The ether layer was
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dried over sodium sulfate. After ether was distilled off, the solid material

was precipitated, which was purified by recrystallization from acetone-water

to give tetraethyldiphosphine disulfide, m.p. 76 -- 77°C.

To 24 g of tetraethyldiphosphine disulfide suspended in 100 ml ether,

80 ml of ether solution containing 8 g of lithium aluminum hydride was added

dropwise with stirring. After the addition, the ether solution was further

refluxed for I hr. The reaction mixture was decomposed by the addition of

water to form two layers. The ether layer was separated and dried over

sodium sulfate. Distillation of the ether solution gave diethylphosphine in

a yield of 60 %, b.p. 83 -- 85°C.

6)
Di-~-propylphosphinewas prepared also by the above mentioned method.

Reaction of Cyclohexy1 Isocyanide with Di-n-propylphosphi~e

To a mixture of 2.2 g (20 mm01) of cyclohexyl isocyanide and 2.4 g

(20 mmol·) of di-~_-:propylphosphinewas added 0.014 g (1.0 mm01) of copper

(I) oxide as catalyst. The mixture was heated at 110°C for 5 hr and then the

reaction mixture was distilled in vacuo to isolate 1.2 g (46 %) of III, b.p.

124 -- 125°C (4 mm). -1
IR (vC=N at 1604 cm ) and N~ffi (a doublet centered at

T 1. 62, IH,

III.

P-CH=N, J p _H 32.2 cps) spectra were indicative of the structure
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PART II

REACTIONS OF CARBON MONOXIDE AND OF DIAZO COMPOUNDS
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C hap t e r 1

Carbonylation of Amines by Copper Catalysts

It has been described in Chapter 1 of Part I that primary and secondary

amines react with isocyanide in the presence of copper compound as catalyst

to produce amidines in high yields. 1)

+ R I -N ~ C -----;;.. R
2
N-CH=N -R' (1)

In view of the fact that carbon monoxide is isoelectronic with

isocyanide
2

) and forms coordination comp lexes with cuprous salts, 3) the above

finding promted us to explore the possibility of the reaction of amine with

carbon monoxide by copper catalyst.

+ -
R-N ~C: < ?- R-N=C:

Isocyanide

+ -
:O±C: -< ~ :O=C:

Carbon monoxide

In the present chapter, the catalytic activities of copper compounds as

well as other Groups IB and lIB metal compounds for the carbonylation of

amines have been investigated.

Various catalysts have hitherto been reported for the amine--carbon'

monoxide reaction. Transition metals of the Groups IV to VIII, 4,5) their

1 5-8) h· " 1 b 1 9-11) d d" II"sa ts, t elr meta car ony s, an correspon Ing organometa Ie
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compounds 12) catalyze this reaction to produce a mixture of formamide, urea,

isocyanate and oxamide. The alkali metal alcoholate catalyzes the carbonyla~

tion of amine to produce the corresponding formamide. 13) In addition, a

patent claims the productions of N-methylformamide and N,N-dimethylformamide

from methylamine and dimethylamine, respectively, by a catalyst selected from

the group consisting of cuprous and cupric chlorides, ammonium chloride,

potassium acetate and boron fluoride .14)

The purpose of the present investigation is to examine the catalytic

activities of copper compounds along with other Groups IB and IIB metal

compounds for the carbonylation of aliphatic and aromatic amines with carbon

monoxide. New findings are that (i) copper compounds are exce Uent catalysts

for the carbonylation of aliphatic amines to produce the corresponding form-

ami des , (ii) the catalytic activities of copper compounds are enhanced by the

addition of water, and (iii) chloroauric acid catalyzes the carbonylation of

aromatic amine but copper compotmds do not cat alyze it.

1. Results and Discussion

1.1. Carbonylation of Piperidine

The Groups IB and lIB metal compounds were examined for catalyst

activity for the carbonylation of piperidine. Their catalytic activities

were also compared with

(2)
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those of other metal compoW1ds. The Groups IB and lIB metal compoW1ds J

especially copper compoW1ds, are quite active.

Table I. Carbony1ation of Piperidine in the Presence

a
of Various Metal CompoW1ds (Method B) b

Exp.

No. Catalyst

Reaction conditions

Time
(hr)

Yield of N

formylpiperidine

(%) c

5

6

7

8

9

CuCl

Cu(CN) 2

CUC1
2

CuCI-I, 5 -COD
comp1exe

AgCl

HAuCl
4

·4H
2

0

ZnC12
Cd(OAc) 2

Hg(OAc) 2

140

110

120

130

140

130

135

140

130

15

15

14

14

14

14

16

14

14

93

72

17

96

25

15

18

15

60

- - - - - - - - - _.- - -

10 A1C13
120 15 5

11 Fe eM) 3 130 14 40

12 CoC1
2

110 15 20

13 NiC1
2

110 15 7

14 PdCI
Z

120 14 5

a 10 mlof piperidine and 1.0 g of a catalyst v,ere used.

b See Experi'mental Section.

c Based on the initially charged piperidine.

d Ethanol (10 m1) was used as solvent.

e The cuprous chloride-l,5-cyclooctadiene complex

was prepared according to the reference. 15)
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The typical transition metal salts of the Group VIII elements, ~'R" Fe, Co,

Ni, and Pd are less active than copper catalysts. Aluminum chloride, a

strong Lewis acid, is a poor catalyst (Table I).

The catalytic behaviors of the copper compounds in the amine--carbon

monoxide reaction are distinguished from the typical transition metal

catalysts by their highly selective production of formamide. In the copper

catalyzed reaction, a small amount (usually less than a few percent) of N,N;-

dialkyl derivative of urea was formed as the sole by-product.

The amount of by-product is much smaller than that in the reaction with

palladium8) and manganese ll) catalysts. The piperidine-carbon monoxide

reaction with catalysts of Ag, Au, Zn, Cd, and Hg salts produces also a trace

amount of l,l'-carbonyldipiperidine (less than a few percent) as by-product.

The coordination of carbon monoxide with cuprous salts in the presence

of amine is well known. 3) It is not unreasonable to assume that carbon

monoxide coordination plays an important role in the catalysis. Vfuen cupric

salts are used as catalysts, they may be reduced by carbon monoxide into

cuprous species which may possibly be the real active species of the catalyst.

Copper compounds cat alyze also the a, a-addition of nit rogen hydrogen

bond of aliphatic amine to isocyanide.1) It is interesting to note that

reaction with the aliphatic amine-carbon monoxide reaction of the present

studies, since isocyanide and carbon monoxide are isoelectronic. These two

reactions caused by copper catalysts are formulated in analogous manner.

+ :C~O
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1. 2. Carbony lation of Dimethy I amine

--+) R
2

NCH
11

N-R'

(4)

Copper compounds catalyze also the dimethylamine (DMA)-earbon monoxide

reaction to produce N,N-dimethylfo1'mamide (DMA) (Table II).

Table II. Carbony lati on of D~~ with Copper Catalysts

Reaction conditions Initial Yield
Exp. bDr4A

Temp. Time
rate of DMF

No. Catalyst (g) (ml) a (OC) (h1') (mmol/min) (%) cMethod

15 CuCl 1.0 10 B 100 13 73

16 Cu(CN)2 1.0 10 B 100 13 52

17 CuCN O.S 5 B 13S 15 78

18 CuCI 2.0 30 A 180 28 96

19 none 60 d
A 145-150 2 18

20 CUCN 1.0 60 d
A 145-150 2 57

21 Cu(CN)2 2.0 60
d

A 120-130 10 85

22 CuCN 1.0 30
e

A 175 3.0 1.2 20

23 CuCN 1.0 30
f

A 175 3.0 5.7 84

a Experimental Section.See

b The rates of gas consumption during the initial 30 min are taken as a

measure of the initial rate.
c Base d on DMA.

d 40 % aqueous DMA solution (60 ml) was charged.
e dried with pot assium carhonate, emp loyed.Anhydrous DMA, was

f DMA containning 10 mol % of water was emp loyed.
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The by-product is N,N ,N i ,N I -tet ramethylurea, produced only in small amounts.

It is quite interesting to observe that the catalyti cactivity of copper

catalyst is enhanced by the addition of water. The accelerating effect of

CuCl-CO complexization is favored by water. 3)

The effect of a small amount of water is clearly demonstrated in the

last two runs of Table II, where the carbonylation by CuCN catalyst was

carried out in the absence (Exp. No. 22) and in the presence of water (Exp.

No. 23). The addition of 10 mole % of water increases the rate and the

conversion four to five fold. Furthermore, DMA carbonylation is efficiently

carried out in an aqueous system (Exp. No. 19 to No. 21, Tahle II). Two

possibilities may be pointed out to explain the effect of water. First,

water molecule is incorporated into the copper-DMA complex as a ligand, which

possibly modifies (increases) the catalyst activity. Second, water converts

carbon monoxide to formic acid ..~hich may be responsible for the carbonylation

reaction. In fact, it has been known that the addition of water to the

reaction system without metalic catalyst increases the rate of carbonylation,

although the actual rate i tse If is quite low. 13)

1.3. Carbonylations of Miscellaneous Amines

Other aliphatic amines can also be carbonylated by means of copper

compound catalysts (Table III). The carbonylation of secondary amines

appears to be easier than that of primary amines.

The carbonylation of allylamine differenciates the copper catalyst from

the cobalt carbonyl catalyst. The copper catalyzed carbonylation of allyl

amine yields only N-allylformamide, whereas the cobalt carbonyl catalyzed
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reaction gives the cyc1ization product, 2-pyrrolidin one .

CH2=CHCH2NHCH -< Cu ~~ CH2=CHCH2NHZ
Co > IN/b~ (5)

II H0

Table III. Carbonylation of Hiscellaneous Aliphatic Amines

with Copper Catalysts

Reaction Yield ofconditions
formylatedExp.
productTemp. Time

No. Amine (ml) Catalyst (g) ~lethoda (OC) (hr) (%) b

24 (C2HS)2NH 50 Cu(OAc)2 2.5 A 170 20 46

25 CNH 10 Cu(CN)2 0.5 B 120 13 65

26 HOCH2CH2NH
Z

20 CUC1Z
1.0 B 105 ZO 23

27 ~-C4H9NH2 10 CuCl 1.0 B 115 16 20

28 C2HSNH2 10 CucN 1.0 B 165 ;w 25

29 CH2=CHCH2NHZ
10 CUC12 0.5 B lZO 15 15

a See Experimental Section.

b Based upon the charged amine.

1.4. Temperature Effects on Carbonylation of Morpholine

The rate of the carbony1ation of morpholine is increased by raising the

reaction temperature (Table IV). A small amount of 4,4' -carbony1dimorpholine

by-product was formed at higher reaction temperature (Exp. No. 33). The urea

may be produced by the copper catalyzed oxidation of morpholine with oxygen, 16)
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which is possibly present as a contaminant in the reaction system.

Table IV. Carbony lation of Morpholine

with Cuprous Chloride Catalyst at Various Temperatures

O:-\'JH + CO .._-+> Of\NCH (I)
'---J \.J II

o
+ (~r'l-C-NI\O (II)

'---JII~

o

Exp. Temp. Yield (%)

No. (0 C) I II

30 80 3

31 115 14 trace

32 150 42 trace

.33 180 76 2

(Reaction conditions: Morpho line , 30 ml; CuCl, 2.0 g as cat alyst;
2

ini tial CO pressure 80 Kg/em at room temperature,

with stirring for 6.5 hr.)

1. 5. Carbonylation of Aromatic Amines

Copper compounds are inactive for the reaction of aromatic amines with

carbon monoxide. On the other hand, chloroauric acid is active (Table V).

From the isoe lect :roni c re lationship between carbon monoxide and isocyanide,

it is also of interest to note that copper compounds do not \'lork as effective

ly in the aromatic amine-isocyanide reaction as ch1oroauric acid does. 1)
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Table V. aFormylation of Aniline and N-Methylaniline (Hethod B)

Exp.

No. Amine (mmol) Catalyst

Reaction
conditions

Temp. Time
(mmol) (0 C) (hr)

Yield of

formanilide

(%) b

34 C6HSNHZ 100 HAuC1 4 ·4HzO 1.0 180 15 17

3S C6HSNHZ 100 CuCl 1.0 180 15 0

36 C6H
S

NHZ 100 AgCl 1.0 180 15 0

37 C6HSNHCH
3 100 HAuC1 4 '4HZO 0.8 17S 40 33

a See Experimental Section.
b Based on the charged amine.

Z. Experiment al

Materials

All amines were disti lled before use. Copper compounds and other metal

salts were commercial reagents which "Jere used as received. Carbon monoxide

was reagent grade.

Reaction Procedures

Method A. Amine and a catalyst were placed in a 200 ml stainless-steel

autoclave equipped with a magnetic stirrer, to which carbon monoxide was

2charged up to a pressure of 60 - 80 Kg/cm at room temperature. The

autoclave was closed and heated at a given temperature for a given time.

Then, th~ catalyst was separated by filtration if it was precipitated and the
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reaction mixture was disti lIed or analyzed direct ly by glpc.

Method B. The reaction was carried out in a 50 ml stain less stee 1

pressure tube without stirring. After-treatment of the reaction mixture was

carried out in the same procedure as in Method A.

Identification and Analyses of the Products

The reaction products were identified by comparing their NHR and IR

spectra and the glpc retention times with those of the respective authentic

samples. The columns of glpc were PEG 6000 and Silicone DC 550. The yield

of products was determined by glpc analyses and in some cases by fractional

disti llation.

Preparations of Authentic Samples

The authentic formamide derivatives were prepared by treating the

respective amines with ethyl formate. The boiling points of these authentic

samples weTe as follows: N""formylpiperidine, 90 .- 92°C (9 mm); N,N-diethyl

formamide, 177 -- 178°C; N-formylpyrro1idine, 97 -- 9SoC (15 mm); N-2

hydroxyethy1formamide, 134 -- 136°C (0.4 mm); N-~-buty1formamide, 142 -- 144°

C (45 mm); N-a11y1formamide, 120 122°C (48 mm); N-ethy1formamide, 1090C

(30 mm); N-formy1morpholine, 121 -- 124°C (15 mm); formani lide, 90 - 91°C

(12 mm), (m.p. 47°C); and N-methylformanilide, 131 -- 133°C (25 mm).

The authentic samples of 1,l t -carbony1dipiperidine and 4,4'-carbony1di-

morpholine were prepared by the reaction of piperidine and morpholine with

h h f 42 0 (. 16) 2 0 )p osgene, t e ormer, m.p. C llt., m.p.4 --43 C and the latter,

4 2 0 (. 16) 0 )m.p. 1 1 -- 14 C llt., m.p. 143 C , respectively.
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Chapter 2

Copper Catalyzed N-Alkylation of Amine with Diazoalkane

Two reactions of amines by copper compound catalysts have been described

in Chapter 1 of Part I and in Chapter 1 of Part II. The first is the reac·

tion of amine with isocyanide Ceq. 1)1) and the second is that with carbon

monoxide Ceq. 2),2) where formamidine and N-a1ky1:formamide are formed,

respectively.

R~
:C~N-Rn

Cu compd. R"",
/N-H + ) N-C-H

R' R'/ II
N-R"

R
Cu compd ..:;,.. R"""

""" N-H + :C.(-O N-C-H
R'/ R'/ II

a

(1)

C2)

In both of these reactions, the carbon atoms having lone-pair electrons

are inserted between nitrogen and hydrogen of amine.

On the other hand, carbene generated by the decomposition of diazoalkane

is another species of carbon having lone-pair electrons,3) and it is well

known that copper and its compounds catalyze the decomposition of diazoa1kanes.

In relation to the mechanism of the diazoa1kane reaction, coordination

complexes of carbene to copper compound4) (or an inverse ylidS,6)) have been

assumed.
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This chapter describes the third of a series of the copper catalyzed

reactions of amine, in which the reactions of amine with diazomethane and with

ethyl diazoacetate have been investigated.

1. Results and Discussion

In the presence of copper compotmd catalyst, the carbon atom of carbene

generated by the decomposition of diazo compound is also inserted between

nitrogen and hydrogen of amine.

+
R"
~CN

R" ,/ 2
Cu compd.

- )0 (3)

The reaction of this type was once performed by ~-1iiller ~ .§:.!.. ,7) ~vho

employed boron fluoride and borofluoric acid as catalyst.

The difference in ~atalytic activity between the acid catalyst and the

copper compotmd is seen in the reaction of piperidine with diazoacetate, i.:.:.:'
the former does not catalyze the reaction of this combination, whereas the

latter does.

The reactions of amines with diazomethane and with diazoacetate are

illustrated in Table 1.

In the reaction of ~-butylamine and ethyl diazoacetate, the aminolysis

of ester group as we 11 as the insertion reaction (eq. 3) occurs to give the

corresponding N-~-buty lami de.

+
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Table I. Copper Catalyzed Reaction of Amine

with Diazoalkane a

Amine Diazoalkane Cu Products c Yieldd

Catalyst (%)

CNH N2CHCOOC2H
S

CuCN I 72

OH N2CHCOOCZHS CuCl I 33

CNH N
2

CH
2

b CuCN II 32

~ b
OL.JNH N

2
CH

2 CueN III 30

08Nf-I N
2

CH
2

b CuCl III 25

~-e4H9NH2 N2CHCOOCiis CucN IV 46

a Reaction conditions: 5 - 1O o e, 5 hr, molar ratio

of amine/diazoalkane = 3.0 - 4.0.
b Diazomethane was employed as

C Product I: O~-\J12eooc2H....
1\ .:;>

III: O\-/N-CH 3.

d Based upon di azo compound.

an ether solution.

II: O-CH3.

IV: ~-C4H9NHCH2eONHCiI9-~'

2. Experimental

Materials

Ethyl diazoacetate was prepared according to the usual method.
8

) A

solution of 140 g (l mol) of glycine ethyl ester hydrochloride and 3 9' of

sodium acetate in 150 ml of water was introduced into the 1 Z flask and

cooled to O°C in an ice-salt bath. A cold solution of 80 p: (1.15 ml) of
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sodium nitrite in 100 ml of water was added and the mixture was stirred until

the temperature became to DoC. Ethyl ether (80 ml) and then cold 10 %

sulfuric acid (3 ml) were added to the cold reaction mixture with stirring

and cooling. The ether layer was washed with 50 ml of cold 10 % sodium

carbonate solution. The ether solution '/las dried over anhydrous sodium

sulfate. Distillation gave 65 g (56 %) of ethyl diazoacetate, b.p. 63°C (37

rom) •

Diazomethane was obtained as an etheral solution by the alkali decomposi

tion9) of N-nitroso-N-methylurea prepared according to the reference. IO) The

amount of diazomethane in an etheral solution was determined by treating it

with excess benzoic acid and by titrating the unreacted benzoic acid with

standard alkali. 9) The concentration of diazomethane of ether siution was

1. 2 mol/l..

General Procedure

A typical run is the reaction of piperidine with ethyl diazoacetate. To

an ice-cold mixture of 17.9 g (0.21 mol) of piperidine and 1.57 g (0.017 mol)

of cuprous cyanide, 7.98 g (0.07 mol) of ethyl diazoacetate was added dropwise

with stirring at 5 - 10 0 e. After the addition, the reaction mixture was

stirred for 5 hr at 5 - wOe. During the reaction, the color change of the

reaction mixture from green to brown was observed. After the removal of the

insoluble catalyst, the reaction mixture was distilled in vacuo to yield 8.64

g (72 %) of ethyl l-piperidineacetate, b. p. 108 - HO°C (20 mm).

NMR and IR spectra were indicative of the structure of ethyl l-piperi

dineacetate.
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Chapter 3

Copper Catalyzed Reactions of Thiol and Alcohol

I"ith Di azoacetate

A series of reactions of isocyanide with amines, 1) alcohols 2) and

thiols 3) to produce formamidine (1), formimidate (II), and thioformimidate

(III), respective ly, has been described in previous chapters.

PJ~ =tC: + HNR'R" -+ PN=CHNR'R"

(I)

RN--;"C: + HOR' >- Tt>.J=QIOR'

(II)

RJ\J.± C: + HSR' -_.7>- PN=Q1SR'

(III)

(1)

(2)

(3)

These reactions are all cat alyzed by copper compounds and are characterized

by the common feature that the isocyanide carbon atom having lone -pai r

elect rons is inserted into N-H, O-H and S-H linkages.

The carbene produced by the deco~)osition of diazoalkane is another

species having the lone-pair electrons of carbon, which resembles isocyanide

also in the property of coordinating with copper compounds.
4

) These facts
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prompted us to explore the copper catalyzed reactions of diazoacetate. It

has been shown in the preceding chapter that the carbene carbon is inserted

quite selectively into N-H linkage in the copper catalyzed reactions of ethyl

d · . h . 5)lazoacetate Wlt amlnes.

eu compd.
( 4)

The present chapter describes the reactions of thiols and alcohols with

ethyl diazoacetate in the presence of copper compounds as catalysts.

1. Results and Discussion

1.1. Reaction of Thiols with Ethyl Diazoacetate

The thiol-diazoacetate reaction without catalyst was once studied by

MUller and Freytag,6) and it was reported that benzenethiol reacted with

ethyl diazoacetate to form ethyl phenylthioacetate, whereas aliphatic thiols

did not react even at 80 0 e. It has now been found that, in the presence of

cuprous chloride as catalyst, aliphatic thio1s (alkane and aralkane thiols)

react satisfactorily with ethyl diazoacetate at 80 -- 900 e to produce the

corresponding thioacetate (IV) as the main product along \,!ith three by-

products (V), (VI) and (VII).

Each product was isolated by means of preparative glpc and was iden-

tified by elemental analysis and IR and NMR spectra. Typical results are

shown in Table I. Both diethyl maleate and fumarate were formed only in

quite small yields in these reactions.
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RCHZSCH2COZCZHS

(main product)

(IV)

CuCl
--->:,., <

(V)

(VI)

(VII)

Table I. Reaction of Thiol with Ethyl Diazoacetate

aby Cuprous Chloride Catalyst

Reaction Products (yield %)
time

Thiol (RCHZSH) (hI') (IV) (V) (VI) (VII)

~-C4H9SH 30 85 Z 8

CHZ=CHCHZSH 9 63 20 7

C
6

H
S

CH
Z

SH 6 86 Z 9 1

a A mixture of 60 mmol of thiol, 60 mmol of ethyl diazoacetate

and 1 mmol of CuCl was heated at 80 -- 90°C.

It is clearly indicated that the carbon having lone-pair electrons of

he carbene from diazoacetate is inserted between sulfur and hydrogen of

:hiol to form the main product (IV). The insertion of carbene into S-H

.inkage is interestingly compared with the corresponding insertions into O-H

.n the reactions of alcohol with diazoacetate. The selectivity of the forma-

:ion of (IV) was much higher than that of the alkoxyacetate in the alcohol-

liazoacetate reaction by copper catalyst, as will be described later.
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The formations of three by-products may reasOlwly be explained by the

following scheme of reactions.

RUiZSH + NZCHCOZCZHS

~ -NZ

RCHZSCHZCOzCiIs

(IV)

1 :CHCOZCZHS

RCHZ -CHcOzCils
~+/

S
I
CHZCOZCZHS

J (Al

RUi:
/CH2COZCZHS

+ S"""

(C)
CHZC02CZHS

1
(VI)

NZCHCOZCZHs

RCH= CH CO2CZHS

(VI I)

Stevens

rearrangement

RCH Z-S-CHC02CZHSI
CHZCOZCZHS

(V)

The reaction of alkylthioacetate (IV) with the carbene from diazoacetate

will lead to a S-ylid (A) whose rearrangement of Stevens type 7) produces
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alkylthiosuccinate (V). The proton shift in the S-ylid (A), on the other

hand, will afford the carbene (C) and diethyl thiodiglycolate (VI) through

the intermediate (B). The carbene (C) in turn reacts with diazoacetate to

afford the third by-product (VII).

An alternative route would also be proposed for the formation of VI and

VII. Proton abstract from thiol by S-ylid (A) and the subsequent attack of

the resulting thiol anion on the resulting sulfonium ion will lead to the

formation of VI. In this case, VII will be formed by the insertion of

carbethoxy carbene into the methylene C-H bond of a-toluenethiol fo llowed by

the loss of hydrogen sulfide.

It might be assumed that alkylthiosuccinate (V) resulted from the

reaction of thiol with maleate or with fumarate w1ich could be formed from

diazoacetate. This possibility, however, has been eliminated by the reference

experiments which have shown that thiol did not react with maleate and with

fumarate under the same reaction conditions. As to the mechanism of the

formation of VI, a possibility of the reaction of diazoacetate and hydrogen

sulfide to form VI has also been denied by a reference experiment.

1.2. The Reaction of Alcohols with Ethyl Diazoacetate

The decomposition of diazoacetate catalyzed by cupric chloride was more

quick in alcohols than in thiols and amines. At room temperature in alcohol,

the evolution of nitrogen gas by the decomposition of di azoacetate ceased in

3 hr. The reaction products were analyzed and iso lated by glpc techniques.

The results of the reactions of ~-butanol, benzyl alcohol and allyl

alcohol, respectively, with ethyl diazoacetate in the presence of cupric
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chloride as catalyst are given in Tables II, III and IV.

Table II. Reaction of n-Butanol I"ith Ethyl Diazoacetate

by Cupric Chloride
a

Products Vie 1d (%) b

~-C4H90CHZCOZCZH5 (VlIIb) 15

~-C4HgO?ICOZCZHS
(IXb) 16

CHZCOZCZHS

~-C4H90yHCOZCZHS

9HCOZCZHS (Xb) 14

CH2CO
Z

C
Z
H

S

O(CH2C02CZH
S

)Z (XI) 7

trans-CZH50ZCCH=CHCOZCZHS (XIIb) 1Z

cis-CZHSOZCCH=OiCOZCZHS (XIlc) 11

CZHSOZCCH=?C02CZHS
(XI II) 16

CH
Z

C0
2

C
Z

H
S

(Total yie Id: 91)

a ~-C4H90H, 35 mmo1; NZCHC0
2

C2IfS ' 17 mmo1;

CuC1
2

, 1 mmol at Z5°C, 3 hr.

b Based on ethyl diazoacetate.
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Table III. Reaction of Benzyl Alcohol

with Ethyl Diazoacetate by Cupric Chloride
a

Products

C6HSCHZ0C(HCOzCZHS
CHZCOZCZHS

CZH50ZCCH=~COZCZH5

CH
Z

C0
2

C
Z

H
S

(VII I c)

(rxc)

(XI)

(XIIb)

(XIle)

(XIII)

Yield (%)b

49

13

5

7

8

11

(Total yield: 93)

a
C6HSCHZOH, 35 mmol; N

Z
GfCOOC

2
H

S
' 17 mmol;

CUCIZ ' 1 mmol at 25°C, 3 hr.

b
Based on ethyl diazoacetate.

-93--



Table IV. Reaction of Allyl Alcohol

with Ethyl Diazoacetate by Cupric Chloridea

Products Yield (%)b
----_..

CI-lZ=CIICHZOCHZCOZCZHS
(VI II d) 17

O(CHZCOZCZHS)Z (XI) 9

trans -CZHSOZCCH=CHCOZCZI-IS (XIIb) 15

cis-CZHSOZCCH=CI-lC02CzHS (XIlc) 16

CZHSOZCCH=)COZCZHS
(XIII) Z4

CHzco
2

C
2
HS

CH
Z

-CHQlZOH
\ / (XIV) 8

CHCOZCZHS

CHZ-CHCI-lZOCHZCH=CHZ (XV) 5\/
CHCOZCZHS

(Tot al yie Id: 94)

a CHZ=OICHZOH, 17.6 mmol; N2CHCOOC2HS ' 8.8 romol;

CuC1
2

, 1 mmol at 25°C, 3 hr.

b Based on ethyl diazoacetate.
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All the pl'oducts 1,I/ere entirely identified. In addition, the total yield

based on ethyl diazoacetate was almost quantitative. No distinguished dif-

ference in the catalyst a.cti vi ty was observed among cuprous and cupric

compounds of various ligands. Except for the cyclopropane derivatives

produced in the allyl alcohol-diazoacetate reaction, the products of the

alcohol--diazoacet ate reaction are summarized as follows:

(IX)
(VI II)

RCHZOH + N2CHCOZCZHS'---·------v /1CU compounds

------------------------'/\~-------------.,
/ "RCHZOCH2C02CZHS RCHzoiHCOZCZHS RCHzOrHCOzCzHs

CHZCOZCZHS rHCOzCzI-15

CHZCOzCZH5

(X)

(XI) (XII)

CHCO?CZHSII ..
CCOZCZHS
I
CHZCOZCZHS

(XIII)

In the thiol---diazoacetate reaction, the sulfur compounds of the structures

corresponding to VIII, IX and XI were formed. The selectivity of the forma-

tion of VIII in the alcohol--diazoacetate reaction was, however, much lower

than that of the alkylthioacetate in the thiol--diazoacetate reaction.

It has been shown in reference experiments that the reaction of VIII

with ethyl diazoacetate actually affords IX and X. In a way similar to the

thiol--diazoacetate reaction, the following mechanism via the intermediates
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of O-ylids, D and E, may be postulated for the formations of IX and XI, ~.~.,

RCHZOCH2C02C2HS

-Nzl : CHC02CZHS

2
H,- -/--.CI-lCOZCZH

SI + l'

RQ-f-o.:-\".: 1
\" :,\\1

"CHZCOZCZHS

(D)

_ + /CH2C02CZHS

RCH-O~

CHZCO
Z

C2HS

(E)

1

a

(I X)

RCH:

(F)

+

(XI)

In the O-ylid (D), the transfer of CHZCOzCZHS group to the carbanion center

(reaction a) will afford IX, whereas the hydrogen migration will give another

O-ylid (E) (reaction b). Then, E in turn gives XI. Alternatively, it may

also be assumed that XI is formed by the reaction of diazoacetate with water
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which is possibly produced in the condensation of two moles of alcohol to

ether.

The by-products of X and XIII contain three units of the carbethoxy

carbene group. Reference experiments have shown that X is actually formed

in the reaction of VIII with ethyl diazoacetate hut it is not formed in the

reaction of XI II with alcohol under the same reaction conditions. The forma-

tion of X would be explained by considering an intermediate similar to that

shown in the course of VIII - IX.

On referring to the mechanism proposed for the formations of diethyl

fumarate and maleate from ethyl diazoacetate, 8) the following scheme of

reactions is now tentatively assuJTled to explain the production of XIII.

+ -
NZ-CHCOZCZI\

1:OICOZCZHS

H+ rearrangement

CHC02C
2

HS
1\

CHC02Cii s

(XI I)

+
NZ-,HCOZCZHS

-O-IC02Cils

1:CHCOzCZHs

+
NZ-C!fCOzClIS

I
,HC02Cils

-c:HCOZCZIl
S

>

>

CHCOZCZHSII
CCOZCZHS
I

CH
Z

C0
2

C
z

Hs

(XI II)
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Z. Experiment al

Reaction of 2-Propenethiol with E!hyl_ Diazoacetate

To a stirred mixture of 4.5 g (60 mmol) of 2-·propenethiol and 0.1 g (l

mmol) of cuprous chloride, 6.9 g (60 mmol) of ethyl diazoacetate was added

dropwise at room temperature during 30 min. Stirring was then continued for

additional 9 hr at 80 - 90°C. After insoluble salt was removed by filtration,

the filtrate was distillated in y~ to give the distillate 9.2 g boiling at

55 - 120°C (26 mm). The distillate was analyzed by glpc. Three pl'oducts

were formed, which were isolated by preparative glpc.

Ethyl 2-propenylthioacetate (IVa). IR spectrum: \) max 1710 (vs) , 1620

(w), 1270 (vs), llZ0 (vs), 1020 (vs), 985 (5), and 910 cm- 1 (s). NMR with

TMS (in COC13): T 8.74 (3H, triplet, Cli3ClJZO-), 6.90 (ZH, singlet, SC[2 CO) ,

6.78 (2H, doublet, =CHC!lzS), 5.87 (ZH, quartet, 0!3C~::20-), 4 - 5 (3H,

multiplet, C!.iz=Cll-). Anal. Calcd for ClI 1ZOZS: C, 5Z.47; H, 7.66. Found:

C, 5Z.14; H, 7.48.

Oiethyl-a-(Z-propeny1)thiosuccinate (Va). NMR (in CC1
4
): T 8.75 (6H,

triplet, C[3CH ZO-), 7.56 (ZH, multip1et,)CH-CkLzCO), 6.78 (ZH, doublet,

=CHC!iZS-), 6.65 (lH, triplet, SCtiCHZ-)' 5.92 (4H, quartet, Q13C!i20-), 4.0

5.2 (3H, multiplet, C[2=C[-), Anal. Ca1cd for C11H1804S: C, 53.64; H, 7.37.

Foun d: C, 53. 48; H, 7. 26 .

Oiethy1 dithiog1ycolate (VI) was identified by the comparisons of glpc

retention time and IR spectrum with the authentic sample.

In the reaction of a-toluenethio1 with ethyl diazoacetate, a small amount

of trans ethyl cinnamate was formed in addition to the main product (IV) and
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two by-products (V) and (VI).

Reaction of 2-Propenethio1 with Diethyl Fumarate or Diethyl Maleate

A mixture of 1. 5 g (20 mmol) of 2-propenethiol, 3.5 g (20 mmol) of

diethyl fumarate or maleate and 30 mg (0.3 mmo1) of cuprous chloride was

stirred at 80 - 90°C for 9 hr. After the insoluble salt was removed by

fi It ration, the fi It rate was analyzed by glpc. T~vo starting compounds were

recovered almost quantitatively and any trace of Va could not be detected.

Reaction of n-Butanol with Ethyl Diazoacetate

To a mixture of 2.6 g (35 mmol) of ~-butanol and 0.13 g (1 mmol) of

cupric chloride, 2.0 g (17 mmol) of ethyl diazoacetate was added dropwise

with stirring at 25°C during 30 min. An exothermic reaction proceeded with

the evolution of ni trogen gas. When the reaction mixture was sti rred for

additional 3 hr, the infrared absorption band of diazo group (vN=N at 2100

em-I) disappeared. Tnen the reaction mixture was freed from insoluble

residue by fi ltration and was distilled in~ to give 4.2 g of the distil

late boiling from 40°C (18 mm) to 160°C (18 mm). The distillate was analyzed

by glpc (PEG 20000, 200°C) and all the products were isolated by preparative

glpc. Ethyl ~-butoxyacetate (VlIIb), diethyl dig:1ycolate (XI), diethyl

fumarate (XIIb), and diethyl maleate (XIlc) were identified by the comparisons

of the glpc retention times and the IR spectra with the corresponding

authentic samples.

The following three products were identified by IR and N~m spectra and

elemental analysis.

Diethyl ~-butoxysuccinate (IXb). IR spectrum: vmax 1725 (vs), 1260
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(vs) , 1160 (vs), 1120 (vs), and 1020 cm- 1 (vs) , NMR with TMS (in CC1
4
): T

9.10 (3H, triplet, G13(CHZ)30), 8.77 and 8.75 (6H, two triplets, Ctl-3CHzO-),

7.49 (2H, doublet, )CHCtl,zCO) , 6.58 (ZH, multiplet, CH
3

(CH
Z

) 2q12 0) , 5.99 (lB,

triplet, )Cl;I,C'l-IZ-)' 5.98 and 5.93 (4H, two quartets, CH3C!:L~O-). Anal. Cal cd

for C12HZ205: C, 58.51; H, 9.00. FOlUld: C, 58.26; H, 8.83.

Triethyl 1-(~-butoxy)propane-l,2,3-tricarboxylate (Xb). IR spectrum:

v 1730 (VS) , 1300 -- 1100 (broad, s), and 10ZO cm- l (vs), NMR (in CC1
4
):

max

1" 9.10 (3H, triplet, C~3(aI2)30-), 8.76,8.75 and 8.73 (9H, three triplets,

C!i3CHZO-), 7.30 -7.60 (2H, multiplet, )CHQI=2CO-), 6.30 - 7.00 (3H,
I

multiplet, CH 3 (CHZ)2C!iz - and -CH2Cli- 0I -), 5.97,5.96 and 5.91 (6H, three

quartets, CH3CtLZO-), 5.80 --- 6.10 (IH, doublet, l2--C 4H90Cli-C). An al. Calcd

for C16HZ807: C, 57.81; H, 8.49. FOlUld: C, 57.68; H, 8.42.

1710Triethyl propene-l,Z,3-tricarboxylate (XIII). IR spect rum: v
max

( ) 6 () Z)) -1 ) 1 •vs" 1 40 w, 1 70 (vs , 1170 (vs , 1090 (s), and 10ZO em (vs, M'!R (m

CC1 4): l 8.78,8.73,8.71 (9H, three triplets, Ct~CH20-), 6.21 (2H, singlet,

=C-C!izCO-), 5.70 -6.Z0 (6H, three quartets, CH 3C!iZO-), and 3.Z0 (HI,

singlet, =CLiCOz-)' Anal. Calcd for C121\806: C, 55.79; H, 7.30. FOlUld:

C, 55.49; H, 7.16.

Reaction C?f Ethyl n-Butoxyacetate with Ethyl Diazoacetate

To a stirred mixture of 3.Z g (20 mmol) of ethyl ~-butoxyacetate and

0.07 g (0.5 mmol) of cupric chloride, 2.3 g (20 mmol) of ethyl diazoacetate

was added dropwise at 25°C. After the evolution of nitrogen gas ceased, the

reaction mixture was analyzed by glpc. In addition to the starting ~-butoxy-

acetate, IXb and Xb were isolated in yields of 27 % and 19 %, respectively.

Reaction of Benzyl Alcohol Itlith Ethyl Diazoacetate
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The distillation of the reaction mixture gave 5.1 g of the distillate

boiling from 80°C (18 mm) to ISO°C (3 mm). By glpc, all the products were

isolated. Ethyl benzyloxyacetate (VIllc), diethyl diglycolate (XI), diethyl

fumarate (XIIb), and diethyl maleate (XIlc) were identified by the comparisons

of the glpc retention times and lR spectra with the authentic samples.

Diethyl benzyloxysuccinate (lXc) was identified by lR and NMR spectra

and elemental analysis. I R spectrum:
-1

\! 1740 (vs) and 1300 - 1000 em
max

(vs), NMR (in CDC1 3): T 8.78 and 8.71 (6H, two triplets, CtL3Cl-l20-), 7.19 (2H,

doublet, )ClIC!izCO-), 5.84 and 5.77 (411, two quartets, CH30120-), 5.62 (lB,

H
I IA

o ) d J gem 11trlplet, -OCllCH2CO- , 5.48 an 5.18 (2H, two doublets, C6HsyO-, H-H .3

HB
cps) and 2.68 (5H, singlet, C6%-). Anal. Calcd for ClS(1200S: C, 64.27;

H, '7. 19 . Found : C, 64. 37; H, 7. 24 .

Reaction of Allyl Alcohol with Ethyl Diazoacetate

At 25°C, the reaction was carried out using 1.0 g (17.6 mmol) of allyl

alcohol, 1.0 g (8.8 mmol) of ethyl diazoacetate and 0.13 g (1 mmol) of cupric

chloride. The vacuum distillation of the reaction mixture gave 1.5 g of

distillate boiling in the range from 60°C (3Q mm) to lSOoC (30 mm).

2thyl allyloxyacetate (VIIId) was identified as follows. IR spectrum:

\! 1730 (vs), 1630 (w), 1270 (vs), 1200 (s), 1120 (vs), 1020 (vs), 990 (s),
max

and 910 cm- l (5). NHR (in CC1
4
): T 8.73 (3H, triplet, CtL3CH20-), 6.08 (2H,

singlet, -OC!i2CO-), 6.02 (2H, doublet, CH2=CHCtL20-), 5.88 (2H, quartet,

QI3Q!20-), and 4.00 - 5.00 (3H, multiplet, CtloQ=CIi-). Anal. Calcd for

C1H
1Z

0
3

: C, 58.32; tI, 8.39. Found: C, 58.14; II, 8.30.

2 -Carbethoxycyclopropylcarbinol (XIV).
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1710 (vs), 1200 (5), 1180 (vs), and 1020 cm- l (vs). NMR (in CC1
4
): T 8.30

- 9.30 (4I-l, multiplet, protons of cyclopropane ring), 8.71 (3H, triplet,

Ctl,3CH20-), 6.50 (2H, multiplet,)Cl-lCltz0H), 6.18 (lH, singlet, -OBJ, and 5.93

(2H, quartet, CH3CtlZO-). Anal. Calcd for ClI 1Z0
3

: C, 58.32; H, 8.39.

Found : C, 5 8 . 5 7; H, 8 . 51 .

Allyl 2-carbethoxycyclopropylmethyl ether (XV). NMR (in CC1
4
): T 8.30

- 9.20 (4H, multiplet, protons of cyclopropane ring), 8.77 (3H, triplet,

Qi3CH20-), 5.70 -6.20 (6H, multiplet, -CIl20Q]2- and CH3ClizO-), and 4.00

5.00 (3I-l, multiplet, Clic=CtL-). Anal. Calcd for C10H1603: C, 68.15; H,

4. 61 . Foun d : C, 68.51; H, 4. 92 .
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Chapter 4

Reacti on of Ethv 1 0; azoacetate \'Iith Cup ri c ell lor; de

The reaction of diazo corrp01.mds, especially diazomethane, with metal

halides has been extensively studied, which provides a convenient method for

the preparation of a-halomethylmetal compound. 1) Studies upon the interac

tion between diazo compound and copper salts are confined entirely to those

of the copper catalyzed decomposition of diazo compounds. 2)

This chapter describes the reaction of ethyl diazoacetate (I) with

CuCI2 . It has been found that CUCl2 is much distinguished from other copper

salts. In equimolar reactions of I with cupric salts having negative groups

of CN, S04 and N0
3

as well as cuprous chloride, only a mixture of ethyl

maleate and fumarate was produced. On the other hand, the reaction of I

with CUClZ produced ethyl chloroacetate (II), ethyl dichloroacetate (III),

and a mixture of ethyl dichloroma1eate (IV) and ethyl dich1orofumarate (V).

These products were explained by assuming carboethoxy-substituted chloro

methyl copper complexes, exemplified by X and XI, as unstable intermediates.

The reactions of I with CoC1 2 and HgC12 are described in more detail as

reference reactions from the mechanistic view point. The reaction of di-

phenyldiazomethane with cupric chloride was also examined as a complement to

the mechanistic consideration.
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1. Results and Discussion

1. 1. Reactions of Ethyl Diazoacetate (I) with Copper Compounds

N1 equimolar reaction of I with CuCl took place smoothly at room

temperature. A mixture of ethyl maleate and ethyl fumarate was produced in

a quantitative yield (Table I). Similarly, cupric salts having negative

groups of CN, 804 and N0
3

gave the maleate-fumarate mixture. The formation

of the maleate-fumarate mixttue is explained by assuming the carboethoxy

carbene. 2)

Table I. Reaction of I with Copper Chlorides a

Ethyl b (%)Products
diazoacetate Copper chloride ----

maleate!
(mmol) (mmol) II III IV!V fumarate

18 CuCl 18 0 0 0 97

16.4 CUC1
2

16.4 16 40 3 30

10 CUC1 2
20 8 82 6 0

IV!V: cis and trans C2HS02CC1=CCIC02C2HS

a Reaction was carried out in 10 ml of acetonit rile at 15° C for 30 min.

b Products yields are calculated on the basis of the amount of ethyl

diazoacet ate.

The reaction of I with CUC1 2 is quite different from the reactions with

other copper compounds. The products of an equimolar reaction at 15°C in

acetonitrile were II (yield 16 %), III (40 %), a mixture of IV and V (3 %),
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and the maleate---fumarate mixture (30 %). 11H~ maleate·-fumarate mi xture is

probably produced also by the carbene reaction of I. In the I--.-CuC12 reaction

of an 1: 2 molar ratio, the maleate--fumarate mixture was not produced. !jere,

CUC1
2

was reduced completely to Cuel. These findings can be rationalized by

the assumption that the reaction of I with CUCI
Z

is much fast(;r than the

carhene reaction of I induced by CuCl. In other words, the maleate·---fumarate

mixture is produced, on 1)' after all CUCI
Z

has been reduced to CuCl.

The production of considerable amounts of III is taken to differenciate

CUCIZ from other metal chlorides. Table II ShOVIS the reactions of I with

CoC1
2

and HgCI
Z

' 111esc reactions produce predomin811tly II. In the case of

HgC1
2

and COCI
Z

' the trace amounts of the IV/V mixture and ethyl trichioro

acetate (I X) were formed.

Table II. Reaction of I with COCI
Z

and HgC1
2

a

Products (%) b

Metal

chloride II IV/V IX
Orp;anomet al

complex

CoCl2 31 trace trace 3S c

HgClz 41 trace trace 40
d

a A mixture of 10.0 mmol of I 20.0 mmol of metal chloride and

20 ml of acetonitrile lvas refluxed for 4 hr.

b The l)roducts yields are calculated on the basis of I.

c The essential constituent is assumed to be expressed by VIII.
d .OrganomercuTlc compound VII.

The formation of the IV/V mixture and IX in these reaction, although
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their yields are not high, may be taken to sUQ;gest the transient production

of carboethoxych lorocarbene complex (VI).

/Cl
and:C ------7"- IV V

""COzEt

~(comp Ie xed)

VI IX

1.z. Rea.ctions of Ethyl Diazoacetate (I) with CoC1 2 and HgCI Z

Nesmeyanov3) reported the reaction of I with HgCl
z

which produced II and

organomercuric compound (VII).

I

Cl
I

--....:;)".. Hg -c0zEt
I
HgCl

VII

2 II

(1)

In order to characterize the I--euCl Z reaction and to elucidate its reaction

mechanism, the reactions of I with CoC12 and HgCl
Z

were examined as reference

ones. At room temperature, these metallic chlorides reacted with I· only very

slowly. At reflux temperature (about 80°C), the reactions proceeded at

considerable rates. In the r--CoClz reaction, the heat-treated reaction

mixture was separated into liquid and solid parts. From the liquid part, II

was isolated by disti llation. By glpc analysis. the trace amounts of the

IV/V mixture and IX were detected in the liquid part. The solid, insoluble

part showed an IR spectrum ~oJhichwas. almost the same as that of the organo-

mercuric complex VII prepared according to Nesmeyanov's procedure.
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Consequently, an organocobalt complex (VIII) may be assumed to be the essen-

tial constitute of the solid part of the I--CoCl
Z

reaction mixture.

Co

CI
1

C - COzEt
I
CoCl z

VIII

In the reaction of I with HgCI Z' the trace amounts of the IV/V mixture

and IX were detected in addition to the two products indicated in eq. (1).

It is quite interesting that VII is comparatively inert towards CoC12 and

HgClz but easily decomposed by CUClZ to produce the IV IV mixture and IX.

This finding has an important bearing upon the mechanism of the I--cuCIz
reaction, especially the production of the IV/V mixture.

Table III. Reaction of VII with CUC1
2

a

VII CUClZ
Products (%) b

(mmal) (mmal) IVIV IX

5 15 60 27

--_._-------,._-----
a Reaction was carried out in 10 ml of acetonitrile

at 30°C for 1 hr.
b Products yields are calculated on the basis of VII.

1. 3. Mechanism of Reaction of Ethyl Diazoacetate (I) with CUCI Z

The following scheme of reaction may explain the production of III and

the IV/V-mixture. As the first unstable intermediate, a-chlorocarboethoxy-

methylcopper complex (X) is postulated, whose reaction with CuCL, (process-I)...
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will produce III and CuCl. The process-l is the process of the chlorine

ligand transfer from CUCI
Z

to a-chlorocarboethoxymethyl moiety, which may be

taken to resemble the so-called ligand transfer4) between organic free

radical and the ligand of metal salt. As to the production of II, the origin

of the second a-hydrogen atom is an essential prob 1em.

+ Z mol of I

CutcH(C 1) cOzEt12

X

+cuClZ1(process-Z)
-2HC1

3CuClZ
,------~> Z rno 1 of II I + 4CuC 1

(process -1)

Cu
C1 ]I '
1,-e°2Et

CuCl Z

XI1(process -3)

C1

2:C/ --~ IV and V

"'" COZEt

~(comp 1exed)

VI IX

In the I--HgCl
Z

reaction, Nesmeyanov3) proposed that II is produced from I

and hydrogen chloride which is liberated by the mercuration of the acidic
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a-hy drogen of an organ omercury compound (XII) .

Z I HgCl Z

-NZ
Hg(iH.-C02Et) 2+ -------7

Cl

XII
(Z)

BgCl )
XII + 2 HgC1

Z > Hg : -C0zEt + Z HCl

C1 2

VII

In the I--euC1Z reaction of the present study, an experiment using a-deuterio

diazoacetate (I-d) was carried out, and it has been established that the

second hydrogen atom of II originates in another molecule of I. I-d of a

degree of deuteration over 98 96 was prepared from I and deuterium oxide in

the presence of triethylamine catalyst. The products II and III in the

reaction of I-d with CUC1Z under the regular reaction conditions were of the

same degree of deuteration over 98 % as that of I-d. Water as impurity and

acetonitrile as solvent might be considered to be other hydrogen sources.

These possibilities, however, have been excluded by the facts that extensive

drying of the reaction system did not affect the amount of II and the reac-

tions carried out in other solvents such as benzene, dioxane and carbon

tetrachloride afforded similar results.

This conclusion has been supported by the reaction of diphenyldiazo-

methane (XIII) with CUCl Z' The products of the reaction of XIII with excess

CUCIZ (molar ratio l:Z) were dichlorodiphenylmethane (yield 48 %), tetra

phenylketazine (34 %) and tetraphenylethylene (9 %). Here, diphenylchloro-

-109-



methane which corresponds to II in the reaction of I was not detected among

the products.

In relation with the Nesmeyanov's mechanism for the reaction of HgC12 ,

the conversion of X by CUC12 to XI (process-2) liberating hydrochloride may

be cited as one of possible mechanism of the elimination of hydrogen from I.

In the reactions of I with HgC12 and with CoC12 , the species corresponding to

XI were actually isolated. In the I--CuC12 reaction, XI was not isolated.

This may be ascribed to the facts that XI is much less stable due to the

weakness of copper-carbon bond and that XI is readily decomposed with CuCl2 .

In addition, XI is assumed to be a key intermediate in the course of reaction

leading to the IV!V mixture. The reaction of XI with CUCl2 producing the

IV!V mixture has been supported by reference experiments in which the mercury

species corresponding to XI was reacted with CUCl2 to give the IV!V mixture

and IX. Although IX was not detected in the I--CuCI2 reaction, IV!V mixture

and IX would be derived from the common precursor VI. The process of the

formation of I X seems to correspond to that of III in the I--CuCl 2 reaction.

2. Experiment al

Reaction of Ethyl Diazoacetate (I) with CuCl

To a stirred mixture of CuCl (18.0 mmol) and acetonitrile, I (18.0 mmol)

was added dropwise at 15°C. The reaction proceeded smoothly, evolving NZ gas

and ceased in 30 min. The reaction mixture was filtered to remove an in

soluble copper salt, and then was subj ected to disti 11at ion . A mixture of

ethyl maleate and fumarate (80 - 85°C (30 mm)) was obtained in 97 9" yield.

-110-



Reaction of Ethyl Diazoacetate (I) with CUC12

To a stirred mixture of CUC1
2

(16.4 mmol) and acetonitrile (10 ml), I

(16.4 mmol) was added dropwise at 15°C. The N2 gas evolution ceased in 30

min and the mixture turned to red-brown. The reaction mixture was filtered

to remove the insoluble salt and subjected to distillation. The distillate

of b.p. 60 - 100°C (20 mm) was analyzed by glpc. The products were ethyl

chloroacetate (II) (16 %), ethyl dichloroacetate (III) (40 %), a mixture of

ethyl dichloromaleate (IV) and ethyl dichlorofumarate (V) (3 %) and a mixture

of ethyl maleate and fumarate (30 %). The products II, III, IV, V, ethyl

maleate, and ethy 1 fumarate were identi fied by comparison of the glpc ret en-

tion time and the IR spectrum with those of the corresponding authentic

samp les. On the other hand, the insolub Ie part was analyzed by I R and redox

titration. The IR spectrum of the insoluble part showed no absorption band

in the region of ordinary organic compounds. Thus, the salt did not contain

any organic moiety. The valence of copper was measured by redox titration.

CUC1 2 was completely reduced to CuCl after the reaction.

Reaction of Ethyl Diazoacetate (1) with ~oCl2

A mixture of CoC12 (20 mmol), ethyl diazoacetate (I) (10 mmol) and

acetonitrile (10 ml) was heated at 80°C for 4 hr. The solid and liquid parts

were separated. From the liquid part, II was isolated by disti llation (yie Id

31 510 ). The solid part did not dissolve in common solvents. The further

purification without decomposition was impossible. The amount of solid part

was 0.86 g, which corresponded to a yield of 35 510 on the basis of the assumed

st ructure VII I (IR (nuj 01) : -1 -1
vC=O' 1665 em ; vC_O' 1205 em
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Reaction of Ethyl Diazoacetate (1) with HgC12

To a mixture of HgC1
2

(20 mmol) and acetonitrile (10 ml), I (10 mmol)

was added slowly at 15°C and then the reaction mixture was heated at refluxing

temperature (80°C) for 4 hr. The reaction mixture was filtered to remove the

insoluble solid. The filtrate was distilled to give ethyl chloroacetate (41

was isolated from the insoluble part

IR of VII (nujol): vC=O'40 %).(yie ld

-1
vC_C1 ' 775 cm .

%). The organomercury compound (VII)

according to Nesmeyanov 1 s 3) procedure

-1 -1
1660 cm ; vC_O' 1200 cm ;

Reaction of Diphenyldiazomethane (XIII) with CUClZ

To a mixture of CUC1 2 (20 mmol) and acetonitrile (10 ml), a solution of

XIII (10 mmol) in acetonitrile (5 ml) was added slowly at 15°C. The reaction

proceeded smoothly evolving N2 gas and ceased in about 15 min. 111e reaction

mixture was filtered to remove a white solid. The filtrate was dried up in

vacuo, and the residue was analyzed by column chromatography (silicagel,

benzene-petroleum ether) to obtain dichlorodiphenylmethane (48 %), tetra-

phenylketazine (34 %) and tetraphenylethylene (9 %). These three products

were identified by comparison of the IR spectra and/or the melting points

with those of the corresponding authentic samples.

Preparation of Ethyl a-Deuterio Diazoacetate (I-d)5)

A heterogeneous mixture of I (4 ml), deuterium oxide (15 ml) and tri-

ethylamine (0.1 ml) was stirred for 1 hr. The layer of diazoacetate was

separated and treated with deuterium oxide again. Then the diazoacetate layer

was dried with anhydrous Na2S04 and distillated to give ethyl a-deuterio

diazoacetate in 80 %yield. The NMR spectrum analysis revealed that the a-
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position was deuterated to an extent over 98 %.

Reaction of Ethyl a-Deuterio Diazoacetate (I -d) with CUC12

The reaction was carried out in the same way as that of the I---euCL,
(.,

reaction. The products of II, III and the IV/V mixture were isolated by

preparative glpc. By NMR spectrum, the extents of deuteration at a-hydrogen

of II and III were found to be over 98 %.

Hg+r(Cl) C02Et) 2
Reaction of rigCl (VII) with CUC12

A mixture of VII (5 mmol) , CuCl
2

(15 mmol) and acetonitrile (10 ml) was

heated at 80°C for 1 hr. Then the reaction mixture \'Jas filtered to remove

the solid part. The filt rate was concent rated in vacuo and analyzed by glpc.

The products were the IV/V mixture (60 90 ) and trich1oroacetate (IX) (27 %).
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PART III

REACTIONS OF ISOCYANIDE ~JITH THIOL, HITH NITROALKENL

AND WITH NITRIC OXIDE
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C hap t e r 1

Radical Reaction of Isocyanide with Thiol

There have been described a set of reactions of isocyanide, which are

the insertions of the isocyanide carbon atom into the nitrogen--hydrogen bond

of amine,l) oxygen--hydrogen bond of alcohol,2) sulfur--hydrogen bond of

thiol,3) phosphorus--hydrogen bond of phosphine4) and silicon--hydrogen bond

of silane. S) All these reactions are catalyzed by copper compound and produce

the corresponding derivatives of formimidic acid in high yields.

Among these reactions, the isocyanide--thiol reaction differs from

others, i.~., the isocyanide--thiol reaction is induced also by a radical

initiator. This chapter describes the radical reaction of isocyanide with

thiol. The reaction of isocyanide with thiol proceeds in two courses:

R'$H + RN~C:

course-A

course-B

R'S-C-H
II
NR

I

(1)

R-N=C=S + R'H (2)

II III

Course-A (eq. 1) is regarded as a,a-additions of thiyl group and hydrogen to

the isocyanide carbon atom carrying lone-pair electrons, which produces
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thioformimidate (I). In course-B (eq. 2), isothiocyanate (II) and alkane

(III) are formed. The course of reaction is determined by the nature of the

thiol alkyl group, ~.~., primary and aromatic thiols take course-A exclusively,

whereas a-toluenethiol as well as tertiary thiols take course-B. TI1e reaction

with secondary thiol proceeds in both courses.

In the present chapter, experimental supports for the radical chain

mechanism are first given, and the effect of substituent of aromatic iso

cyanide upon its reaction with thiyl radical is dis cussed. The difference

between the radical reaction of isocyanide with thiol and the copper catalyzed

one is also mentioned.

1. Results and Discussion

1.1. Supports for Radical Chain Mechanism

When a mixture of thiol and isocyanide is heated without any added

catalyst, the reaction occurs between them. This reaction has been shown to

bea radical chain reaction by a set of the following findings: (i) the

reaction is accelerated by radical initiators such as azobisisobutyronitrile

(AIBN) and by ultra-violet irradiation and (ii) the reaction is suppressed by

radical inhibitors such as hydroquinone (HQ), !.-butylchathecol and E..-benzo

quinone (E,.-BQ).

Table I illustrates the radical initiated reaction of isocyanide with

thiol. The reactions with primary and aromatic thiols by radical initiators

proceed via course-A.
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Table I. Radical and Cupric Oxide--eatalyzed Reactions of Thiols

with Isocyanides

-c
R'SCH=N-R

RiSH R-NC
I

+

R-NCS + nlI-!

II III

Reaction Product yield
Exp. R-NC R'SH Additive

Temp. Time
____(%)a__

No. (mmol) (mmol) (mmol) (0 C) (hr) I II III

1 ~-ClI9NC (IV) CilsSH (VII) AIBN 3S 4.0 60 0 0

(S.O) (5.0) (0.01)

2 IV C6I\SH (VIII) AIBN 80 2.0 82 a 0

(S.O) (S.O) (0.01)

3 IV C
6

H
S

CH
2

SH (IX) AIBN 100 0.2 0 93 96

(12.0) (10.0) (0.02)

4 IV IX CuO 100 2.0 91 0 0

(12.0) (10.0) (0.1)

0-NC (V) (X) b 0 0.1 83 11
c

5 sec-C H SH n.d.
- 49

(S.O) (S.O)

6 C
6

H
S

NC (VI) !.-C4HgSH (XI) AIBN 7S 0.2 0 97
c

n.d.

(6.0) (20.0) (0.05)

7 V XI CuO and p_-BQ 90 3.0 64 6 n.d. c

(5.0) (7.0) (0.1) (0.5)

a Determined by glpc.

b Irradiated by UV in 2 ml of diethyl ether under nitrogen.
c n.d: Not determined.

Copper catalyzed reactions of these combinations take the same course. The

isocyanide--5econdary thiol reactions, both copper catalyzed and photo-induced
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100
a

b

a 30 60

TIME (min)

90

Fig. 1. Reaction of cyc1ohex¥l isocyanide with 2-propanethiol

in the presence of cupric oxide (2 mol 90) catalyst.

(a.) without hydroquinone.

(b) with 10 mol % of hydroquinone after

13 min at 70 0 C.
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ones, give the products of the two courses. The course of the reactions of

a-toluenethiol and tertiary thiols, however, is determined by the nature of

catalyst, ~.~., those by radical initiator take course-B, whereas those

catalyzed by copper compound take course-A.

The mechanism of radical initiated reaction of isocyanide with thiol

obviously differs from that of copper catalyzed one. Fig. 1 indicates that

the copper catalyzed reaction of cyc10hexyl isocyanide (V) with 2-propane

thiol (XII) is not affected by the addition of hydroquinone (Fig. 1). As

will be described in the following parts, the radical initiated reaction of

isocyanide with thio1 is suppressed by the so-called radical inhibitors. The

difference of the products (Table I, Exp. Nos. 3 and 4) also distinguishes

the radical initiated reaction from the copper catalyzed one.

TIle effects of radical initiator and inhibitor upon the reaction of V

with 2-methyl-2 -propanethiol (XI) giving cyclohexyl isothiocyanate (XII I) and

isobutane are shown in Fig. 2.

®-NC +

V

®-NCS +

XIII

(3)

The progress of reaction was followed by the glpc determination of XIII at

several times of reaction. The reaction of an equimolar mixture (neat) of

V and XI was heated at 60°C under nitrogen is shown by curve a, in which a

small amount of oxygen due to incomplete exclusion of air may cause the

radical reaction. The addition of AlBN (1 mol %) much enhanced the reaction

((urve b), whereas the addition of hydroquinone, supressed it (curve c). The

addition of hydroquinone at a halfway point (at 20 min) to the reaction system
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Fig. 2. Reaction of cyclohexyl isocyanide l-'!ith 2-methyl-2·-propanethiol.

Effects of radical initiator cmd inhibitor.

(a) without added catalyst at 60°C.

(b) with 1 mol % of AIBN at 60°C.

E) . lSI 0 f h d' t 60° C.. C Wl t 1 mo '0 0_ Y roqulnone a

Cd) with addition of 2 mol % of hydroquinone after 20 min at 60°C.

(e) irradiated in diethyl ether at DoC.
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without any added catalyst interrupted the reaction completely (curve d). In

addition, the reaction was accelerated also by UV-irradiation. A mixture of

V, XI and diethyl ether (solvent) in a Pyrex tube was irradiated at aOc under

nitrogen (curve e). Here, no reaction \'Jas observed at all in dark at aOc in

diethyl ether solvent.

In the combination of isocyanide and secondary thio 1, two modes of

reactions, courses-A and -8, take place. The reaction of V with 2-propane-

thiol (XII) was carried out under various conditions (Fig. 3).

@-NC +

V

i-C~H7SH- ..)

XII

course-A ®----j>-> _~-C3H7SCtl=N- H

XIV

(4)

(5)

The total yield of the t',\lO products, XIII and XIV, and the yield of XIII at

several times of reaction without any added catalyst at 100°C are "hown by

curves a and a', respectively. The addition of 2 mol %of hydroquinone at

a time of 2.2 hr interrupted both courses of reactions (curves b and b').

The reaction was accelerated by AIBN (rea.ction at 70°C curves c and c '). It

is quite significant that the ratio of the final yields of the two products,

XIII/XIV, was 3/2 througllOut these. three reactions. Furthermore, 1 mol % of

!.-butylchatechol was enough to inhibit the reaction completely. The results

of the reactions of secondary thiols with cyc10hexyl isocyanide induced by

irradiation were also indicative of the acceleration effects.

The reaction with primary thiol proceeds through course-A. In Fig. 4,

the acceleration by AIBN (curve b) and by UV-irradiation (curve d) as well ;>~
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100 c XIII+XIV

?
/
i

c' XI II
if

P
I
I
I
I
I

TIME (hr)

3

a
XIII+XIV

0----
/-

4

Fig. 3. Reaction of cyc1ohexy1 isocyanide with 2-propanethiol.

(a) and (a') without added cat a1yst, at 100
0 e.

(b) and (b ') with addition of 2 mol % of hydroquinone after

2.2 hr at 100 0 e.

(c) and (c ' ) with 0.5 mol % of AIBN at 70 0 e.
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100 -_

TIME (hr)

Fig. 4. Reaction of cyclohexy1 isocyanide with ethanethiol.

(a) without added catalyst at 40°C.

(b) with 0.1 mol % of AIBN at 40°C.

(c) with 10 mol % of £-BQ at 40°C.

Cd) irradiated in diethyl ether at oOe.
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the inhibition by ~-benzoquinone are demonstrated in the reaction of V with

ethanethiol (VII).

@-NC +

V

(6)

These several findings are taken to support a radical chain mechanism,

which may be explained by the following scheme involving thiyl radical XVI.

RiSH ---)- R'S·

XV!

R-N~C: I
j> [R'-:'S-C=N-R]

I
I

6
XVII

(7)

XVII

H-abstraction )- Ri -SQ-l=N-R

I

+ R'S'

XVI

(8)

B-scission
R-N=C=S + R i •

II XVI II

R'SH---»;;.. R'H + R'S·

III XVI

(9)

Thiyl radical (XVI) is first formed from thiol by radical initiator or by

irradiation, which then attacks isocyanide to produce the intermediate

formimidoyl radical (XVII). The formimidoyl radical (XVII) may undergo two

reactions, :!:...'~.:, hydrogen abstraction from thiol (eq." 8) and f,-scission (eq.

9). The hydrogen abstraction gives thioformimidate (I) and XVI. On the

other hand, the 6-scission at the alkyl (or benzyl) group---sulfur bond leads

to isothiocyanate (II) and alkyl (or benzyl) radical (XVIII). The second

hydrogen abstraction of XVI II from thiol produces hydrocarbon (II I) and XV!.

Relative degrees of participation of the two courses are determined by the

nature of R i
• When R' is easily cleft from R~S bond as a radical, S-

sciss ion predominates (eq. 9). This is the case for the reactions with
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a-toluenethiol and tertiary thiols. On the other hand, when the homolytic

cleavage of R'--8 bond is slow, XVII prefers to abst ract hydrogen from thiol

(eq. 8). 111e reactions with primary and aromatic thiols take this course.

The case of secondary thiol is between these two ext remes .

In the above scheme, the both courses involve thiyl radical as the

common chain carrier. The coupling of two thiyl radicals constitutes the

chain termination, which produces the corresponding disulfide. A small amount

of dialkyl disulfide was actually detected in the reaction mixture. For

-5 '
instance, 3.5 x 10 mol of di-~-butyl disulfide was detected by glpc in the

mixture of the V-XI reaction (Fig. 2, curve a). Assuming that di-!.-butyl

. disulfide is formed only by the termination reaction, the chain length is

calculated at 140.

In the intermediate formimidoyl radical XVII, the R~~ bond is located

at another beta position (13
2
), which may possibly suffer from So-scission

reaction especially when R is a good leaving group as a free ram cal,

I
, , II

[R' +S-C=N-.j.-R]
I I
I

XVII

The isocyanide-thiol reaction, however, does not involve the 62 -scission at

the R--N bond, :!:..~., in the first two reactions of Table I using IV, any

product which is to be derived from the 132 -scission of XVII was not detected.

This is quite different from the radical reaction of isocyanide with tri

alkylstannane which involves the scission at 132-Position (eq. 10) .6)

R' Sn' + R-N=t-C:
3

I I 82 -scission
fl. I f> [R3~n-C=N~] - >R

3
SnCN + R·

I !
I I

S1 132
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1.2. Relative Reactivities of Substituted Phenyl Isocyanides with

2 -Methy 1-2 ··propanethi 01 (XI)

By means of a competitive reaction method, the effect of substituent of

benzene ring upon the reactivity of aromatic isocyanide was investigated. A

mixture of substituted and unsubstituted phenyl isocYanides, RX and RW was

subjected to the reaction with XI, and the reaction was stoPPed at a low

conversion. The amounts of the two prr)ducts , substituted and unsubsti tuted

phenyl isothiocyanates \'1ere determined by glpc. On the basis of the reaction

scheme from eq. 7 to 9, the ratio of the relative consumptions of isocyanides

corresponds to the ratio of the rate constants of the reactions of two

isocyanides with common thiyl radical,

(}N::±C:

(R
H

)

+ t-C H S'
- 4 9

K
~ Q-NCS

(RHS)

+ (11)

( 13)

(12)+
KX

~-""",,> O-NCS

X
(RXS)

KX

KH10g[RU]

+.0>-N ---'-"C:

X (R)
X

where [RX]o and [Rx] are the initial and final concentrations of substituted

phenyl isocyanide, and [RH] 0 and [11{] are the corresponding ones of phenyl

isocyanide. Since the competitive reaction was stopped at a very low

conversion, the rate ratio can be expressed by

K
X [RXS] [I<.H] 0

(14)--- ::: ---.--- --_.
K
H [RX]o [RHS]
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where [RXSJ and [RHSJ are the amounts of substituted and unsabstituted phenyl

isothiocyanates, RXS and RHS, respectively. In the competitive reaction, two

reaction conditions, A and B, were adapted. In Method A, a mixture of phenyl

isocyanide and a substi tuted phenyl isocyanide (a few milimoles each) Has

subjected to the reaction with XI (less than 20 mol % to the combined amount

of isocyanides) in the presence of 2 mol % of AIBN in benzene at 75°C for 30

min. In Method B, a mixture of two isocyanides (a few milimoles each) and XI

(less than 20 mol %) in diethyl ether was irradiated under nitrogen at OoC for

1 hr. In both methods, the amounts of two isothiocyanates t'iere analyzed by

glpc.

Six substituted phenyl isocyanides were prepared and their reactivities

were compared with the reactivity of phenyl isocyanide as the reference. The

reproducibility of the ratio of rate constants is indicated by the data in

the competi ti ve reaction 01ethod A) of the combination of phenyl isocyanide

and ~-metho~'phenyl isocyanide, where the molar ratio of initial cllarges of

twoisocyanides is varied in the range of 0.65 to 2.04 (Table 11).

Table II. Relative Reactivities of ~-Methox}~henyl

Isocyanide toward XI and Reaction Conditions a

[RXJ o
KX

b
CH 30-O-NC ONe

(mmol) (mmol) [RHJ 0 K;-

2.48 3.79 0.65 L18

3.06 2.51 1. 21 1. 19

4.00 3.02 1. 32 1. 22

4.37 2.14 2.04 1. 16

a Method A.
b From 14.eq.
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H
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.e..-Cl
-_.,- - 0"""

o
m-Cl

-0.8 -0.4

o

o 0.4

Fig. 5. Plots of log(KX/KH) vs. Hammett's 0 value
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In Fig. 5, the values of log(Kx/KH) are plotted against the Hammett (]

*constants of the substitutents. Tv"O curves of Hetheds A and B are similar

in shape to each other, and this indicates the same reaction mechanism. The

shapes of two Hammett plotts may be explained by polar and resonance effects

of the substi tuents. In other words, the reaction rate is influenced by the

polarity of isocyanide in its reaction with thiyl radical and by the resonance

stabilization of the resultant formimidoyl radical (XIX).

--~ [ 0hJ=C-S-C H -t] B-scissi09-
-y~. 49-

X
XIX (15)

These results are summarized by the following equation, a modified Hammett

equation

(16)

where E
R

is an extra term due to the resonance stabilization involving the

substituent. 7) The reaction constant, p, is reasonably assumed to be

negative, because ~-chlorophenyl isocyanide is less reactive than phenyl

isocyanide. The value of p is estimated to be about -0.1 provided that ER is

zero in the case of ~-chlorophenyl isocyanide. This conclusion is quite

compatible with the electrophilic nature of thiyl radical which has been

established in the reaction of substituted stilbenes with 'SCH2C02H and that

8)of substituted a-methylstyrenes with . SGl
2

C0
2

01
3

.

* TI1e (] constants are taken from C. D. Ritchie and W. F. Sager, Progr. Phys.

Org. Chem., ~, 334 (1964). The (] value, -0.83 of E--N(CH
3
)2 was used as

a (] value of .e.-N(CZHS)2'
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The formimidoyl radical is assumed to possess 0 character, because it is

isoelectronic with viny19,lO) and formyl radicals ll) of cr-character.

[ / C=N NV"vv]

formimidoyl radical vinyl radical

[ /C=O ]

formyl radical

It is of interest to note that the resonance stabilization in the formimidoyl

radical of a-character is considerable.

2. Experimental

Materials

All thiols were commercial samples of pure grade, which were purified by

rectification under nitrogen prior to use. Isocyanides were prepared from

the corresponding formamides according to Ugi's procedure.
12

) ~-Chlorophenyl

isocyanide was a new compound, \'ihich was prepared in a yield of 12 %, b.p. 60

- 63°C (6 mm). Cal cd for C
7

H
4
NCl: C, 61.11; H, 2.93. Found: C,61.23;

H,2.86, IR spectrum 'IN::::
C

at 2120 cm- l . E--Ethoxycarbonylphenyl isocyanide

was also a new isocyanide, which was prepared similarly and isolated by

preparative glpc (column, Silicon DC 550). Anal. Calcd for C10HgN02 : C,

68.56.; H, 5.18. Found: C, 68.31; H, 5.02. The structure of E.-ethoxyl

carbonylphenyl isocyanide was confirmed by NMR ffi1d IR spectra.

Preparation of Isothiocyanates

The glpc authentic samples of substituted phenyl isothiocyanates. were

prepared by the reaction of the corresponding substituted phenyl isocyanides

with XI and identified by elemental analysis, and IR and NMR spectra.
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Table II I. Substituted and Unsubstituted Phenyl Isothioeyanates, -ONCS
X

Ca1ed (%) Found (%)

X M.p. or b.p. (OC) Lit. m.p. or b .p. (OC)
C H N C NH

H b.p. 75--77 (5 mm) 13) 3.73 10.36 62.27 3.65 10 .30b.p.102--103 (15 mm) 62.19

p-Cl-i~ b.p.1l3-115 (16 mm) b.p.llS (15 mm)13) 64.39 4.73 9.39 64.28 4.57 9.44
- .)

I
l-' 13'Vl p-CH3O b.p.120-123 (7 mm) b.p.144-145 (15 mm) } 58.16 4.27 8.48 58.18 4.26 8.51
l-'
I

R.-N(C2H5) 2 b .p.162--167 (3 mm)
14) 64.03 6.84 13 .58 64.41 7.09 13.63b .P . 148 ( 1. 2 mm) .

£-Cl m.p. 43-44 15) 49.56 2.38 8.26 49.37 2.45 8.03m.p. 44

m-Cl b.p.l04-107 (5 mm) b .p.Bl (15 mm) 13) 49.56 2.38 8.26 49.29 2.40 8.23

I2--C02C2H5
m.p. SO-51 15) 57.95 4.38 6.76 58.21 4.60 6.63m.p. 58



Data of m.p. and b.p. as well as elemental analysis are given in Table III.

Reactions of Cyclohexyl Isocyanide (V) with 2-Methyl-2-propanethiol (XI)

(Fig. 2)

Curve a reaction. A mixture of 0.90 g (10 mmol) of XI and 1.08 9" (10

mmol) of V was heated at 60°C under nitrogen atmosphere without added

catalyst. The progress of reaction was followed by glpc determination of XIII

at several times of reaction (column, Silicon DC 550 and PEG 20000) .

Curve b reaction. A ternary mixture of 0.90 g (10 mmol) of XI, 1.08 g (10

mmol) of V and 17 mg (0.1 mol) of AIBN was heated at 60°C. Curve c reaction.

As a radical inhibitor, 55 mg (0.5 mmol) of hydroquinone was added at the

beginning of curve a reaction. Curve d reaction. After the reaction

proceeded for 20 min in the same conditions as curve a reaction, 22 mg (0.2

mmol) of hydroquinone was added to the reaction system. Curve e reaction.

A solution of 0.45 g (5 mmol) of XI, 0.54 g (5 mmol) of V and 2 ml of diethvl

ether (solvent) in a Pyrex test tube cooled in an ice bath was irradiated

using a high-pressure mercury lamp tmder nitrogen atmosphere.

Reactions of Cyclohexyl Isocyanide (V) with 2-Propanethiol (XII), Ethanethiol

(VII), and 2-Butanethiol (X)

The time-conversion curves of the reactions of V with XII (Fig. 3) and

V with VII (Fig. 4) were made by the same procedures as the above. The

structures of XIV and XV were established already. 3) ~-Butyl N-cyclohexyl

thioformimidate was produced in the V--X reaction, b.p. 99 -- 100°C (4 mm),

25
nO 1.5012. Anal. Calcd for CllH21NS: C, 66.27; H, 10.62; N, 7.03. Found:

C, 66.03; H, 10.51; N, 7.11. NMR and IR (vC=N at 1595 cm- I ) spectra supported
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its st ructure .

~eaction of -!-·Butyl Isocyanide (IV) with Benzenethi<?l (VIII)

A mixture of 0.55 g (S mmol) of VIII and 0.42 g (5 mmol) of IV was

heated in the presence of 1.7 mg (0.01 mmol) of AIBN at 80°C for 2 hr.

Distillation gave 0.65 g (67 '.\,;) of phenyl N-~_-butylthioformimidate: 13.p. 99

- 101°C (3 mm), n~5 1.5514. Anal. Calcd for CllHlSNS: C, 68.34; H, 7.82.

Found: C, 68.22.; H, 7.95. The structure was further confirmed by NMR aIld

-1
IR (vC=N at 1597 cm ) spectra.

Reaction of t-Butyl Isocyanide (IV) with Ethanethiol (VII)_

Similarly, the IV-VII reaction by AIBN was carried out at 35°C for 4 hr,

which gave ethyl N-.!.-butylth ioformimi date : B.p. 75 -- 76°C (70 mm), n;5 1.4654,

Anal. Calcd for C
7
H15NS: C, 57.90; H, 10.34. Found: C, 57.60; H, 10.20.

Competitive Reactions of Substituted and Unsubstituted Phenyl Isocyanides

with 2-Methyl-2-propanethiol {XI)

Meth6clJ\:· In a typical experiment, a reaction mixture consisting of

0.368 g (3.14 mmol) of P--tolyl isocyanide, 0.340 g (3.30 mmol) of phenyl iso

cyanide,a.OS g (0.9 mmol) of XI, 3.4 mg (0.02 mmol) of AlBN and 3.0 ml of

benzene as solvent was heated at 75°C under ni trogen atmpsphere for 30 min.

The conversion was about 3 % for both isocyanides. The products ratio,

[RE.._CH3Sl![RHSl of eq. 14 was determined by glpc (Column PEG 20000) with

hydrogen as carrier gas. Using the authentic samples, calibration curves

were made by means of the half-height \vidth method. Method B: A mixture of

0.304 g (2.28 mmol) .0£ E..-methoxyphenyl isocyanide, 0.251 g (2.44 mmol) of

phenyl isocyanide, 0.12 g (1.3 mmol) of XI mld 1.0 m1 of diethy1 ether as
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solvent was irradiated at OOC under nitrogen. Irradiation was continued for

1. hr when the conversion percents of both isocyanides were in a rcmge of 3 %.

The ratio of the two isothiocyanates, [R -OCF SJI [R.jS] of eq. 14 was
E."'3 t

determined using calibration curves.

Reactions of ~-Butyl Isocyan:de (IV) with a-Toluenethiol (IX)

Radical reaction. Radical reaction of IV with IX by AIBN at 80°C gave

93 % of !.-butyl isothiocyanate and 96 % of toluene.

Copper catalyzed reaction. To a mixture of 1. 24 g (10 mmol) of I X and

1.00 g (12 mmol) of IV was added 8.0 mg (0.1 mmo1) of cupric oxide as a

catalyst. The reaction system became homogeneous soon at room temperature.

When the reaction mixture was heated at 100°C for 2.0 hr, 91 % of IX disap-

peared. Benzyl N-!.-butylthioformimidate was isolated by preparative glpc.

25n
D

1.5435. Anal. Calcd for C12H17NS: C, 69.51; H, 8.26; N, 6.76. Found:

C, 69.78; H, 8.37; N, 6.52.

Reaction of Cyclohexyl Isocyanide (V) with 2-Methyl-2-propanethiol (XI)

in the P~esence of Cupr~c Oxide and p-Benzoquinone

A mixture of 0.63 g (7 mmol) of XI, 0.54 g (5 mmol) of V, 8 mg (0.1

mmol) of cupric oxide and 55 mg (0.5 mmol) of E.-benzoquinone was ref1uxed at

90°C for 3 hr. By the glpc analysis of the reaction mixture, !.-butyl N

cyclohexylthioformimidate 3) (64 %) and XIII (6 %) were formed.
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Chapter 2

Reaction of Isocyanide "lith Nitroalkene

This chapter deals with the reaction of isocyanide with a, [3-tll1saturated

nitro compowlds, which was explored in the course of studies upon the

reactions of isocyanide. As nitroalkene, I-nitropropene (I-a) and w-nitro-

styrene (I-b) were employed, which have a hydrogen at a-carbon atom of nitro

group.

1. Results and Discussion

Isocyanide reacts with nitroalkene to produce isocyanate and a-cyano-

a-substituted acetamide (III) as shown by the following eq. 1.

H
I

RCH=CHNOZ + Z R'-NC " R' -NCO + R-C-CONHR' ( 1)
I
CN

III
I-a: R=CH3 II-a: R'=t-Bu

I-b: R=C6HS II-b: R1=@

The latter product (III) has an acidic hydrogen and reacts further with
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nitroalkene to form a-cyano-a, S-disubstituted y-nitrobutyramide (IV) in a

mode of the Michael reaction.

H
I

R-C-CONHR'
I
CN

III

+ RCH=CHN02

I

R-TH-CI-IZNOZ
--+> R-C -CONHR '

I
CN

IV

(2)

Some results are sho\~ in Table I.

Table T. Reaction of Nitroalkene with Isocyanide

R of
R' of R'-NC Solvent

Reaction
RCH=CHN02 condition Product-----

(mmal) (mmol) (m!) (oC) (hr) (mmol)

CH3 (I -a) t-Bu (II -a) 60 3 t-BuNCO 10.7

20 40 III -a-a (R=CH..." R'=!.-Bu) 11.0
.J

CH3 (I-a) ® (II-b) C
6

H
6

60 3 @-NCO 7.0

10 20 3
III-a-b, (R=CH

3
, R'=®) 7.3

C6HS (1 -b) ® (II-b) C6HSCf1 3
100 5 ®_NCOa 3.4

10 30 10 III-b-b (R=C6HS' R'{B») 2.8

IV-b-b (R=C6Hs ' 17.'=@) 0.6

C
6

Hs (I-b) ® (II-b) C6f\CH 3
100 8 ®_NCO

a 6.2

20 ZO 10 IV-b-b (R=C6HS' RI{B») 5.8

a Isolated as N,N'-dicyclohexylurea.

In the reactions of 1-nitropropene, any Michael addition product was not

detected under the reaction conditions given in Table I. However, w-nitro-
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styrene gave two products, III and IV . Reaction of equimolar amounts of I-b

and II-b produced exclusively the Michael addition product. The following

scheme may be taken to explain the formation of III.

RCH=CHN0
2

+ R'NC

o

[

RCH-CIIN02 RCHCH=N( _]
1+ ..~ '+ 0

R'1'1=C R 'N=C

(A)

~

l /CH=~->O J
RCH

I _
R'N=C··O

~

l /C=N-70 J
RCB

R'N=~-OH _

~

1R'NC

III + R'NCO

(B)

(C)

(D)

(E)

The first step of the reaction is the electrophilic attack of isocyanide on

l3-carbon atom to form the 1, 3-dipolar type intermediate (A). The intermediate
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(A) will be converted into an unstable ring intermediate (B), whose ring

opening reaction gives rise to the nitri Ie oxide species (E) through (C) and

(D). The deoxidation of (E) with the second molecule of isocyanide will give

the product III. In this step, the second isocyanide molecule is converted

into the corresponding isocyanate. The deoxidation of nitrile oxide by

isocyanide has been estab lished. 1)

In the ~uchael addition of III to nitroalkene may have been catalyzed by

isocyanide which has a character of base. In a separate experiment, the

Michae 1 addition of this combination was smoothly carried out in the presence

of triethylamine catalyst, ~.~., a mixture of 10 mmol of III-b-b and 15 mmol

of I -bcatalyzed by 1 mmol of triethylamine in toluene at 60°C for O. 5 hI',

gave IV-b-b quantitatively.

2. Experimental

Materials

w-Nitrostyrene was prepared according to the ordinary methoi) by

dehydration of benzaldehyde and nitromethane with alkali, m.p. 57°C.

I-Nitropropene was prepared by dehydration of 2-nitroisopropyl alcohol

prepared according to the reference, 3) with phthalic anhydride at reduced

p.ressure. 4)

Reaction of 1-Nitropropene (I-a) and t-Butyl Isocyanide (II-a)

A mixture of 1.74 g (20 mm01) of I-a and 3.32 g (40 mmol) of II-a was

heated at 60°C for 3 hr. After the reaction, 0.86 g (8.7 mmol) of !.-butyl
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isocyanate was trapped by distillation at reduced pressure, whose st ructure

was determined by comparing its IR spectrum with that of the authentic sample.

The distillation residue was extracted with hot ligroin to give 1.70 g (11.0

mmol) of N-!.-buty1-a-cyanopropionamide (III-a-a), m.p. 85 -- 86°C (from

ligroin) .

III-a-a was identified by IR and NMR spectra as well as elemental

analysis. The IR spectrum showed bands at v 3250 (5), 2280 (w) and 1650
max

A part of t-butyl isocyanate was converted to N-N' -di ·-!--buty 1urea (1.0

mmol) , which was isolated from the ext ract of ligroin by recrystallization.

Reaction of l-Nitropropene (I-a) and Cl'clohexy1 Isocyanide (II-b)

A mixture of 0.87 g (10 w~ol) of I-a, 2.18 g (20 mmol) of II-b and 3 ml

of benzene (solvent) was heated at 60°C for 3 hr. 111e vaccum distillation of

the reaction mixture gave 3.7 g of disti llate hoi ling at 30 - 76°C (40 mm),

which was analyzed by glpc to contain 0.87 g (7.0 mmo1) of cyclohexy1

isocyanate. The disti llation residue was extracted several times with

ch1oroforn~ligroinmixture to give 1.31 g (7.3 mmol) of crude N-cyc1ohexyl-

a-cyanopropionamide (III-a-b), m.p. 80 -- BloC (from ligroin).

The IR spectrum of III-a-b showed bands at v 3260 (s), 2270 (w) and
max

1650 (vs); NMR (in CDC13) showed peaks at T 8.42 (3H,

7.9 - 9.1 (lOH, broad, -(C1IZ)S-), 6.62 (lH, quartet,
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(lH, broad, N-CI-I<), and 3.6 -·4.1 (UI, broad, NH-). Anal. Calcd for

ClOH16N20: C, 66.64; H, 8.95; N, 15.54. Found: C, 66.83; II, 9.14; N, 15.26.

Reaction of w-Nitrostyrene (I-b) and Cyclohe::ry1 Isocyanide (II-b)

To a mixture of 1.49 g (10 mmol) of I-b and 3.27 g (30 romo1) of II-b,

10 m1 of toluene was added as solvent and the reaction mixture was heated at

100°C for 5 hr. After the reaction, a small amount of wet ligroin was added

to the reaction mixture and kept standing at room temperature for one day.

Then, crystalline material precipitated out which was collected by filtration.

On recrystallization, the crystalline material gave rise to two crystalline

compounds. One was shown to be N,N'-dicyc1ohexylurea (1.7 mmo1) by its IR

spectrum. The urea was recognized as the reaction product of eye1ohexy1

isocyanate and water. The other erys taIline (0.68 g), m. p. l1SoC, was

identified to be N-cyc1ohexyl-a-cyano-a-phenylacetamide (III-b-b) (2.8 rumol)

by IR and NMR spectra as well as elemental analysis. The IR spectrum showed

v 3260 (s), 2280 (w) and 1650 (vs); N~ffi (in CDC1
3

) peaks appeared at L 7.9max

- 9.0 (10H, broad, -(CHZ)S-), 6.1 -- 6.6 (lB, broad, N-m<), 5.33 (lH,

singlet, CH(CN)), 3.6 - 4.0 (lB, broad, -NH-) , and 2.57 (SH, singlet, C6H
S
-)'

Anal. Calcd for ClSH1SNO: C, 74.35; II, 7.49; N, 11.56. Found: C, 74.57;

H, 7.63; N, 11.51.

Further addition of petroleum ether to the fi It rate gave the third

crystalline compound, which was identified to be N-cyclohexy1-a-cyano-a,B-

diphenyl-y-nitrobutyramide (IV-b-b) (0.6 mmo1) , m.p. 154 - 155°C (from

ligroin), by IR and NMR spectra, elemental analysis and molecular weight.

The IR spectrum showed bands at v 3360 (s), 2280 (w), 1690 (vs), 1530 (vs) ,max
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and 1370 (5); NMR (in CDC1
3

) peaks appeared at T 7.8 - 9.0 (lOB, broad,

-(CHZ)S-), 6.0 -6.5 (lH, broad, N-CH(), 5.35 and 5.55 elH, two doublets,

-CH(C6H5)-CH2N02), 4.98 and 4.87 (2H, two doublets, CH-CH2NOZ)' 3.8 -- 4.2

(lH, broad, NH-) , and 2.98 and 2.73 (lOB, two singlets, C
6

H
S

-CH and C
6

H
5

-C

(CN)); molecular meight (VPO in benzene). Calcd for IV-b-b: 391.5. Found:

391.5. Anal. Calcd for CZ3H2SN303: C, 70.57; H, 6.44; N, 10.74. Found:

C, 70.35; H, 6.26; N, 10.75.

The reaction of Z. 98 g (20 mmol) of I -b with 2.18 g (20 mmol) of II -b in

10 ml of toluene at 1000e for 8 hr, gave 3.1 mmo1 of N,N'-dicyclohexylurea

and 5.8 mmo1 of N-·cyclohexy1-a-cyano-a, B-diphenyl-y-nitrobutyramide (IV-b-b).

A large amount of tarry materials \'Jas also formed in this case.
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Chapter 3

Peaction of Isocyanide "dth [',litric Ox; de

In the course of the mechanistic studies on reactions of isocyanide and

nitro compounds,l) new reaction of isocyanide with nitric oxide has been

found. This chapter describes the oxidation reaction of isocyanide with

nitric oxide to produce isocyanate.

1. Results and Discussion

Some results are shown in Table I. Isocyanates were obtained in high

yields. The main gaseous product was nitrogen, whose amount roughly satisfies

the following stoichiometric relation:

R-NC + NO -------;;... R-NCO + +N2
(1)

Small amounts of nitrous oxide (below IO % of nitrogen) and carbon dioxide

(less than a few percent) were formed as by-products. 111e production of

carbon dioxide may be attributed to the hydrolysis of the product isocyanate

with water which is present as an impurity. The amine from the isocyanate

hydrolysis may have been converted by the second molecule of isocY$1ate into

-143-



Table I. Reaction of Isocyanide with Nitric Oxide

Reaction Yield
Exp. a N2

Temp. Time
of R-NCO

No. R-NC (mmol) Solvent (OC) (hr) (%) (mmol)

1 ®-NC 10 C
6
H

6
80 5 77 3.3

2 t-Bu-NC 20 (Ciis)20 120 8 50

3 !!..-C6H13 -NC 10 C6H6
100 8 62

4 ®-NC 10 CZHSOH 110 8 80
b

a Based on the isocyanide initially charged.

b Isolated as ethyl N-cyclohexylurethane which is the reaction product

of N-cyclohexyl isocyanate and ethanol (solvent).

the corresponding urea. In fact, small amount of urea was isolated from the

reaction mixture. The nitric oxide-isocyanide reaction proceeded even at

atmospheric pressure. Nitric oxide gas was passed at a rate of 1.5 l/hr

through a mixture of 50 mmol of cyclohexyl isocyanide and 10 ml of toluene

(solvent) at 95°C for 10 hr. Cyclohexyl isocyanate was produced in 56 %

yield.

Nitrous oxide also oxidized isocyanide into isocyanate. To a mixture of

cyclohexyl isocyanide (13 mmol) and benzene (3 ml, solvent) in a 50 ml

stainless-steel pressure tube, nitrous oxide was compressed to 20 kg/cm2 at

room temperature. TIle content of the tube was heated at 120 - 130°C for

16 hr. Only 22 % of cyclohexyl isocyanide was converted into isocyanate.

---')-'l>- R-NCO +
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Judging from the reaction conditions and the conversion rate, the

oxidizing reactivity of nitrous oxide is much lower than that of nitric oxide.

This finding, however, is not taken to support a mechanism of step\vise

reduction of nitric oxide to nitrogen through the intermediate stage of

nitrous oxide.

The reaction of phosphite with nitri c oxide is interestingly compared

with that of isocyanide. It has been reported that nitric oxide reacts with

triethyl phosphite to produce triethyl phosphate and ni trous oxide in liquid

phase at room temperature and that nitrous oxide has no tendency to oxidize

triethyl phosphite under the same reaction conditions. 2) However, it was

found,

(EtO) 3P + 2 NO (EtO) 3PO + ( 3)

in connection with the present reaction, that nitrous oxide also has the

capacity of oxidizing triethyl phosphite to triethyl phosphate at higher

temperatures and pressures. Thus, triethyl phosphate was obtained in more

than 80 %yield by the triethyl phosphite--nitrous oxide reaction under

(EtO) 3P + + N
2

(4)

the same reaction conditions as described in the cyclohexyl isocyanide-

nitrous oxide reaction.

2. Experimental

General Procedure

A typical run is the reaction of cyclohexyl isocyanide and nitric oxide.

-145-



A mixture of 1.09 g (10 mmol) of cyclohexyl isocyanide and 3 ml of benzene

(solvent) was placed in a 50 ml stainless-steel pressure tube. to which

nitric oxide was compressed to 20 kg/ci at room temperature. The pressure

tube was closed and the content was heated for 5 hr without shaking and

stirring. After the reaction, the gaseous products were trapped and analyzed

by glpc with a column of silica gel (column temperature. -78°C for nitrogen

and nitric oxide and 40°C for nitrous oxide and carbon dioxide). Isocyanide

and isocyanate were analyzed by glpc (columns of Silicone DC 550 and PEG

6000).
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