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Syntheses of Amide Bonds and Activations of N-C(sp®) Bonds

Jang-Hwan Hong'

Abstract

In organic chemistry amide synthesis is performed through condensation of a carboxylic acid and an amine with
releasing one equivalent of water via the corresponding ammonium carboxylate salt. This method is suffering from tedious
processes and poor atom-economy due to the adverse thermodynamics of the equilibrium and the high activation barrier
for direct coupling of a carboxylic acid and an amine. Most of the chemical approaches to amides formations have been
therefore being developed, they are mainly focused on secondary amides. Direct carbonylations of tertiary amines to
amides have been an exotic field unresolved, in particular direct carbonylation of trimethylamine in lack of commercial
need has been attracted much interests due to the versatile product of N,N-dimethylacetamide in chemical industries and
the activation of robust N-C(sp®) bond in tertiary amine academically. This review is focused mainly on carbonylation
of trimethylamine as one of the typical tertiary amines by transition metals of cobalt, rhodium, platinum, and palladium
including the role of methyl iodide as a promoter, the intermediate formation of acyl iodide, the coordination ability of
trimethylamine to transition metal catalysts, and any possibility of CO insertion into the bond of Me-N in trimethylamine.
In addition reactions of acyl halides as an activated form of acetic acid with amines are reviewed in brief since acyl iodide
is suggested as a critical intermediate in those carbonylations of trimethylamine.
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1. Introduction

One of the most important reaction is amide bond
formation in organic chemistry, the reaction is practiced
the most in industries for versatile synthetic polymers,
pharmaceuticals, pesticides, and proteins! . Traditional
amide synthesis is performed through condensation of
a carboxylic acid and an amine with releasing one
equivalent of water via the corresponding ammonium
carboxylate salt. Although the ammonium carboxylate
salt can be transformed to the corresponding amide
upon heating, this reaction has generally been considered
to be of limited preparative value. Most of chemical
approaches to amides formations are mainly focused on
secondary amides®. This method is suffering from
tedious processes due to the adverse thermodynamics of
the equilibrium and the high activation barrier for direct
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coupling of a carboxylic acid and an amine!®.
Apparently in chemical industries the most popular and
reliable organic solvents are N-methyl-2-pirrolidone, N, N-
dimethylformamide, and N,N-dimethylacetamide, the
favorable properties of which are due to the amide
bonds of their high polarities and stabilities. The amine
functionalities of them are mainly transferred from
monomethylamine and dimethylamine, both of which
are manufactured with trimethylamine from condensation
of methanol and ammonia by aid of solid catalyst at
high temperature of about 400°C under around 20
atml”. Although three methylamines are important
industrial chemical intermediates with a worldwide
production of approximately at 600,000 tons per year,
in which the major product of trimethylamine plays
only a minor role as raw [Omaterial in the manufacture
of choline chloride and tetramethylammonoum hydroxide
for the anisotropic etching of silicon”®!. This lack of
need for trimethylamine has been forcing most of
methylamine production plants to circulate trimethylamine
in the plant stream with keeping an equilibrium between
three methylamines in spite of costly operations®!?,
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Fig. 1. Chemical structure of amide.

Among strong polar aprotic solvents, N,N-dimethy-
lacetamide (DMAC) is the most widely used in synthe-
ses of materials and fibers, in adhesive industry and
electrolytic solvents, and as an excipient in drugs due
to its stability and its unique physical and chemical
properties of hydrogen bonds or dipole-dipole interac-
tions between N—H or O—H bonds of substances and the
solvent!!,

This review is focused mainly on carbonylation of
trimethylamine as one of the typical tertiary amines by
transition metals of cobalt, rhodium, platinum, and pal-
ladium including the role of methyl iodide as a pro-
moter, the intermediate formation of acyl iodide, the
coordination ability of trimethylamine to transition
metal catalysts, and any possibility of CO insertion into
the bond of Me-N in trimethylamine. Before describing
the main subject reactions of acyl halides as an activated
form of acetic acid with secondary and tertiary amines
are reviewed in brief since acyl iodide is suggested as
a critical intermediate in the carbonylations of trime-
thylamine.

2. Synthetic Methods of Tertiary
Acetamides

2.1. Tertiary Acetamide Synthesis in Organic
Chemistry

2.1.1. Tertirary Acetamide from Carboxylic Acid or
Its Derivatives and Secondary Amines

In general tertiary acetamides are produced via cou-
plings of carboxylic acid and secondary amines by forcing
reaction condition at high temperature!'>'¥ (Scheme 1).

MeCOOH + Me;NH MeCONMe, + H,0

Scheme 1. Tertiary acetamide synthesis from acetic acid
and secondary amine.

Also dealkylations of tertiary amines by acid anhy-
dride have been known as reactions with poor atom-
economy and limited applicability!>'®!. Competitions of
dealkylations between methyl or n-butyl groups and
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benzylic group are reported depending on catalysts and
their ligands in carbonylations of tertiary amines with
acid anhydride or benzoic anhydride by using catalysts
of FeCl,, NiCly, ZnCl,, CoCl,, PdCl,, RhCl;, RuCl,,
and RuCl; at 160°CI7.

2.1.2. Tertirary Acetamide from Acyl Chloride and
Secondary Amines

Acyl chloride, which is an activated form of acetic
acid, reacts with secondary amines too. In the coupling
reaction an additional base such as inorganic base,
organic base, and even the initial amine in excess is
required to trap the formed hydrogen chloride and to
reserve the amine in order to react with acyl chloride to
produce tertiary amide!"® (Scheme 2).
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Scheme 2. Tertiary acetamide syntheses from acyl chloride and
secondary amines.

However acyl chloride usually reacts with even ter-
tiary amines to give the corresponding quaternary acyl
ammonium halides salts or ketene as a result of dehy-
drohalogenation from the initial acyl chloride with no
formation of tertiary amide!'® (Scheme 3).
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Scheme 3. Quaternary acylammonium chloride and ketene
from acyl chloride and tertiary amine.

2.1.3. Tertirary Acetamide from Acyl lodide and
Secondary Amines

Acyl iodide with the carbon-iodine bond reacts with
N-phenyl-piperidine in the molar ratio of 1:1 in benzene
at 80°C produces only ring-opened products in the low
yield of 9% via cleavage of the endocyclic N-C bond,
12% of which is N-(5-iododpentyl)-N-phenylacetamid
(the total yield of 1.08%) and 81% of which is N-(pen-
tyl-4-en-1-yl)-N-phenylacetamide (the total yield of

7.37%)"% (Scheme 4).
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Scheme 4. Reaction of acyl iodide with N-phenyl piperidine.
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In the case of N-alkyl piperidine the reaction of acyl
iodide with 2 equivalent of N-methyl-piperidine in meth-
ylene chloride at room temperature gives N-acyl piper-
idine amide in the yield of 65% via cleavage of the
exocyclic N-CH; bond, the ring-opened product of N-
methyl-N-(5-iodo-pentyl) amide in the very small yield
of 1.7% via cleavage of the endocyclic N-C bond, and
N,N-dimethylpiperidium, which is the cleaved methyl
iodide trapped by N-methylpiperidine in excess. The
reaction with N-ethyl-piperidine gives N-acylpiperidine
in the yield of 72% via cleavage of the exocyclic N-C
bond (N-CH,CH3;) with no analogous cleavage of the
endocyclic N-C bond in the piperidine ring moiety™
(Scheme 5).

R
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Me |
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(R=Et) (72%)

Scheme 5. Reaction of acyl iodide with N-methyl-piperidine
and N-ethyl piperidine.

On the contrary the reaction of acyl iodide reacts with
2 equivalent of tertiary aliphatic or arylaliphatic amines
at room temperature, then the corresponding amides are
produced with hydrocarbon iodides (R3-T), such as ethyl
iodide, butyl iodide, benzylic iodide, and allylic iodide
except methyl iodide and phenyl iodide, via favorable
cleavages of N-C bonds (N-R?). In the presence of the
tertiary amines in excess, the cleaved hydrocarbon iodides
react further with the amines to give the corresponding
tetra(hydrocarbyl)ammonium iodides. However, the
yields of the acetamides are extremely lower (16-37%,
the lowest for Bu;N, the highest for triallylamine), pre-
sumably as a result of concurrent dehydroiodination of
acyl iodide with the formation of ketene®” (Scheme 6).

o R! o
)\ ! 2 )k 3 1R2\*R3R3
e Nt N—R Me” “N—R! T R3-1(RIREN*ROR3)
R? éz
(R', R, R® = Et, Bu, CH,CH=CH,) (R® = Et, Bu, CH,CH=CH,)
(R', R?=Me, R3=CH,Ph) (R® = CHoPh)
(R'=Et, R?=Ph, R® = Et) (R®=Et)

Scheme 6. Reaction of acyl iodide and tertiary amine with
no elimination of methyl iodide.

Since the bond dissociation energy of carbon-iodine
in acyl iodide is low!?!!, acyl iodide easily reacts with
acyclic tertiary amine to produce the corresponding
quaternary acylammonium iodide salt. Then the adduct

decomposes to the corresponding acetamide with cleav-
age of the N-C(alkyl) and formation hydrocarbon iodide,
the yield of the acetamide is low due to the dehydro-
iodination of acyl iodide with formation of ketene. The
cleavage reactivity of N-C bond is increased in the order
of N-Ph<<N-C(ring)<N-CH;<<N-CH,CHj3, N-allyl, N-
benzylic®®?! (Scheme 7).
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Scheme 7. Reaction of acyl iodide and tertiary amine with
an elimination of methyl iodide.

It is hardly known that acyclic tertiary acyl amide is
produced with methyl iodide via cleavage of N-CHj;
bond in quaternary N-methyl-acylammonium iodide,
which is formed from acyl iodide and acyclic tertiary
amine.

2.2. Carbonylation of Tertiaryamine to Tertiary
Amide by Transition Metal Complexes

2.2.1. Carbonylation of Triethylamine by Ruthenium
Complex

Carbonylation of triethylamine by the ruthenium
complex of K[Ru(III)(EDTA-H)CI]*2H,O in aqueous
medium is reported to provide N, N-diethylpropanamide
in the yield of 100% in the temperature range of 80~100°C
under CO pressure between 5 to 26 atm by M. M.
Taquikhan et al.** (Scheme 8).

[Ru]

EttN + CO —————»  ECONEt

Scheme 8. Carbonylation of triethylamine by ruthenium
(II) complex.

Based on the kinetic study for the carbonylation reac-
tion the amide is produced via intra-molecular elimina-
tion of the coordinated amine and the carbonylation rate
of triethylamine is about double that of diethylamine
due to the higher stability of triethylamine Ru-complex
as compared to that of diethylamine Ru-complex. They
have observed that the carbonylation rates of amines
show first order dependence with respect to catalyst,
substrates, and dissolved CO concentrations. It is pro-
posed that the rate determining step is the CO insertion
into the Ru-N bond™". The proposed mechanism is sim-
ilar to that suggested by Sternberg et al. for the carbo-
nylation of dimethylamine to N,N-dimethylformamide
by Co,(CO); catalyst™®! (Scheme 9).
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Scheme 9. Intra-molecular elimination of N, N-diethylpro-
pionamide.

2.2.2. Carbonylation of Tertiary Amine by Palladium
Complex

Tanaka and Kobayashi have reported carbonylation
of tertiary amines with phenyl iodide or ethyl iodide by
the palladium complex of (Ph;P),PdPhI at 120°C under
20 atm of CO pressurized at room temperature®®. The
carbonylation of triethylamine with phenyl iodide is
described to give N, N-diethylbenzamide in the yield of
73.9% with two salts of tetraecthylammonium iodide and
triethylammonium iodide. Both salts are produced from
triethylamine via its salt formations with the cleaved
ethyl iodide and hydrogen iodide generated by dehy-
droiodination from the ethyl iodide (Scheme 10).

[Pd)/PhI
Et;N + CO

PhCONEt, + Et;NI + Et;NHI
(CH3CHyl = HI + CH,=CHb,)
Scheme 10. Carbonylation of triethylamine with phenyl
iodide by palladium complex.

In contrast carbonylation of diethylaniline with phe-
nyl iodide gives N-ethyl-N-phenylbenzamide and an
unexpected N-ethyl-N-phenylpropanamide in the yields
of 41.7% and 9.2% respectively (Scheme 11).

[Pd)/PhI

Et;NPh + CO PhCONEtPh + EtCONEtPh

Scheme 11. Carbonylation of diethylaniline with phenyl
iodide by palladium complex.

The unexpected amide is considered to be produced
from the carbonylation of diethylaniline with ethyl
iodide, which is generated from the first carbonylation
of diethylaniline with phenyl iodide (Scheme 12).

[Pd]/Phl

Et,NPh + CO PhCONEtPh + Etl

[PdJE

Et,NPh + CO EtCONEtPh + Etl

Scheme 12. Carbonylations of diethylaniline with aryl
iodide and ethyl iodide by palladium complex.

Prominently Tanaka and Kobayashi have confirmed
that N, N-ethyl,phenyl propanamide is not formed with-
out ethyl iodide from Co-catalyzed carbonylation of
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diethylaniline in German patent by BASF?’], Therefore
they have emphasized that organic iodides are essential
to the transition metal-catalyzed carbonylations of ter-
tiary amines based on their results.

For decades palladium catalyzed carbonylation of
aryl halides have attracted great interests, those are
mainly focused on aminocarbonylations of aryl iodides
and secondary amines??’, In recent Pd/C-catalyzed
aminocarbonylation of aryl iodide with tertiary amine is
reported to give tertiary amide via oxidative C-N bond
activation of the tertiary amine, then aminocarbonylations
of trimethylamine, N-methylpiperidine, N-methylmorpho-
line, and N-methylpyrrolidine produce the corresponding
tertiary amides in the low yields of 53%, 52%, 38%,
and 49% respectively®” (Scheme 13).

CO/0, (6.0 atm, 5:1)

I
©/ + MeNR'R?
MeCN, 100°C, 8h

(MeNR'R? = Me;N, N-methylpiperidine, N-methylmorpholine, N-methylpyrrolidine)

10% Pd/C (Pd: 3 mol%)

Scheme 13. Aminocarbonylation of aryl iodide and tertiary
amine by palladium catalyst.

The low carbonylation yields are attributed to the
difficulties in cleavage of N-CH; bond to form ‘methyl
iodide’ too and alkyl iodide or aryl iodide is essential
promoter for the palladium catalyzed carbonylations.

3. Carbonylation of Trimethylamine with
Methyl lodide by Transition Metal
Complexes

3.1. Role of Methyl lodide and lts Regeneration
from Tetramethylammonium lodide

3.1.1. Acyl lodide Formation from Methyl lodide
Promoter

In the carbonylations of methanol to acetic acid by
the transition metal complexes of cobalt, rhodium,
iridium, palladium, and nickel, acyl iodide has been
known as an intermediate for decades®'~*7), in chemical
industry Monsanto process and Cativa process are the
most well-known***’), In the typical catalytic cycles
methyl iodide promoter is transformed to acyl iodide
intermediate, reaction of which with water easily produces
acetic acid and hydrogen iodide. Hydrogen iodide reacts
with methanol to provide the promoter of methyl iodide
with water. The easy formation of acetic acid is attributed
to the low bond dissociation energy of carbon-iodine in
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acyl iodide?!! (Scheme 14).

HI CO/[Cat]
MeOH Mel

-H,O

H,0
[MeCOl] #» MeCOOH

Scheme 14. Carbonylation of methanol to acetic acid with
methyl iodide by transition metal catalysts.

Several carbonylation methods of trimethylamine by
the transition metal complexes of Co, Rh, Ir, and Pd
have been patented, nevertheless there has been no
industrial application so far “**1. All of those transition
metal complexes catalyse not only the carbonylation of
methanol to acetic acid, but also they are active and
effective with only methyl iodide (Scheme 15).

Cat}/Mel
NMe; +CO —=2uMe MeCONMe,

Scheme 15. Carbonylation of trimethylamine with methyl
iodide by catalysts.

Since the promoter of methyl iodide reacts with
trimethyamine to give tetramethylammonium iodide
salt quickly™®, it is a curious whether methyl iodide is
available in excess of trimethylamine during the carbo-
nylations. In theoretical and experimental studies under
atmosphere pressure, it has been demonstrated that
tetramethylammonium halide salts are decomposed to
an equimolar mixture of trimethylamine and an methyl
halide via unimolecular process only at high temperature
(about 10% decompositon of Me,NX at about 555 K for
X=Cl, at about 575 K for X=Br, D*"*!! (Scheme 16).

NMez + Mel = — MeyNI

athigh T

Scheme 16. Thermal decomposition of tetramethylammonium
iodide at high temperature.

3.1.2. Coordantion Ability of Trimethylamine to
Transition Metals
Trimethylamine is a powerful N-donor ligand with no

n-bonding character, it can form transition metal com-
plexes combining both low oxidation state and low
coordination number!*!, Decades ago platinum and pal-
ladium complexes of trimethylamine are prepared such
as trans-PtCly(NMes),, trans-PtBry(NMes),, and trans-
PdCL,(NMe;),, the trans—effect of nitrogen in which is
suggested much less than phosphorous and nearer to
that of the chloride ion by IR and NMR spectroscopies”.
Trimethylamine complexes of Zn (II), Fe (III), Mo (II)
chlorides and Mo (V), Mo(VI), oxochlorides, Zr (IV)
haldies, Hf (IV) haldies, and AICl; are also reported!>->>,
Especailly for the trimethylamine complexes of Lewis
acids, the metal centers in the structure of AICl;(NMe;),
and FeCl;(NMe;), are five-coordinate and both nitrogen
atoms occupy the axial positions of the trigonal bipyr-
amid with staggered arrangement of the substituents on
the nitrogen atoms?'*%],

In this point it seems reasonable that the transiton
metals of Co, Rh, Ir, and Pd are able to form their
coordinated complexes with trimethylamine during the
carbonylations of it.

3.2. Carbonylation of Trimethylamine by Palladium
Complexes

3.2.1. Carbonylation of Trimethylamine with Tetra-
methylammonium lodide by Palladium Complex

The first carbonylation of trimethylamine by palla-
dium and ruthenium complexes to N,N-dimethylacet-
amide is reported by G. Li group®®. The palladium
catalyst’s performance is improved by the tuning of
ligands with promoters and the catalytic system is opti-
mized in PdC/bipy (bipy=2,2’-bipyridine) with tetrame-
thylammonium iodide promoter. Carbonylation of dried
trimethylamine by the palladium catalyst system pro-
duces N,N-dimethylacetamide in the high selectivity of
98.1% and in the high yield of 90.8% with the high

Me
‘ \\\Me
Me QN
3 N “,
=N ‘.‘ < \e
.- ~ \ .
Xs= /.v. ——=X MX4(NMes3), M., e
SN Mew—N |-~
Me3 ’K/Ie
(M=Pt: X=Cl, Br ; M=Pd: X=Cl) (trans for M=Zr: X=I, M=Hf: X=Br, I) (M=Fe, Al)

(cis for M=Zr: X=Cl, Br ; M=Hf: X=Cl)
Fig. 2. Trimethylamine complexes of Pt, Pd, Zr, Hf, Fe, and Al.
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turnover number (TON, 90.0 mmol, DMAC per mole
of PdCl, as used 0.1 mol %). The high efficiency of the
catalyst is attributed to tetramethylammonium iodide to
prevent palladium black formation. Typically the mole
ratio of 20 mmol : 0.2 mol : 4.5 mmol between Me;sN
: PdCl, : Me;N'T is used in 15 ml of NMP, the reaction
mixture under 30 atm of CO at room temperature is
heated at 200°C for several hours (Scheme 17).

PdCly/bipy/MeyNI

[
NMe; + CO MeCNMe,

NMP

Scheme 17. Pd-catalyzed carbonylation of trimethylamine
with tetramethylammonium iodide.

From GC-MS analysis of the reaction mixture the
formation of acetic acid is confirmed, methyl iodide is
suggested such as promoter in the carbonylation of
methanol to acetic acid. The carbonylations with other
promoter such as KI, EtLN'T, n-Bu,N'T", Me,N'Br, or
Me;N'CI™ are investigated to produce N,N-dimethylac-
etamide in the yields of 17.8%, 17.2%, 28.2%, 82.7%,
and 10.0% respectively, the low yields of which are
attributed to the difficulties in generation of methyl cho-
ride from the promoter of Me;N"CI~ by the authors®®!.

Nevertheless the promoters of KI, Et;N'T", and n-
BuyN'T" are apparently not methyl iodide sources, it is
implying that there is an effect and/or role of iodide

R'R2MeN

[PdCIy]

H,O
MeCOOH -=——MeCOI

Jang-Hwan Hong

anion itself on the formation of methyl iodide or acyl-
complex for the carbonylations.

3.2.2. Carbonylation of Tetramethylammonium lodide
by Palladium Complex

Carbonylation of tetramethyammonium iodide by the
catalyst of PdCl, or Pd/C is reported to provide N,N-
dimethylacetamide in the yield of 96.9% with the low
loading catalyst of 0.05 mol % corresponding to the
turnover frequency of 242 h™!. Typically the mole ratio
of 0.0075 mmol : 15 mmol between PdCl, : Me,;N'T
is used in 50 ml of NMP®"! (Scheme 18).

PdCl, or Pd/C

MeyN*X™ + CO MeCONMe, + MeX

X=l, Br, Cl

Scheme 18. Pd-catalyzed carbonylation of quaternary
ammonium halides.

The higher activity of Pd/C, which has been recycled
six times with a slight decrease in activity, than that of
PdCl, is attributed to the formation of no palladium
black by the stabilization of nano-sized palladium col-
loids and clusters by tetraalkylammonium salts?**%621,
The carbonylations of other quaternary ammonium
halide, such as cyclo-BuMe;N'T, cyclo-PentylMe;N'T,
(EtO),Me,N'T", PhMe;N'T", and Me,N'Br, are inves-
tigated to deliver the corresponding tertiary acetamides

MeCONR'R?

-2crlcon_ [Pd]

Mel + R'IR2MeN =—==R'R?Me;,NI

>/ [PdL] \\

GOMe
LPd''—I

Me

I
LIIDd”—I
co

Me
I 1l
LPd"—I

(R'R®Me,NI = cyclo-BuMe;NI, cyclo-PentylMe;NI, (EtO),Me,NI, PhMe;NI or Me,NBr)

Fig. 3. Proposed mechanism for Pd-catalyzed carbonylations of quaternary ammonium iodides.
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in moderately good yields apparently. In contrast from
the carbonylation with Me,;N'CIl~, N,N-dimethylacet-
amide is obtained in the very low yield of 5.9%, the low
yield of which is attributed to the low activity and/or the
less generation of methyl chloride®".

3.2.3. Suggested Mechanism for the Palladium
Catalyzed Carbonylation

In the suggested mechanism the decomposition of
tetramethylammonium iodide provides trimethylamine
and methyl iodide, the oxidative addition of which to
Pd’ reduced from PdCl, forms Pd(II)-Me complex.
Coordination and migratory insertion of CO to Pd(I)-
Me complex gives Pd(IT)-acetyl complex, reductive
elimination of which regenerates Pd® and acyl iodide.
Then acyl iodide intermediate reacts with trimethyl-
amine to produce N,N-dimethylacetamide and methyl
iodide via the decomposition of the unstable quaternary
acyltrimethyl ammonium iodide salt®>*” (Fig. 3).

3.3. Carbonylation of Trimethylamine by Cobalt
Complexes

3.3.1. Carbonylation of Trimethylamine with Tetrame-
thylammonium lodide and Lewis Acid by Cobalt
Complexes

Lewis acid, such as AICl;, FeCl;, BiCl;, and InCl;,
is added to tetramethylammonium iodide promoter to
increase the catalytic activity of Na'[Co(CO),] by the
same research group of G. Li e al.'**]. The catalytic sys-
tem is optimized in Na[Co(CO),]/AICly/Me;N'T™ with
the mole ratio of 1 mmol : 6 mmol : 3 mmol: 34 mmol
between Na[Co(CO),]™ : AICl; : Mey,N'T™ : MesN in 50
ml of anhydrous NMP. When the water content in NMP
is less than 0.1%, N,N-dimethylacetamide is produced
in the high yield of 96.4% with the high selectivity of
98%. In the presence of water the carbonylation gives
byproducts of acetic acid and N, N-dimethylformamide,
which is considered to be produced from the carbon-
ylation of dimethylamine. Dimethylamine is also pre-
sumed to be provided from the decomposition of
trimethylammonium iodide (Scheme 19).

[Co)/Lewis acid/Me4NI
NMe;z + CO >

MeCONMe,

Scheme 19. Co-catalyzed carbonylation of Me;N with
Lewis acid and promoter of MeyNI.

The carbonylations of other tertiary amines, such as

Me,NEt, PhMe,N, N-methylpyrrolidine, N-methylpiperi-
dine, and N-methylmorpholine, provide the correspond-
ing acetamides of N-ethyl-N-methylacetamide, N-methyl-
N-phenylacetamide, N-acetylpyrrolidine, N-acetylpiper-
idine, and N-acetylmorpholine in the yields of 63% to
949,431,

3.3.2. The effects of the Promoters and the Role
of Lewis Acid in the Carbonylations

Various candidates for the promoter are investigated
such as KI, I,, Mel, Et,NI, AICI;, AICl; with Me,NI et
al. The effects of promoters such as KI and I, are not
significant, it results in the low yields of less than 3.6%
for N, N-dimethylacetamide. In particular the carbonylation
of trimethylamine in the presence of only aluminum
trichloride is reported to give N,N-dimethylacetamide in
the low yield of 14.3% to 23.1% depending on the
amount of AICl;. The carbonylation with methyl iodide
or tetramethylammonium iodide instead of aluminum
trichloride results in the higher yields of over 33.5% for
the amide than that of aluminum trichloride. Furthermore,
the effect of only tetramethylammonium iodide is
enhanced by adding Lewis acid of AICl;, FeCls, BiCl;,
or InCl;, which results in the high yields of 69.7% to
94.0% for N,N-dimethylacetamide. The enhanced catalytic
effect is ascribed to both of Me,NI promoter and AlCl;,
which is suggested to react with trimethylamine providing
more active species of CLAI-NMe, than that of
trimethylamine by the authors®l,

First of all it is characteristic that the Co-catalyzed
carbonylations with only AICI; without methyl iodide
source is still providing N, N-dimethylacetamide in even
low yield of 23.1%.

3.3.3. Suggested Mechanism for Cobalt-Catalyzed
Carbonylation with Lewis Acid

In the proposed mechanism in Fig. 4, the nucleophilic
attack of the species A either on the activated C-N bond
in AICl; adduct of tertiary amine or on the generated
methyl iodide leads to 18e tetracarbonyl intermediate B.
Subsequent insertion of CO into Co-CHj; bond affords
intermediate C. Then, the active species C is able to
react readily with tertiary amine to form Co-complex D
with unstable quaternary acylammonium salt. Immedi-
ately, the desired product is formed with releasing of
methyl iodide by the decomposition of unstable species
D. In addition the final product of the acetamide is also
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I+ NMe3 + Mel
Co(CO)4
A
CH3CONR{R;
[CH3CON*MeR{R2][Co(CO)4]
D
cr
Clp.1M-NR'R2
/R1 )
Me—N
Ng2 CH3COCo(CO)y4
c

—

MClin

Jang-Hwan Hong

MeyNI + I
| MClin ;
J. MCin R
Me—-N—R' «—— Me-N
N\
R2 R2
crt
Clp.{M-NR'R?
CH3Co(CO)y4
B
A"\
co

(MeR'R®N = Me,EtN, Me,PhN, N-Me-pyrrolidine, N-Me-piperidine, and N-Me-morpholine)

Fig. 4. Proposed mechanism for the carbonylation of tertiary amine with Lewis acid and tetraalkylammonium iodide by

[Co(CO)4]” complex.

able to be produced by the reaction of AICL,-NR'R? and
species C. Two intermediates of Cl,Al-NMe, and
[MeCONMe;]" are suggested to be related to the for-
mation of N, N-dimethylacetamide.

3.4. Carbonylation of Quaternary Ammonium Salts
by Cobalt Complex

3.4.1. Carbonylation of Tetramethylammonium Salts
by Cobalt Complex

By using the catalyst of NaCo(CO), or prepared from
CoCl,, Zn, and Na,SO;, the carbonylation of Me,NX in
NMP under anhydrous condition is investigated to give
N,N-dimethylacetamide in the yield of 13.3% to 98.2%
depending on the anion of X". Typically the mole ratio
0f 0.075 mmol : 15 mmol between NaCo(CO), : Me,NI
in 50 ml of NMP is applied and the highest TON of 334
is obtained for N,N-dimethylacetamide. The anion of
tetramethylammonium salt has been suggested to have
a great effect on the activity of the salt, the activity of
which is increased in the order CI<OT{<Br<I due to the
easy recovery of CH;-X®" (Scheme 20).

COC|2 /Zn/Na2803
—_—

MegsN*X- + CO MeCONMe, + MeX

X=l, Br, Cl, OTf

Scheme 20. Co-catalyzed carbonylation of tetramethyl
ammonium halides.
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It is described that increasing the amount of water in
the mixture lowers both of the catalytic activity and the
selectivity for N,N-dimethylacetamide with rapidly
increasing the yield of acetic acid and N, N-dimethyl-
formamide, in which the respective hydroxyl group and
the hydrogen atom are thought to be come from the
water in NMP solvent.

3.4.2. Carbonylation of Other Quaternary Ammonium
lodides by Cobalt Complex

By the same cobalt catalyst without promoter the car-
bonylations of only quaternary ammonium salts, such as
EtMe;NT, PhMe;N'T, cyclo-BuMe,N'T", cyclo-Pen-
tylMe;N'T", N,N-dimethylpyrrolidium iodide, N,N-
dimethylpiperidinium iodide, and N, N-dimethylmor-
pholinium iodide, are investigated to provide the cor-
responding acetamides in the yields of more than
70%!%4. Each formation of the acetamide is suggested
due to the generation and regeneration of methyl
iodide during the carbonylation via acyl iodide inter-
mediate.

The carbonylations of triethylphenylammonium iodide
and trimethylbenzylammonium iodide produce N-ethyl,
N-phenyl-propanamide and N,N-dimethylbenzylamide
in the yield of 49.7% and 41.7% respectively!®!
(Scheme 21).
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COC|2 /Zn/NaZSO3
PhEtN*I + CO >

EtCONEtPh

CoCly /Zn/Na,SO;,
BnMesN*I+ CO > BnCONMe,

Scheme 21. Carbonylations of Et;PhN*I” and Me;BnN‘T".

The results are showing the generations of ethyl
iodide and benzyl iodide via intermediates of propionyl
iodide and 2-phenyl acetyl iodide in the carbonylations.

3.4.3. Suggested Mechanism for Cobalt-Catalyzed
Cabonylation of Quaternary Ammonium Salts

In the proposed mechanism acyl iodide is suggested
as a key intermediate based on the formation of acetic
acid and N,N-dimethylacetamide. The generation of
methyl iodide from quaternary ammonium iodide is
reacted with the catalyst of [Co(CO),4], the nucleophilic
attack of which on methyl iodide leads to CH;Co(CO),.
The addition and insertion of carbon monoxide to the
CHj3-Co bond in CH3Co(CO), provides CH;COCo(CO),,
the reaction of which with iodide anion gives acyl
iodide and the catalyst of [Co(CO),] in the first step of
the cycle!® (Fig. 5).

R'COX
Co(CO)4”
A
' !
NaCo(CO),
CcO TReductant
R'COCo(CO),
CoCl,
D
co R'COCo(CO);
c

3.5. Competitive Transference of Amino Moiety
from Quarternary Ammonium lodide to the Final
Amide

3.5.1. Carbonylations of Tertiary Amine and
Quaternary Ammonium lodide by Cobalt Complex

Co-catalyzed carbonylation of trimethylamine (34 mmol)
in the presence of tetraecthylammonium iodide (3 mmol)
and aluminum trichloride is reported to produce N,N-
dimethylacetamide in the low yield of 21.7% with the
byproduct of N, N-dimethylpropanamide'® (Scheme 22).

[CoJ/AICIy/Et4NI

NMe; + CO -
([Co] = [Co(CO)I)

MeCONMe, + EtCONMe;

Scheme 22. Co-catalyzed carbonylation of Me;N with
Lewis acid and Et,NI.

On the other hand the carbonylation of triethylamine
(34 mmol) in the presence of tetramethylammonium
iodide (3 mmol) and aluminum trichloride is investi-
gated to give four different amides such as N, N-dieth-
ylpropanamide, N, N-diethylacetamide, N, N-dimethylaceta-
mide, and N,N-dimethylpropanamide in the yields of
21.3%, 12.8%, 1.2%, and 0.7% respectively'®! (Scheme
23).

3_N—R! Co(CO)4”
R'X R 'i‘
R2

R'RZN*R3R4X"

R'Co(CO)4

(R'I = Mel, EtI, Bnl , R'R?R’R*NI = Me,NI, EtMe;NI, PhMe;NI, cyclo-BuMe,NI, cyclo-PentylMe,NI, N,N-

dimethylpyrrolidium iodide, N,N-dimethylpiperidinium iodide, N, N-dimethylmorpholinium iodide)

Fig. 5. Proposed mechanism for Co-catalyzed carbonylation of quaternary ammonium halides.
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[Co/AICI3/Me,NI
NEt; + CO

- EtCONEt, + MeCONEt; + MeCONMe; + EtCONMe,
([Co] = [Co(CO)aI')

Scheme 23. Co-catalyzed carbonylation of Et;N with
Lewis acid and MeyNI.

The carbonylation of tetramethylammonium iodide
and triethylamine or diethylaniline in the ratio of 1:1 is
reported to provide N,N-dimethylacetamide with another
acetamide!® (Scheme 24).

CoCl, /Zn/Na,SO3
MegN*I" + Et,NR MeCONMe, + MeCONEtR
co
R=Et :55.3% 20.7%
R = Ph: 59.0% 12.6%

Scheme 24. Co-catalyzed carbonylation of Me,NI and
Et}N or EtzNPh.

The carbonylation of triethylphenylammonium iodide
and trimethylamine in the ratio of 1:1 is reported to give
two propanamides of N,N-dimethyl-propanamide and
N,N-ethylphenyl-propanamide in the yield of 32.1% and
10.6% respectively! (Scheme 25).

CoCly /Zn/NaySO3

PhEtzN*I + MesN
co

EtCONMe, + EtCONEtPh

Scheme 25. Co-catalyzed carbonylation of PhEt;NI and
MC3N.

It is characteristic that two tertiary amides are obtained
from the coupling of acyl and propionyl moieties with two
amino moieties (favorably with dimethyl amino moiety).

3.5.2. Thermal Equilibrium of Methyl lodide from
Tetramethylammonium lodide and Triethylamine

Thermal generation of methyl iodide from triethyl-
amine and tetramethylammonium iodide at 220°C in
NMP is reported®! (Scheme 26).

220°C/NMP
MesN'I'+ EgN ————— = NMez + Et3MeN*I"

10 mmol 30 mmol 2.7 mmol

Scheme 26. Generation of methyl iodide from Me,NI to
form Et;NMel in NMP.

Generation of trimethylamine is measured in the yield
of 27.3% at 200°C, 6.4% at 180°C, and 0% at 150°C
from the mixture of tetramethylammonium iodide and
diethylaniline with no catalyst®! (Scheme 27).

150°C/NMP
Thr

Scheme 27. Thermal reaction between Me,NI and Et,NPh
in NMP.

MegN*I" + EtPhN NMe; + PhMeEtN*I-

N
/Rh'\
| co
Mel
H,0
| Me |'
CO__ Rlﬁ l\R|t11H/CO
~ ~
”"| Tco  mecooH won 17| Tco
| |
I\I/Iel
co I~
e | co

Fig. 6. Rhodium-catalyzed carbonylation of methanol to acetic acid in Monsanto process.
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In this point the formation of N, N-dimethylacetamide
in the yield of 7.1% at 140°C is solely attributed to the
catalytic carbonylation effect of tetramethylammonium
iodide by the catalyst of [Co(CO),]” [**!. Presumably the
formation of the amide is indicating the formation of
CH;Co(CO) (B) by the nucleophilc attack of [Co(CO),]
at methyl group.

3.6. Carbonylation of Trimethylamin by Rhodium
Complex

3.6.1. Acylation of Diethylamine with Methyl lodide
by Rhodium Complex

When the water content is higher than 8 wt% in Mon-
santo process, the rate determining step is the oxidative
addition of methyl iodide to rhodium center™®”. The rate
of acyl iodide formation in the carbonylation of anhydrous
methyl iodide by rhodium (I) complex of [Rh(CO),I,7] is
reported extremely slow by D. Forster™ ¥, However
increasing electron density at the rhodium center by
ligands such as amines and phosphines consequently
enhances the overall rate of acetic acid formation by
facilitating the oxidative addition of methyl iodide to the
rthodium center® %7 (Fig. 6).

In this point it is plausible assumption that trimethyl-
amine is able to accelerate the oxidative addition of
methyl iodide promoter to the rhodium complex if there
is any methyl iodide in the reaction medium during the
carbonylation of trimethylamine. Surprisingly the trans-
ference of acyl group to diethylamine is observed by P.
Kalck et al., the addition of 2 equivalent diethylamine
to rhodium complex [RhI(p-I)(COMe)(CO)NCCH;],
provides the rhodium complex of [Rh(CO),1, J[H,N'Et,]
and N N-diethylacetamide with no formation of acyl
iodide? (Scheme 28).

| G, 0
HsCCN_ | 1| _co HNEt, o H
SR RN ————>  [Rh(CORLIINHEL] + BN
oc” | 1”7 | TNCCH; CHClp HsC’ Et
i

o “CH;

Scheme 28. Synthesis of N,N-diethylacetamide from Et,NH
by [RhI(u-I)(COMe)(CO)NCCH;],.

The acyl coordinated rhodium complex is synthesized
in acetonitrile from the oxidative addition of methyl
iodide to the dimer complex of [Rhl(u-I)(CO),],, which
is the same catalyst used in Monsanto process. It has
been reported that a stepwise procedure of an intramo-
lecular reductive elimination affords acetic acid or acid
anhydride via thodium (IIT) complex [Rh(COMe) (CO),L,L]

(L=water, AcO"), which is formed from the pseudo-
octahedral complex [Rh(COMe)(CO),l;7] by the
substitution of an iodide ligand with water or acetate
anion”. Acyl iodide intermediate is excluded due to
the high formation energy of it, which has been calculated
in theory!. Based on these results N, N-diethylacetamide
seems to be synthesized by an intramolecular reductive
elimination of acyl moiety and diethylamino moiety via
a rhodium complex with both ligand of diethylamine
and acyl moiety coordinated to the rhodium metal
center.

3.6.2. Carbonylation of Trimethylamine with Methyl
lodide by Rhodium Complex

Rhodium complex of [Rh(u-)(CO),], or [Rh(CO)L, ] is
applied to the carbonylation of trimethylamine with
methyl iodide without solvent under anhydrous condition
by J.-H. Hong"®. N,N-dimethylacetamide is produced
in 99% of the conversion rate for trimethylamine and
in 82% of the selectivity for the acetamide with TON
of 700 when the carbonylation is performed at 275°C
for 2 hr under CO pressure of 24 atm at room tempera-
ture. Products of N, N-dimethylacetamide, N-methylac-
etamide, and N,N-dimethylformamide are obtained in
the yields of 82.3%, 12.6%, and 4.4% respectively
(Scheme 29).

[Catl/Mel

NMes +CO MeCONMe, + MeCONHMe + HCONMe,

Scheme 29. Rh-catalyzed carbonylation of trimethylamine
with methyl iodide.

It is characteristic that the rhodium catalysts is stable
in trimethylamine without any solvent under anhydrous
condition.

3.6.3. Carbonylation of Trimethylamine with Methyl
lodide in Presence of Water

The rhodium catalyzed carbonylation of trimethyl-
amine in the presence of water is reported to provide
N,N-dimethylacetamide, acetic acid, trimethylammo-
nium iodide simultaneously until complete consumption
of methyl iodide in the reaction mixture. The iodine
atom of methyl iodide promoter is transformed into
trimethylammonium iodide, which is the trapped hydro-
gen iodide by trimethylamine, and acetic acid as in the
carbonylation process of methanol. The acetic acid for-
mation is suggested as the scavenger of methyl iodide
promoter since there is no methanol to regenerate
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methyl iodide in the reaction mixture. The carbonylation
of trimethylamine in the presence of calcium oxide is
reported to give N,N-dimethylacetamide too until com-
plete consumption of methyl iodide into both of calcium
acetate and calcium iodide, both salt of which in the ratio
of 1:1 are confirmed as NMP solvated form by NMR spec-
troscopy and analytical methods!”” (Scheme 30).

[Rh]/Mel/NMP
—_—

NMes + CO MeCONMe; + MeCOOH + MesHN*I"

[Rh}/Mel/NMP
—_— =

NMe; + CO +CaO MeCONMe, + Cal, + Ca(OAc),

Scheme 30. Rh-catalyzed carbonylation of trimethylamine
with methyl iodide and water.

The rhodium complex is observed as stable and
durable species, usually the catalyst shows the instability
and extremely low oxidative-addition rate of the methyl
iodide under anhydrous condition®*! for the carbon-
ylation of trimethylamine under anhydrous conditions
due to the o-coordination of trimethylamine as a ligand
to the rhodium metal center.

3.6.4. Suggested Mechanism for Carbonylation of
Trimethylamine by Rhodium Complex
In the suggested mechanism the formation of acyl

excess Me3N
[Rh(CO),ly] ——————>

Me3N
excess Me3N

iodide intermediate is excluded since once acyl iodide
is formed, then it reacts faster with water or hydroxide
than trimethylamine, then producing only acetic acid.
Instead of acyl iodide intermediate a stepwise procedure
of an intramolecular reductive elimination is suggested
for the formation of N,N-dimethylacetamide and acetic
acid depending on elimination of the ligated moieties
(the trimethylamine and hydroxide) and acyl moiety
coordinated to the rhodium center. The increasing
electron density at the rhodium center by the coordinated
trimethylamine®®? is consequently enhancing the overall
rate of the oxidative addition of methyl iodide>*>7637871,
The formation of acetic acid is attributed to the step of
the scavenging methyl iodide to turn into wasting iodide
salts of trimethylammonium iodide. If the catalytic
activity of the reaction mixture becomes inactive, its
catalytic activity is regenerated by adding more methyl
iodide into the reaction mixture (Fig. 7).

4. Discussion

4.1. Generation of Methyl lodide and lts Acylation
Methyl iodide is essential to the carbonylation of
trimethylamine as well as for the carbonylation of meth-

0
Mey4NI == Mel + Me3N

Rh'
V N

AcNMe, + Mel
it e col
m_-| m_CO
/I\Rh I\ II I\Rh/
M| ceo Mes | co
A MesN | \c 0 &3
e |
\\/ Me
VR
HoO +MesN  MesNH*T"

)

CO

M€3N/ |

0
| m_ COo
\Rh

I Me

Fig. 7. Proposed mechanism of Rh-catalyzed carbonylation of trimethylamine.
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anol to acetic acid. Merely methyl iodide can be sup-
plied in the form of quaternary ammonium iodide salts
even if the thermal decomposition of tetramethylammo-
nium iodide is demonstrated at only high temperature via
unimolecular process™”. It is characteristic and surprising
that the high yield for the carbonylation of trimethylamine
is obtained in the presence of catalytic amount of iodide
anion or almost no methyl iodide due to the formation of
tetramethylammonium iodide in plenty of trimethylamine.
On the contrary the carbonylation of trimethylamine in the
absence of methyl iodide sources leaves us the similar
question of how methyl iodide, CH;-Co-complex, or CH3-
Pd-complex is generated even in the small amount of only
iodide sources such as KI, I,, Et,NI, and #-BuyNI. In this
point it is plausible that there is an effect of the catalysts
on the formation of methyl iodide or CH;-Mr-complex can
be formed via the coordinated trimethylamine to the metal
center of the catalysts by an aid of iodide anion itself.

4.2. Generation of Alkyl lodide and lts Carbonylation

Carbonylations of tertiary amines with methyl iodide
promoter are observed to provide various tertiary acyl
derivatives. Carbonylations of alkyl iodides other than
methyl iodide are also demonstrated regardless of alkyl
iodide sources such as combinations of quaternary
ammonium iodide salts and tertiary amines, these reac-
tions are surely useful for the preparations of various
acyclic and cyclic tertiary amides. Further researches
are expected in detail in near future.

4.3. Generation of Methyl lodide and Its Hydrolysis

In common the high yields for all carbonylations of
trimethylamine are observed under anhydrous conditions
and the formations of acetic acid and trimethylammoium
iodide are due to the presence of water in solvent and
trimethylamine. Therefore the formation of acetic acid
is the scavenging step to waste the methyl iodide
promoter such as iodide salts of trimethylammonium
iodide or calcium iodide. Moreover it is interesting that
N, N-dimethylacetamide is produced with acetic acid in
the presence of water since the hydrolysis rate of acyl
moiety with water is slower than that of the coupling
with dimethylamino moiety.

4.4. Generation of Acyl lodide, Its Hydrolysis,
and lts Amide Formation
Usually acyl iodide is suggested and accepted as the

intermediate in the carbonylation of methanol, acyltri-
methylammonium iodide is suggested as an intermedi-
ate in the carbonylation of trimethylamine to N,N-
dimethylacetamide in most reports except the rhodium
catalyzed carbonylation. In this point it is the subject to
be studied further in detail about the formation of acyl
iodide or acyltrimethylammonium iodide as an intermediate
with the role of iodide anion itself.

4.5. Coordination of Trimethylamine to Transition
Metals and Lewis Acid

In the molecule of trichloro bis(trimethylamine) alu-
minum, AICI3(NMes),, the metal center is five-coordi-
nate and the two N atoms occupy the axial positions of
the trigonal bipyramid and the arrangement of the sub-
stituents bonded to aluminum and nitrogen atoms is
staggered™. The structure of AICI;(NMe;), is very
similar to that of FeCl;(NMe;), P!, in which there is no
n-component to the Fe-N bonds and the significant lon-
ger Fe-N bond distance than the Fe-N bond distances
in FeCl;(4-cyanopyridine) as a result of the steric crowding
induced by tetrahedral, axial nitrogen centers. Dimethyla-
minodichloroalane of Cl,AINMe, in gas phase and in
benzene is known as dimers with bridging of dime-
thylamine between two aluminum atoms®”.. In this point
it is expected that Lewis acid of aluminum trichloride,
iron trichloride, or even the catalysts of transiton metals
would form its complex with trimethylamine. The bonding
situation of the complex is expected to be similar to the
forming sp® hybridization on nitrogen center in the TBP
structures of aluminum and iron, which is able to make
the methyl groups nucleophilic. Then probably a
nucleophilic attack of halide anion or anionic Co-complex
at the methyl groups of the coordinated trimethylamine
might be led to form methyl halide or CH3-Co-complex
via cleavage of the N-CHj bond, or to accomplish the
carbonylation of the N-CH; bond via migration of CO
to the N-Metal bonds.

4.6. The Formation of N,N-dimethylformamide
and N-methylacetamide

Most of the carbonylations are reported to produce
N,N-dimethylacetamide with byproducts of N,N-dime-
thylformamide and N-methylacetamide. It is reported
that N,N-dimethylacetamide is decomposed into N,N-
dimethylformamide and N-methylacetamide in the
presence of methyl iodide without any catalysts probably
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due to the formation of ketene with trimethylammonium
iodide via N,N,N-trimethylacyl ammonium iodide!”®!.
Also the carbonylations in the presence of water gives
byproducts of N,N-dimethylformamide and N-methy-
lacetamide with acetic acid, it is ascribed to the generation
of hydrogen iodide or its salt of trimethylammonium
iodidel>6641,

4.7. Competitive Transference of Amino Moiety
to the Final Amide Product during Carbonylation

From the carbonylation of quaternary ammonium
iodide and tertiaryamine four different amides are observed,
they are combinations of two amides and two amino
moieties. The results are explained that acyl iodide and
propionyl iodide are coupled with two kind of tertiary
amine, which are added or produced, to form four dif-
ferent amides!®**. However, there is a possibility to
form a favorable amide via the coordination of tertiary
amines to the metal center of the catalyst complex such
as trimethylamine complexes of Pt, Pd, Fe, Al, and oth-
ers. It has been reported that palladium catalyzes amine
exchange reaction of tertiary amines ®!,

5. Conculsions

Since the first carbonylation of timethylamine is
reported by G. Li group, much progress is proceeded.
From the published papers the carbonylation of trime-
thylamine by Pd, Pt, and Rh complexes are showing the
critical role of methyl iodide as the formation of acyl
iodide or CH;-Mp-complexes in the carbonylation
mechanism regardless of its sources as it is added or
decomposed from quaternary ammonium iodides even
if the thermal decomposition of tetramethylammonium
iodide is demonstrated at only high temperature via uni-
molecular process. Nevertheless it is surprising that the
promoter of methyl iodide is active for the carbonyla-
tions even in presence of trimethylamine in excess. The
presence of the water in the reaction medium does not
lower the activity of the catalysts as well as carbonyla-
tion of methanol to acetic acid, but does consume the
promoter of methyl iodide as trimethylammonium
iodide to stop the cycles. It is an interesting field to be
resolved how the carbonylations of tertiaryamines with-
out methyl iodide sources give the corresponding
amides and how acyl moiety couple with amine moi-
eties favorably via the coordinations of tertiaryamines to

J. Chosun Natural Sci., Vol. 10, No. 4, 2017

transition metals complexes.
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