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Introduction

In search of homogeneous catalytic systems for the hydrogenation/

reduction of carbon dioxide, we have discovered a process that utilizes

ammonia as a co-catalyst and leads to methane as the final reaction

product. Previous studies of CO2 hydrogenation mediated by metal complexes

in solution have been carried out in the presence of secondary amines or

alcohols, and these reactions have usually led to alkyl-formamides or

formates (eqn. 1) [1-7], that is to say that the CO2 reduction has

CO2 + H2 + R2NH, ROH metal complex> HC(O)NR 2, HC(O)OR + H20 (1)

terminated at bivalent carbon, C2+ (a notable exception is reported in

ref. [7]). These observations raised the possibility that the bulky alkyl

groups (R) in HC(O)NR2 or HC(O)OR (eqn. 1) might be responsible for

preventing or suppressing a further reduction - via catalytic hydrogenolysis

*Author to whom correspondence should be addressed.
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of the C-N or C-O bond - for steric reasons. It occurred to us, therefore,

that the use of ammonia instead of amines (eqn. 1) could possibly circumvent

this presumed hindrance. Accordingly, a study was undertaken with the

objective of catalytically reducing carbon dioxide beyond the 2+ formal

oxidation state of carbon via unsubstituted formamide intermediation. This

goal has indeed been achieved, but the work has also produced some complex

and unexpected results. In this note we report some observations on the

reactions mediated by-crans-chlorocarbonylbis(triphenylphosphine)iridiut(4--.

Experimental

The reactions were carried out in standard 50 (Parr) and 300 ml (Parr

and Autoclave Engineers, Inc.) pressure vessels. For typical procedures and

analyses of the products, see those of analogous experiments reported in

ref. [7].

Results and discussion

We first established that the irioium complex is an effective catalyst

precursor for the synthesis of formamide (eqn. 2) [8]. The reactions were

CO2 + H2 + NH3 [Ir(Cf)(CO)(Ph3P)2] HC(O)NH2 + H20 (2)

carried out in homogeneous toluene or methanol solutions. Some results are

summarized in Table 1 (entries 2, 3; 1 is a blank run). The best yields

were obtained in methanol where the products included methylformate and

methylformamides (entry 3, see eqns. 1i, 9, L0 discussed below).

We then proceeded to catalytically hydrogenate neat formamide in the

presence of [Ir(CL)(CO)(Ph 3P)2J under conditions similar to those applied

- t
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for the catalytic preparation of the amide (eqn. 2). The principal results

are given in eqn. 3. Separate experiments at analogous conditions, but

[Ir(CL)(CO)(Ph3P)2]
HC(O)NH 2(M) + H2(g) > NH3 (g) + C02(g) + CO(g) + C(s)

+ H20() + HC(O)NH(CH3 )() + HC(O)N(CH 3)2(0) + CH4 (g) (3)

without the iridium complex gave the products shown in eqn. 4, i.e., the

HC(O)NH2(M) + H2(g) -> NH3(g) + C02(g) + CO(g) + C(s) + H20() (4)

blank runs produced five species which were also found among the products of

the catalytic experiments (eqn. 3) (there was at least one additional

species produced in both sets of experiments).

These surprising results raised the possibility of a catalytic role of

the stainless steel components in the pressure reactors used. Thus,

additional blank runs were carried out with and without a glass liner

(containing the reaction mixture) in the pressure vessel, with and without

stainless steel fittings in contact with liquid formamide, and with fittings

made of titanium. The results of all these blank experiments were

qualitatively identical, i.e., the same products were obtained as given in

eqn. 4, and no methane or methyiformamides (eqn. 3) were detected.

Subsequent studies in all-glass apparatus confirmed that the species

produced (eqn. 4) result from a non-catalytic, thermal decomposition of neat

formamide [9] (these results will be detailed in another communication.)

In summary, then, the catalytic hydrogenation of formamide mediated by

[Ir(Cl)(CO)(Ph3P)2] yielded methane, N-methylformamide (MMF), and, as a
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minor product, N,N-dimethylformamide (DMF), eqn. 5 (eqn. 3 minus eqn. 4),

HC(O)NH 2() + H2(g) [Ir(CI)(CO)(Ph3P)2]> CH4(g) + HC(O)NH(CH3 )()

+ HC(O)N(CH 3)2(0) (5)

Table 1 entries 5, 6; 4 is a blank run.

The most conspicuous result of all of the experiments, catalytic

(eqn. 3) and thermal (eqn. 4), was that the reactions produced copious

amounts of black material, found in the reactor at the conclusion of the

runs. The black solid, present in powdery and colloidal form, was separated

from a faint-yellow solution (containing the Ir complex) and was then heated

in oxygen atmosphere, eqn. 6. The product of combustion was carbon dioxide,

C(s) + 02(g) 500 torr, 2700C> C02(g) (6)

indicating that the black precipitate was elemental carbon; collected yields

of C(s) (eqns. 3, 4) were in the 20-50 mmol range.

More importantly, and pertinent to the catalytic studies reported in

this note, the heat treatment of the black product in oxygen (eqn. 6) left

no solid residue, giving negative evidence for a possible presence of

metallic iridium or other Ir-containing species, e.g., IrO2 (derived from

the catalyst precursor, [Ir(CI)(CO)(Ph 3P)2), in our catalytic system

(eqn. 3).

There are a number of possible routes for the synthesis of the

catalytic products from formamide and hydrogen (eqn. 5), and, ultimately,

from CO2 , H2 and NH3 (eqn. 2). For the latter reaction, the path is likely
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to be analogous with that of the catalytic formation of DMF (eqn. 1,

R = CH3 ), i.e., when, instead of ammonia, dimethylamine is used as a

co-reactant (1,2,3,5]. Herein we briefly consider only the second overall

phase of the catalytic reduction of carbon dioxide, the hydrogenation of

formamide (eqn. 5).

An inquiry into the reaction course leading to methane (eqns. 3, 5) is

obviously a complex problem. The thermal decomposition of formamide yields

several carbon-containing species (eqn. 4), and these are necessarily

produced also in the hydrogenation experiments (eqn. 3). Any one of these

products - C02 , CO and C(s) - could, in principle, serve as a precursor to

CH4 . Additionally, the catalytic methanation may proceed through

(experimentally undetectable) intermediates such as HC(O)H, HC(O)OH, CH30H

and/or CH3NH2. Separate experiments are under way to test all these

possibilities. At present, one can only sunarize the overall stoichiometry

of carbon dioxide methanation, formulated in eqns. 2, 7 and 8. It is seen

CO2 + H2 + NH3 [Ir(C(CO)(Ph3P)2 > HC(O)NH 2 + H20 (2)

HC(O)NH 2 + 3H2 Ir(Ci)(CO)(Ph3 )2 > CH4 + H20 + NH3  (7)

CO2 + 4H2 [Ir(Ci)(CO)(Ph3P)2], NH3> CH4 + 2H20 (2) + (7) = (8)

that ammonia emerges as a co-catalyst for this particular process.

Regarding the formation of methylformamides (eqn. 5), we first note

that the yield of DMF is only a few percent of that of MMF (Table 1,

entries 5, 6). Limited and fragmentary data also indicate that in extended



runs (not detailed here) the formation of MMF occurs initially and then

ceases, while a moderate build-up of DMF continues. These observations

suggest that DMF is a secondary product and a successor of MMF. We thus

propose that N-methylformamide results by the reaction of formamide with a

methyl-containing intermediate, CH3R (eqn. 9), produced by the catalytic

HC(O)NH2 + CH3R -> HC(O)NH(CH3) + RH, R = OH or NH2  (9)

hydrogenation of HC(O)NH 2 or one or more of its decomposition products

(eqn. 3), and that DMF is formed subsequently from MMF by reaction with

probably the same intermediary species, eqn. 10. Although neither methanol

HC(O)NH(CH 3) + CH3R -> HC(O)N(CH 3)2 + RH, R = OH or NH2  (10)

nor methylamine (eqns. 9, 10) were detected in our reaction mixtures, both

alcohols [10] and amines [11] are known to react with formamide thermally to

yield alkylformamides, and both have been implicated as intermediates in the

catalytic synthesis of substituted formamides from CO/H 2/NH3 [12].

Circumstantial evidence for the possibility of CH30H intermediation

(eqns. 9, 10, R = OH) in our system is found in the catalytic synthesis of

formamide (eqn. 2): in methanol solvent the products included methylformate

(MF) and methylformamides (Table 1, entry 3), but these species were absent

in toluene (entry 2). While the formation of MF represents a well-known

catalysis, eqn. 11 [4,5,6], the production of MMF and DMF under these

C02 + H2 + CH30H metal complex> HC(O)OCH 3 + H20 (11)
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conditions implies that they result by reactions 9 and 10, respectively

(R - OH).

It should be finally noted that all experiments involving carbon

dioxide and ammonia as reactants (eqn. 2) or products (eqns. 3, 4) yield

ammonium carbamate, eqn. 12 [13]. The equilibrium of this reaction is very

C02(9) + 2NH 3(g) -
' (NH4]+[H2NC(O)O]'(cr) (12)

sensitive to temperature-pressure variations, and a possible intermediary

role of the carbamate in reactions 2, 3 and 4 is unknown.
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Footnotes to TABLE 1

aAbbrevlatlons: Cat = catalyst precursor; [Ir) - [Ir(Ct)(CO)(Ph 3P)2];

tol = toluene; FA = HC(O)NH2 ; lq4F = HC(O)NH(CH 3); DMF = HC(O)N(CH 3)2 ;

MF = HC(O)OCH3.

bEach number refers to a separate experiment, the letters (a,b,c,...) refer

to sequential data obtained within that experiment.

Cp = total pressure at reaction temperature (125-1500 C). Initial partial

pressures of the reactants applied at 250C: entries 1-3: C02 , 13-17; H2 ,

50-68; NH3 , 1-4; entries 4-6: H2 , 79-124 atm.

d24-h reaction period at reaction temperature.

eTotal cumulative yield of product (mol) per [Ir(CL)(CO)(Ph3P)2] (mol,

introduced initially), ±10-15%.

fOnly the catalytic products (eqns. 2, 5 and text) are shown, i.e.,

carbamate (eqn. 12) and other thermally produced species (eqns. 3, 4) are

not included.
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