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We wish to report the non-photochemical, non- 
electrochemical catalysis of hydrogen evolution 
from aqueous N,N-dimethylformamide (DMF) solu- 
tions under relatively mild conditions. The recent 
indirect observations that the catalytic synthesis of 
DMF mediated by a platinum cluster complex, 
[Ptz(p-dppm)3] (dppm = Ph2PCH2PPh,), is reversible 
(eqn. (1)) [l], has led us to investigate the reverse 

CO2 + H2 + Me2NH I 

HC(0)NMe2 + Hz0 (1) 

reaction by starting with water and DMF as the initial 
reactants. (For thermodynamic data for reaction (l), 
see ref. 1.) While the study of the ‘reverse reaction’ 
of a synthetic process has long been practiced in 
heterogeneous catalysis [2], it appears that in homo- 
geneous systems such reactions have rarely been 
observed [3] or even attempted, i.e. by using the 
‘products’ as starting materials [4]. 

Experimental 

Reactions were carried out in 250-ml round- 
bottom flasks fitted with a side arm, thermometer 
and condenser and connected to a vacuum system. 
The metal complex, DMF (Baker Analyzed reagent) 
and distilled water were placed into the reactor, 
air was removed by evacuation and nitrogen gas was 
introduced to 500-670 Torr (Nz: Linde high purity 
dry grade, 99.99%). The reaction mixture was heated 
to 100 “C (or 120 “C in some experiments, not 
detailed in this note), and a transparent, homo- 
geneous solution of the metal complex in DMF-H20 
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resulted. Vigorous (magnetic) stirring was maintained 
throughout the experiment, and the total pressure 
of the system was monitored by a manometer in the 
closed, constant volume apparatus. Typically, after 
a 24-h period, the solution was cooled to room 
temperature, the pressure change recorded, and gas 
and liquid samples were taken for analysis. Gaseous 
samples were withdrawn via the vacuum system into 
an evacuated IR cell and analyzed by IR spectroscopy 
(qualitatively and semiquantitatively, C02, CO, 
Me2NH (if detectable)), and then quantitatively 
by GC by using a hot wire detector and a stainless 
steel CTR 1 column packed with an activated molec- 
ular sieve (outer column) and a Porapak mixture 
(inner column). The yields of the gaseous products 
(Table 1) represent those found in the gas phase 
(major fraction) plus small amounts dissolved in 
solution [5]; since no data are available for DMF- 
Hz0 solutions, the solubilities in DMF and Hz0 
were used separately and combined according to the 
individual volumes of Hz0 and DMF employed 
(Table 1). Liquid samples were withdrawn through 
a serum cap covering the side arm and analyzed by 
a GC flame-ionization detector and using a Carbowax 
20 M + KOH column. Subsequently, new N2 was 
added to the system (to compensate for the pressure 
decrease due to the gas sample withdrawn), and the 
solution was re-heated for another 24-h period, etc. 
The time interval at 25 “C, between two reaction 
periods, was l-4 h. 

Results and Discussion 

The results of the catalytic reaction between Hz0 
and DMF are summarized in eqns. (2)-(4) and 
Table 1. The following observations should be noted. 
(i) No gaseous or liquid products other than those 
indicated (Table 1) were detected; in particular, 
formic acid (cf. eqn. (7)) was not found. (ii) Entries 
l-3 refer to blank runs in which one or more of the 
catalytic reactants were absent. (iii) The remainder 
of the data (entries 4-14) shows evidence for the 
catalysis (eqns. (2)-(4)). The majority of the ex- 
periments involved [Pt2@-dppm)3] as the catalyst 
precursor, as this species was found to be the most 
active complex tested. (iv) According to eqn. (2), 
the yields of the three products, Hz, CO2 and 
Me,NH, are expected to show ratios of 1: 1: 1. 
Instead, we note throughout Table 1 that the ob- 
served yields consistently behave as a 1 H2:Q.5 COZ: 
-0 Me2NH. 

metal complex 
WW + WONMd1> yy&+ 

29 

H,(g) + CO,(g) + MedWg) (2) 
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TABLE 1. The reaction between water and DMF under nitrogen (500-900 T~rr)~ at 100 “C catalyzed by metal complexes (0.8- 

1.0 X lo4 mol) in homogeneous HzO-DMF solutionsb 

Entryd Reactants (ml) 

Hz0 DMF 

Metal complex Time 

(days)e 

Product yield per complexC 

HZ co2 Me2NH co 

1 

2a 

2b 

2c 

3 

4a 

4b 

4c 

4d 

5af 

5b 

5c 

5d 

6a 

6b 

7a 

7b 

8a 

8b 

9a 

9b 

10 

11 

12 

13 

14 

10 

10 

10 

2 48 

15 

25 25 

30 

10 

10 

10 

10 

10 

50 

50 

40 

40 

40 

35 

20 

40 

40 

40 

40 

40 

5 0 0 0 0 

1 0 1.8 (0) 0.50 

2 0 2.8 0.10 1.3 

6 0 4.1 0.8 2.5 

7 0 0 0 0 

1 12 6.2 (0) 1.5 

2 12 5.9 0.48 1.7 

4 13 5.8 (0) (0) 
6 16 5.2 (0) 1.3 

1 (0) 2.2 (0) 
f 

3 4.4 2.2 (0) 
f 

4 9.4 4.6 (0) 
f 

6 13 6.4 (0) 
f 

1 7.2 3.8 (0) 1.3 

2 8.9 4.6 (0) 0.6 

1 15 6.8 (0) 0.68 

2 15 5.6 (0) 0.64 

1 40 21 (0) 1.4 

2 52 26 0.27 2.5 

1 15 6.6 0.24 0.56 

2 15 6.9 0.12 0.65 

3 7.5 3.1 (0) 0 

3 8.5 5.2 (0) 0 

2 5.0 3.0 0.24 0 

1 3.0 1.4 (0) 0 

1 9.2 4.6 (0) 0 

*The pressures in different experiments ranged as follows: (i) initial (Na) at 25 “C, 500-670 Torr; (ii) at the conclusion of the 

first 24-h reaction period at 100 ‘C, 615 -900 Torr (increase due to product gases and temperature increase); (iii) + AP after the 

first 24-h reaction period at 25 “C, 5-180 TOII (due to gaseous products); the latter range reflects the variation of yields as well 
as the different total volumes of the closed systems used (522-718 ml). bFo~ procedures and analytical methods, see ‘Ex- 

perimental’. CYield of product (mol) per metal complex (mol, introduced initially), +lO-15%. (0) = trace amounts detected, 

quantification not meaningful. dEach number refers to a separate experiment, the letters (a, b, c.. .) refer to sequential data 
obtained within that experiment. e24-h reaction period at 100°C. fReaction carried out under CO, 550 Torr (initially at 

25 “C). 

25 “C 

MeJWg) + 0.5COak) E 

0.5 [Me2NH2]+[Me2NC(0)O]-(cr) (3) 

Eqns. (2) + (3): 
H,O(l) + HC(0)NMe2(1) N mrzi ~~mp~O; 

2, --f 

Md + 0.5CWg) 
+ 0.5 [Me2NH2]+[Me2NC(0)O]-(cr) (4) 

The interpretation of this apparent discrepancy is 
given in eqns. (2)-(4). The non-catalytic, spon- 
taneous and rapid formation of carbamate (eqn. (3)) 
represents a common reaction between CO2 and 
amines or ammonia [6], but the equilibrium of 

reaction (3) is very sensitive to temperature-pressure 
variations. In the present case, CO2 and Me2NH are 
catalytically produced in the hot solution where 
they remain dissociated, then enter the gas phase 
(their solubilities are minimal at 100 “C), and travel 
to the colder regions of the reactor where the reac- 
tion occurs (eqn. (3)) as evidenced by the appear- 
ance of white crystals of carbamate (identified by 
IR) on the surface of the condenser. Note that the 
gaseous and liquid samples were taken for analysis 
at 25 ‘C, so that the carbamate formation was ap- 
parently quantitative at this temperature. However, 
it was impossible to determine the amount of car- 
bamate formed since most of the crystals simply 
disappeared upon opening the reactor. Separate 
experiments confirmed this property of [Me,NH,]+- 
[Me,NC(O)O]-: the compound (identified by IR) 
is stable only in the presence of its components, 



COs and Me,NH; i.e. in air, the crystals decompose 
into their gaseous precursors (identified by IR). 
It should be emphasized that the stoichiometry of 
the reaction between carbon dioxide and dimethyl- 
amine is always as shown in eqn. (3), that is, 2Mea- 
NH:lCOs. (v) With most of the metal complexes 
used, the catalytic rates have been found to decline 
with time within the periods of observation (usually 
6 days), attributable to catalyst deactivation. For 
the Pt compound (entries 4-9), a likely candidate 
for this process is the reaction of [Pt&-dppm)s] 
with carbon monoxide (eqn. (5)) which has been 
established in separate experiments. Carbon mon- 
oxide is an inhibitor for reaction (2) as demon- 

F’W-dwmM + ~33 I IPt&OM~-dw431 (5) 
strated by the comparison of runs 4 and 5, and some 
CO is always found in the reaction mixtures in- 
volving the platinum catalyst (Table 1). (vi) A 
number of experiments were carried out in which 
the ratio of the reactants, HzO:DMF, was varied 
(entries 4, 6-9). It is seen that the yields are de- 
pendent on the initial concentrations of Ha0 and 
DMF, and that the rate becomes maximum for the 
ratio 1:l (entry 8) in agreement with the stoichio- 
metry given in eqn. (2). 

For the overall reaction between Ha0 and DMF 
(eqn. (2)) there are several possible routes from 
the reactants to products, e.g. eqns. (6)-(8) or some 
combinations thereof. Note that the routes con- 
sidered here do not refer to mechanisms, which 
would require the inclusion of elementary steps of 
reactant-catalyst-intermediate interactions within 
each type of reaction path. Some mechanistic studies 
of the catalytic DMF synthesis (eqn. (l), but with 
other complexes) have been reported before [7,8], 
including a detailed kinetic investigation using [Rh- 
(Cl)(Ph,P),] as the catalyst precursor [8], but no 
definite conclusions as to the reaction course were 
reached. 

A. Carbon monoxide route: 

HC(O)NMe, I CO + MezNH 

CO+H20ZH2+C02 

B. Formic acid route: 

HC(O)NMe, t Ha0 I HC(O)OH + MezNH 

HC(O)OH _ Hz + CO2 

C. Carbamic acid route: 

HC(0)NMe2 + Hz0 1 Hz + Me,NC(O)OH 

Me,NC(O)OH I COZ + MeaNH 

(6a) 

(6b) 

t7a) 

C’b) 

(84 

(8b) 

147 

Except for eqn. (8a), all of the individual processes 
indicated have precedents in previously observed 
reactions involving the respective species. At present, 
there appears to be no definite evidence for the 
support of any of the possible routes shown (A, B, 
C). With regard to the question of the source of 
hydrogen atoms in the product H2 (eqn. (2)), mech- 
anistic considerations suggest that if route B or C 
is operative, one atom would originate from DMF 
(H-C(O)NMe,) and the other from water, while 
in the case of route A, water is obviously the source 
for both hydrogens. Discrimination between the 
different routes by the use of deuterated species 
(DzO, DC(O)NMe,) would be difficult due to the 
known H-D exchange reactions involving N-H 
and O-H bonds and catalyzed by the same or similar 
complexes as employed in the present study [7,9]. 
Further work is in progress and detailed results, 
together with a discussion of mechanisms for both 
the forward (eqn. (1)) and reverse (eqns. (2)-(4)) 
reactions, will be reported in a subsequent com- 
munication. 
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