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Abstract: Rapid, selective, and high-yield hydrogenation of &@n be achieved if the GOs in the supercritical

state (scC@). Dissolving H, a tertiary amine, a catalyst precursor such as f€Hs)s]s or RUCK[P(CHs)sa,

and a promoting additive such as water,{OH, or DMSO in scCQ@at 50°C leads to the generation of formic acid

with turnover frequencies up to or exceeding 4008, hin general, experiments in which a second phase was formed
by one or more reagents or additives had lower rates of reaction. The high rate of reaction is attributed to rapid
diffusion, weak catalyst solvation, and the high miscibility efirlscCQ. The formic acid synthesis can be coupled
with subsequent reactions of formic acid, for example, with alcohols or primary or secondary amines, to give highly
efficient routes to formate esters or formamides. With NH{GHor example 420 000 mol of dimethylformamide/

mol of Ru catalyst was obtained at 10C. The demonstrated solubility and catalytic activity of complexes of
tertiary phosphines in scGQuggest that scCrould be an excellent medium for homogeneous catalysis and that
many phosphine-containing homogeneous catalysts could be adopted for use in supercritical media.

Introduction H, with scCQ.®> The concentration of Hin a supercritical

. . . mixture of H (85 atm) and C@(120 atm) at 5C0°C is 3.2 M,
Supercritical fluids (SCFs), substances heated beyond thelrWhile the concentration of ¥in THE under the same pressure

critical point, have densities and viscosities between those of is merely 0.4 M This property of scC@® must allow
liquids and gases. SCFs, especially supercritical carbon dioxide™ "= y o . property 0 - .
(scCQ; T, = 31°C, P, = 72.9 atm)! have been used as solvents significant rate enhancement of reactions for which the rate is
y lc—™ yc— . [l . .
for extractions’3 chromatography, stoichiometric organic reac- g;e?;iesr thraon ;imtﬂaosrdsggkH,?(;gzntr?(g\?ig u%g]e'rﬁzef#ilnﬁ SS
tions, and heterogeneously catalyzed reactiotisut, with few property. ha p ) gn.
exceptions; 14 have not been used for homogeneously catalyzed concentrqtlon Of. CQm scCQ could alsp be ao!vantageous n
reactions. The benefits of SCFs suggest that for some reactions?hneﬁ rtehaedf:ewglc2523;20?23&?1? :/?/ilﬁ)ojliln?/\l/e :ﬁfﬁgﬁ
the vyield, rate, or selectivity will be dramatically enhanced. widespread use of Gs an organic carbon source: we present
Among the chemical advantages, the most pertinent to homo- P 9 : P

L o here, and in our preliminary communicatidf$’-18 and
geneous catalysis in scG@ the miscibility of gases such as patents19-21 examples of this strateg§:23
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Homogeneous Catalysis in Supercritical Fluids

CO, + H, + B —[BH][O,CH] (1)

J. Am. Chem. Soc., Vol. 118, No. 2, 3996

3) catalyzed by RubP(CsHs)s]4, RUCL[P(CsHs)3]3, and other
catalyst precursors has been repoffed;*+4” the highest yield

Although this reaction and variations thereof have been known of DMF being 3400 TON at 130C .44

for 2 decades®?7 efficient systems for its homogeneous
catalysis have only recently been reportéespecially by the
team of Leitner et a12-33 Surprisingly, the highest conversion
(TON = 3400¥! has been obtained with water as the solvent
(TON = turnover number, mol of product/mol of cataly&t).
We have reported in a preliminary communication that the
hydrogenation of C@is particularly efficient if the CQis in

the supercritical stat&:12 Since then, we have expanded the

CO,+ H, + NHR, —~HCONR, + H,0O 3)

In this report, we present the details of our research using
scCQ, emphasizing the often dramatic effects of phase changes
on reaction behavior and the strong promoting ability of
additives.

range of conditions and additives tested and investigated aExperimental Section

number of other factors which influence rate and yield.

The related syntheses of alkyl formt&and formamided-20
from scCQ have also been investigated in our laboratory.
Methyl formate is used for the industrial synthesis of formic
acid and DMF, as well as for other applicaticfislt can be

Materials and Methods. The compounds RWfP (CsHs)3]4,*® RuHy-
[P(CHy)als (1),*° RUCKL[P(CHg)als (2),°°%" RUCIO,CCHy)[P(CHe)sl4
(3),2transRuCk(dmpe},* trans RUHCI(dmpe),>* and [RhCI(nbd)}*®
and the carbamat®swvere prepared by literature methods (nb@,5-
norbornadiene; dmpe (CH;).,PCH.CH,P(CH;),). Note that complex

produced by the base-catalyzed carbonylation of methanol with 1 is light-sensitive and should be stored in the dark s(B®). (Strem)
CO, the currently used industrial process, by methanol dehy- was used as received. The catalyst precursors and the alkylphosphines

drogenatioff or by hydrogenation of CQin the presence of
methanol (eq 258

catalyst

—_—

base

CO,+ H, + ROH HCO,R + H,O (2)
Homogeneous catalysts for this process include e
(CgHs)3]4,2827370ther metat-phosphine complexe$;27-38.3%nd
anionic carbonyl complexeé8:42 The temperatures used by
previous investigators were unfortunately high (3ad5 °C),
while the highest reported yield was 470 TON, obtained in
methanol solution with inorganic bas#s.

Dimethylformamide (DMF), an important industrial solvent,
is currently prepared by the sodium methoxide-catalyzed
carbonylation of dimethylamine with CO in methartél.The
synthesis of formamides from GOH,, and dialkylamines (eq
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were stored and handled under argon at all times, excet &md 3
which could be weighed under air if afterwards returned to an inert
atmosphere. Liquid reagents and solvents were dried, distilled, and
degassed before use except for DMSO, amines, and water which were
only degassed. MS3A (Nacalai) was activated and the acidic resins
Nafion NR50 (DuPont) and Amberlyst (Aldrich) were washed and dried
under vacuum before use. The #as used was 99.99% purity, zero
grade product of Sumitomo. Two grades of Skre used for formic
acid production, 99.99% (Showa Tansan) and normal grade (Fuiji), with
comparable results. For the formamide and alkyl formate syntheses,
only the purer grade was used, although the normal grade could again
be satisfactory. CO (Sumitomo Seika) was UHP grade.

Spectroscopic and chromatographic measurements were performed
with a JEOL JNM EX-400 NMR spectrometer, a JASCO FT/IR-5300
spectrometer, and a Shimadzu Parvum GC/MS instrument consisting
of a GC-17A gas chromatograph and a QP-5000 mass spectrometer.
Differential scanning calorimetry (DSC) measurements were performed
under argon with a Rigaku DSC 8230B instrument and a TAS 100
system controller. The supercritical fluid equipment, a diagram of
which is shown in Figure 1, was modified from supercritical chroma-
tography equipment manufactured by JASCO International. The
principal components are a stainless steel 50-, 150-, or 300-mL reactor
vessel, two PU-980 HPLC pumps, an 880-81 back-pressure regulator,
a C0-965 (maximum 86C) or 866-CO (100C) column oven, and a
magnetic stir plate. One of the pumps was fitted with a liquid,CO
reservoir cooled by a SCINICS CH-201 coolant circulator. The other
pump was used to supply GElI, during the flushing procedure; the
1/16 in. stainless steel tubing of the equipment was flushed between
reactions with CHCl,, CO,, and H, in that order. For safety reasons,
the back-pressure regulator was set to vent at 40 atm higher than the
desired total pressure and was tested before every reaction.

Safety Warning. Operators of high-pressure equipment such as that
required for these experiments should take proper precautions, including
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vent °C/min, 50:1 split injection, 10 kPa He carrier gas, HCBi; monitored
at 60z, internal standard acetonitrile monitored at mik).
# back pressure Synthesis of Formamides. The syntheses of formamides were
regulator performed by the same method as the formic acid synthesis, except
that primary and secondary amines and higher temperatures were used
and neither water nor N{€ls); was added. For experimental conven-
* ience, some of the lighter amines were introduced as the corresponding
gg‘egrﬁﬁg carbamates rather than the free amines. For example, both dimethyl-
reactor amine and dimethylammonium dimethylcarbamate were tested, with
ﬁé identical results. Although the carbamates contain,G€sts showed
cooler that very little conversion to formic acid or formamide takes place
oven during the temperature equilibration. The product analysis and
- identification of the formamides and N(GHwere performed by NMR
E in the same manner as for methyl formate. The identification and yield
wash of DMF were also confirmed, for selected reactions, by GC/MS (30 m
solvent x 0.25 cm TC-wax column, 56220 °C at 20 °C/min, 50:1 split
injection, 100 kPa He carrier gas, DMF monitored atn#@3, internal
Figure 1. Equipment used for the reactions in scCO standardn-hexadecane monitored at 8¥7). It was not possible to
obtain confirmation of the identification of N(Ght by GC/MS due to
but not limited to the use of blast shields and pressure relief its high volatility and low yield.
mechanisms, to minimize the risk of personal injury. Stoichiometric Reaction of RuH,[P(CH3)s]s with CO,. Carbon
Phase Behavior Observations.The phase behavior of the multi-  dioxide was bubbled for 1 min through a solution of the complex in
component systems was determined visually by use of a 50-mL reactorCeDs prepared under argon. Comparison of theand3!P['H] NMR
equipped with sapphire windows. Quantitative measurements of the spectra before and after the reaction showed that the only product was
concentration of amine were also performed. In the latter method, a CiSRUH(Q;CH)[P(CH)s]s in 9% conversion. The complex was not
sample loop was used to transfer a sample from the uppermost phasdsolated. 'H NMR (CsDg, 400 MHZ): 6 —8.10 (dq, 1H,?Jnanse =
of the reactor vessel into a supercritical fluid chromatography system 99.8 Hz,2Jicise= 27.7 Hz, Rii), 0.98 (d, 18H23p = 9.8 Hz, P(®a)a),
with a scCQ/methanol mobile phase, a Superpak Crest C18 column, 1.22 (d, 18H,234p = 13.4 Hz, P(El3)3), 8.93 (d, 1H,*Jrtranse = 4.9
a JASCO UV-970 UV detector, and an 880-81 back-pressure regulator. Hz, O:CH). 3!P['H] NMR (C¢De, 162 MHz): 6 —13.2 (m, 1P, P trans
Hydrogenation of scCQ; to Formic Acid. The oven-dried reactor 10 H), —0.8 (dd, 2P 2Jpe = 34.4 Hz,%Jpp = 24.3 Hz, mutually trans
(usually 50-mL internal volume) was cooled to room temperature under P(CH)s ligands), 19.5 (td, 1PJpe = 34.4 Hz,2Jpp = 18.2 Hz, P trans
vacuum, filled with argon, and then charged with the catalyst precursor {0 G2CH). Further evidence for the structure assignment was obtained
(typically 3 umol) in an argon-filled glovebag. The reactor was then Ely noting the close similarity of théH NMR (hydride region) and
evacuated for 10 min under high vacuum and refilled with argon. Water > PFH] NMR spectra with those of the known compleig-RuH(OGH.-
(2 uL, 0.1 mmol) and N(@Hs)s (0.7 mL, 5.0 mmol) were injected into P-CHs)[P(CHg)g].>*
the reactor against a positive argon pressure through a threaded opening2
in the top which was plugged at all other times. The reactor was then Results

attached to the equipment as shown in Figure 1. Pressure testing and . . . .
warming to the reaction temperature were performed with a pressure Observations of Phase Behavior.Reactions in SCFs are

of 40 atm of H. After temperature equilibration, which takes ca. 2 h, strong]y affected by Phase changes. .Although the phase
the pressure of pwas topped up to the desired level followed by the Dehavior of pure C@(Figure 2, top row) is knowr that of
required pressure of GO The pressures cited are at reaction temper- the multicomponent systems described here has not been
ature. The C@was introduced from a cooled-6 °C) reservoir by published. For this reason, under conditions relevant to all
an HPLC pump. The start of the reaction is defined as the time of reactions, the number of phases present was determined by
CO; gas introduction. An experiment with a reaction tinfédch was visual observation of the CfM,/additive mixture in a 50-mL
performed to confirm that no formic acid is generated during the stee| vessel equipped with sapphire windows (Figures 2 and

prewarming. After the expiration of the desired reaction time, the 3). The results are summarized below, and the case ofH€
reactor was half-submerged in a bath of acetone or alcohol which was at 50°C is illustrated in Figure 4 '

subsequently cooled by addition of dry ice. The use of a liquid nitrogen R
bath, which was also effective, is not recommended because it is more In the presence of only ,H8O atm, 50°C; I_:lgure 4a), 20
likely to cause weakening of the reactor walls. After the pressure had ML Of N(CzHs)s forms a liquid phase of approximately the same

reached a steady low value, the s was vented and the reactor was Volume as the originally charged amine; the gas phase contains
slowly warmed, the C@venting into a fume hood as it sublimed. The only a small concentration of the amine, as determined by
formic acid to amine molar ratio (hereafter referred to as AAR) and chromatographic testing. In the presence of onlyGke liquid

the yield of formic acid were determined frofH NMR spectra of the phase expands to 24 mL at 30 atm or 34 mL at 60 atm (Figure
CD3;0D solutions with 0.05 mL of CHGlas an internal standard at 24 4b). This swelling of the liquid phase must be a result of
°C with 16 scans at 5-s intervals and a pulse width of %2 The —gjgsolution of considerable amounts of £@to that phase
accuracy of this method was confirmed by analyzing known mixtures (Figure 2, middle row). At pressures above 80 atm, 20 mL of

of formic acid and N(GHs)s in CDsOD with an average error of 3% - P .
in the AAR. The identification and yield of formic acid were N(CzHs)s is completely miscible with scCQn the absence of

confirmed, for selected reactions, by GC/MS (30x10.25 cm TC- Hz in a 50-mL _VeSSEI at 50(? (Figure 4c). V_'Sual Inspection .
wax column, 106-200°C at 20°C/min, 100:1 split injection, 50 kPa showed the existence of a single phase, while chromatographic
He carrier gas, HCg4 monitored at 46mz, internal standard testing of the uppermost regions of the reactor interior confirmed
n-hexadecane monitored at 8%2). complete dissolution of the amine.

Synthesis of Alkyl Formates. The alkyl formate syntheses were In the presence of bothH85 atm) and CQ(total pressure
performed by the same method as the formic acid synthesis, except210 atm) at the same temperature, the situation is dramatically
that higher temperatures were used and alcohols rather than water werglifferent. With amounts of N(@s)3 below or equal to~4
added. The reaction mixtures were analyzed in the manner describedm|_ (29 mmol), only a single phase is visible (Figure 4d),
for the production of formic acid except that the deuterated solvent although for amounts between 2 and 4 mL waviness is observed,

was CDC} and the internal standard the methyl peak of toluene. indicatina the existen f nsi radient (Fiqure 4 Th
Additional confirmation of the identification and yield of methyl formate dicating the existence of a density gradient (Figure 4e). €

was obtained, for selected reactions, by GC/MS (3@ ™25 cm TC- (57) Osakada, K.; Ohshiro, K.; Yamamoto, @rganometa”icslggl
wax column, 40°C for 3 min followed by ramping to 100C at 20 10, 404-410.

H, [|CO,
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Figure 2. Photographs showing the interior of the window-equipped
reactor vessel (see Figure 3) under various conditions: (top left) gently
boiling liquid (lower phase) and gaseous (upper phase) &30°C,

(top right) scCQ (32 °C), (middle left) N(GHs)s (14 mL) under 1 atm

of CO, gas, (middle right) the same amount of amine under increasing
pressure of CQ showing the turbulence and the increase in volume
of the liquid phase due to dissolution of g@to the liquid amine,
(bottom left) single-phase reaction mixture of (85 atm), N(GHs)s

(5 mmol), HO (0.1 mmol), and (3 umol) in scCQ (total 216 atm)

at 50°C just after the start of the reaction, and (bottom right) the same
reaction mixture after the reaction is complete. The drops are liquid
HCO,H/N(C;Hs); adduct, the bulk of which rests at the bottom of the
reactor and is not visible in the photograph.

PO

Figure 3. Cutaway drawing of the 50-mL window-equipped reaction
vessel, showing (a) sapphire windows, (b) stir bar, (c) seal, (d) inlet/
outlet for gases, and (e) inlet for liquid reagents, usually plugged. The
other 50-mL vessels are similar except that they lack the window
assemblies. Photographs taken through windows “a” are shown in
Figure 2.

density gradients can be eliminated by vertical shaking but not
by horizontal stirring alone. Amounts of N§Bs); above 4 mL
cause the formation of two phases, the lower of which is always
considerably larger in volume than the charged amine. For
example, with 20 mL of N(gHs)s, the volume of the lower
phase is 40 mL, suggesting that both amine and &® in that
phase (Figure 4f). With 5 mL of amine, the lower phase is 17

d
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Figure 4. Schematic illustration of the phase behavior of the.CO
H2/N(CzHs)s system in a 50-mL reaction vessel at 80, showing the
major components of each phase and the relative volumes.

mL. Chromatographic testing of the upper gaslike phase shows
that it contains very little amine. Thusknd possibly CQ
are the major components of this phase. It is likely that the
large amount of C@in the lower phase increases the solubility
of H in that phase relative to the solubility okl liquid amine
alone.

Similar observations were made with THF (15 mL), O
(15 mL), CHOH (10 mL), and DMSO (0.5 mL), all at 58C,
CH3OH (10 mL) at 80°C, and THF (10 mL) at 100C. In
each case two phases are clearly observed and the volume of
the lower phase is significantly larger than the amount of liquid
solvent added, suggesting that a large amount of i€Present
in the lower phase. Only with water (10 mL) is the volume of
the lower phase equal to the volume of water added, suggesting
that the amount of C@dissolved in the water is smaf:>°

Homogeneous Hydrogenation of scC®to Formic Acid.
The hydrogenation of scGQo formic acid proceeds rapidly
with the use of trimethylphosphine complexes of ruthenium(ll)
as catalyst precursors (Table 1). In a typical reaction ,N&iz
(5.0 mmol), the catalyst precursor (3dnol), and water (0.1
mmol) were kept at 50C in a supercritical mixture of (85
atm) and CQ (total pressure 200210 atm). At the start of
the reaction only one phase is present (Figure 2, bottom left),
but as the reaction proceeds, the liquid product, an adduct of
N(CzHs); and HCGH, precipitates (Figure 2, bottom right).
Table 1 summarizes the results of the catalyst screening,
indicating the AAR, the yield of formic acid, the TON, and the
rate expressed in terms of the turnover frequency (FOF
turnovers/i= mol of product/mol of catalyst/h).

The most active of the catalyst precursors tested in scCO
are RUH[P(CHs)3]s (1), RUCK[P(CHg)s]4 (2), and RuCI(G-
CCHg)[P(CHa)3]4 (3). Reactions catalyzed by and3 do not

P(CH3)3 Cl P(CHy)3
(CHg)gPw,, | H (CH3)3P»,,,,,“H| wP(CHg)3  (CHg)sP, | .CI
" u
CHIP?” | SH  CHYP” | SP(CHy)s  (CHalP” | NO,CCH,
P(CHg)3 Cl P(CHa)3
1 2 3

exhibit an induction period. Witli, the reaction is fastest in

(58) Takenouchi and Kennethshowed that the maximum concentration
of CO; in liquid water at 100 bars is1.4 mol % and varies little with
temperature over the temperature range tested<3%0 °C).

(59) Takenouchi, S.; Kennedy, G. 8m. J. Sci1964 262 1055-1074.
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Table 1. Effect of Catalyst Precursor on Yield and Rate of Hydrogenation of s¢CO

catalyst precursor additibe catalyst gmol) time (h) yield (mmol) AAR TON¢ TOP (h™Y)
RUuH[P(CeHs)s]a H2O 2.8 1 0.22 0.044 80 80
RuH[P(CeHs)3]a CH;OH 4.5 0.5 35 0.69 770 1500
RUH,[P(CHs))4 (1) H20 2.2 1 3.0 0.60 1400 1400
RUH,[P(CHs)s)4 (1) H:0 3.2 3 6.0 1.2 1900 630
RUH,[P(CHs))4 (1) CHzOH 3.4 0.5 2.6 0.51 760 1500
RUCL[P(CHg)3)4 (2) H-0 2.7 1 0.63 0.13 230 230
RUCL[P(CHs)3]4 (2) H20 3.2 16 8.1 1.6 2600 160
RUCI(Q,CCHy)[P(CHg)s]a (3) H.0 3.4 1 3.6 0.72 1100 1100
trans-RuCh(dmpe)f H,O 3.2 5 0 0 0 0
transRuHCI(dmpey’ H.0O 1.8 15 0.42 0.08 230 15
Rus(CO)2 HO 10 17 0.14 0.029 14 0.8
Pd/C HO 106 143 0.9 0.18

aConditions: 50°C, 80-85 atm of B, total pressure 206210 atm, 50-mL reaction vessel, 5.0 mmol of Mg)s. Data rounded to two
significant figures? Additive = 0.1 mmol of water (single-phase system) or 250 mmol o@H (two-phase systemj.Formic acid to amine
mole ratio.4 Turnover number= mol of product (formic acid)/mol of catalyst. TON is a unitless paramét€urnover frequency= TON/h. Units
are . fdmpe= (CH3),PCH,.CH,P(CH).. 931 mg of Pd/C, 10 wt % Pd.

10 Table 2. Effect of the Base on the Yield of Hydrogenation of
T a
. RUCI{P(CH)als scca
5 87 base catalyst time yield
E base (mmol) (umol) (h) (mmol) AAR TON
3 RuH,[P(CHs)3l4 none 0 13.2 13 0 0
> K2COs 25 9.0 16 1.2 140
§ KOH 5.4 29 15 0.5 260
o] [NHJ][O,CNH;] 2.4 25 15 0.099 0.021 39
T N(C:zHs)3 5.0 32 16 81 1.6 2600
N(CzHs)s 10.0 2.7 20 12.0 1.2 4400
N(CzHs)s 30.2 3.2 84 189 0.63 6000
5 N(C:Hs)s 40.2 3.4 47 244 0.63 7200

time, h

) ] o ) ) 2 Conditions: 50°C, 50-mL reaction vessel, 885 atm of H, total
Figure 5. Dependence of formic acid yield on reaction time. pressure 200210 atm, catalyst precursg@r 0.1 mmol of water®In a
Conditions: 85 atm of b total pressure 200210 atm, 50°C, 5.0 150-mL reaction vessel at 220 atm of total pressure.

mmol of N(GHs)s, 2.5-3.2 umol of Ru catalyst, 0.1 mmol of $O. o )
precursors have equal activity (Table 1). This suggests that the

the first hour, with a TOF of 14001, dropping to one-half difference in activity between the two complexes in se@a

this rate in the second hour (Figure 5). After the third hour, no result of differing solubilities rather than electronic or steric
further increase in yield is observed. On the other hand, the effects.

reactions catalyzed b¥ exhibit an induction period of ca. 1 h Because of the nature of the equipment, we were not able to
during which the yellow color of the catalyst disappears. The rule out the possibility that the catalyst decomposed to form
TOF in the subsequér h is over 1000 hl. After 5 h, the some catalytically active solids. Blank tests without catalyst
hydrogenation catalyzed W is complete, as indicated by an  were performed repeatedly throughout the study to confirm that

AAR ratio of 1.6-1.7. the reactor walls or any species thereon were not catalytically
As the reaction proceeds, the conditions change from basicactive.

(AAR < 1) to acidic (AAR > 1). The yield of formic acid Effect of the Base. The presence of a base is crucial for

obtained withl is lower than with2, with AAR values of up to favorable thermodynami@s. In the supercritical system, the

1.2 for the former catalyst, far below the values of-1167 yield of formic acid is high in the presence of Ndx)s, while

obtained with2. This could be due to catalyst instability in in the absence of base, no formic acid is obtained (Table 2).
the acidic conditions present after AAR reaches 1.0. To test Use of the solid bases KOsz, KOH, or [NH4J[O2CNH;] also

this possibility, experiments were performed in which formic allows production of formic acid, albeit with low yields. A
acid (0.9 AAR) was added before the start of the reaction. The combination of N(GHs)3 and KOH is no more effective than

AAR climbed to 1.6 with catalyst or 1.7 with catalys® within the same amount of amine alone. The amine acts as a sink for
4 h. This demonstrates that both catalyst precursors still havethe acid and is saturated at an AAR-el.7, the highest AAR
activity even in the acidic conditions present at AARL. value observed in this system. Leitner et%abbserved 1.6

The other catalyst precursors tested were inferior in activity. 1.8 in DMSO and about 1.0 in waté. The ratios in nonprotic
Gray material was found on the walls of the reactor after a Rh solvents are higher than 1 because carboxylic acids and

catalyst precursor, [RhCl(nbd)jc-CsH11),PCHCH,P(c-CeH11)2, N(C,Hs); form stable 2:1 adductgl, in nonprotic solvents or
was tested. The scG&oluble catalyst precursors #GO)» in the absence of any solvefité!
andtransRuHCI(dmpe) and the heterogeneous catalyst Pd/C
have low activity, while solubléransRuCh(dmpe} is com- q R "
pletely inactive. o—H &
The solubility of Ru complexX2 was demonstrated qualita- hzl(csz)s
tively by passing a scCOsolution of the complex through a 4
fine filter and a back-pressure regulator at®®Dand 120 atm
and collecting the solid which precipitated at the vent. THe The amount of N(gHs); added has a strong effect on the

NMR spectrum of the collected material was identical with that rate of reaction. In the 50-mL vessel, the optimum amount of

of the starting material. . . (60) Barrow, G. M.; Yerger, E. AJ. Am. Chem. S0d.954 76, 5211—
In scCQ, catalyst precursorl is far more active than  gy1g.

RuH,[P(CsHs)3]4, although in liqguid CHOH the two catalyst (61) Wagner, KAngew. Chem., Int. Ed. Engl97Q 9, 50-54.
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1,500

N(C2Hs)3, mmol
Figure 6. Effect of the amount of N(@s); on the initial rate of formic
acid production as measured during the first 0.5 or 1 h. Conditions:
50°C, 3umol of RuH,[P(CHs)s]4 (1), 0.1 mmol of HO, 85 atm of H,
total pressure 206210 atm.

N(CzHs)3 is 5.0 mmol (Figure 6). The rate at 15.0 mmol of
amine, in the region of density gradients but below the solubility
limit (~30 mmol), is 60 times lower than with 5.0 mmol and is
almost as low as the rate obtained in liquid amine (72 mmol)
under otherwise identical conditions. Vertical shaking during

the reaction time, which eliminates the density gradients, does
It is clear that the rate of the reaction can
be affected not only by the kinetic dependence on amine
concentration but also by phase behavior considerations. Fo

not affect the rate.

example, if the system is close to the mixture critical point at
5.0 mmol of amine, then a favorable clustering effécould

be the explanation for the high rate at that concentration.

Because the phase behaviors of this EB/N(C,Hs); three-
component mixture and the G®I/N(C.Hs)s/HCOH four-

r
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With CH;OH as the promotor, as with water, the rate is
greater if only a single phase is presert4Q00 i) than if
enough CHOH is used to form a second phase (1500)h
However, it is important to note that the second phase formed
is actually a mixture of CEDH and CQ. Depending on the
compositions and properties of the phases, it could be that this
lower phase is supercritical, rather than liquid, while the upper
phase would be predominantly gaseous HFor this reason,
the term “two-phase system” may be more accurate than “liquid
CH30OH". The initial rate of the single-phase reaction with £H
OH is too high to measure with the existing equipm@rthe
reaction is complete within 0.5 h. The initial rate must be
greater than 40001.

The trend of single-phase systems being faster that two-phase
systems might also be true for the case of DMSO as the additive,
but the reactions are too fast to meastireAlthough the
solubility of H, in pure DMSO is probably very low, the
solubility of H, in the DMSO/CQ mixture which exists under
the reaction conditions could be considerably higher. The
effectiveness of DMSO as a medium for subcritical CO
hydrogenation has been observed previo#ihy.54

Reactions with two phases with THF or @EN as the
additive, even with water added as a promoter, have low rates
of reaction. In fact, CRICN seemed to act as an inhibitor even
when it did not form a second phase, possibly because it binds
too strongly to the Ru center and impedes the catalytic cycle.

Other additives such as ethylenediamine, P{gtand carbon
monoxide (Table 3) have an inhibiting effect on the reaction.
However, a large amount (3.9 mmol) of P(g}fwas required
in order to decrease the rate of reaction; use of only:3@l

component mixture have not been mapped, only speculation is(20 equiv) had essentially no effect.
possible. Increasing the amount of amine and switching to a At 50 °C, the effect of additives on the total yield (Table 4)

proportionately larger reactor allow increased yields of up to
7200 TON, although with reduced AAR values.
Effect of Water and Other Additives. The rate of the

is not as dramatic as their effect on the rate. Slightly higher
yields of formic acid are obtained in a sc@OH3;OH single-
phase system (1.8 AAR) than in a sc&£CHs;OH biphasic

hydrogenation is improved by the addition of promoting gystem (1.6 AAR) or scC§H,0 single-phase system (1.6

additives. These additives can be used either in small amountsAAR)_

so that they can dissolve entirely in the scBase or in large

amounts so that they will cause the formation of a second phase

The initial rate was determined by measuring the yield after
short reaction times with Ru complé&and a variety of additives
(Table 3).

In the absence of any promoter other tHaand the amine,
the initial turnover frequency of formic acid production is 680
h-1at 50°C. With water as an additive (0.1 mmol, completely
dissolved in scCg), the rate increases to 1400'h However,

In contrast, the yield at 80C is highly dependent on
the choice of additive, as will be described below.

Effect of H, Pressure on Yield. With a total pressure of
200210 atm, the pressure of hydrogen was varied to determine
the effect of this variable on the yield of overnight reactions
catalyzed by2 in a 50-mL reactor. Pressures of-685 atm
give the optimum AAR values of 1-61.7. The yield of formic
acid is independent of the amount of catalyst over a range of
3—10umol (at 85 atm, 5.0 mmol of amine), indicating that the

phase forms and the rate drops to 34.hThe slow rate of the
CO, hydrogenation in the presence of liquid water was

yield is obtained (AAR= 0.3 after 18 h), while no formic acid
is obtained in the absence obH

unexpected because the catalyst should not dissolve in that An attempt at the transfer hydrogenation of seCly
phase. A possible reason for the low rate could be reaction of 2-propanol (18 mmol of 2-propanol, 4:8nol of 1, 5.0 mmol

the water with CQand amine to form carbonates which would
render the amine insoluble in scg@nd soluble in water (eq
4).

R;N + CO, + H,0 = [R3;NH][HCO,] (4)
Attempts at using bases insoluble in scChave yielded

unsatisfactory results (Table 2); a sc&dissolved base is
preferred.

(62) Combes, J. R.; Johnston, K. P.; O’'Shea, K. E.; Fox, M. A. In
Supercritical Fluid Technology: Theoretical and Applied Approaches to
Analytical Chemistry Bright, F. V., McNally, M. E. P., Eds.; ACS
Symposium Series 488; American Chemical Society: Washington, DC,
1992; pp 3+47.

of N(CzHs)s, 130 atm of CQ, no H, 18 h, 50°C) was not
successful even though the reaction is enthalpically neutral (eq
5, B= amine base). Neither formic acid, propyl formate, nor
acetone was detected in the reaction mixture. RR{CsHs)s]4

is a known hydrogen transfer catalyst in other systéms.

(63) Because these reactions are too fast, it was not possible to obtain
reliable measurements of the true initial rate, even by using smaller amounts
of catalyst.

(64) The observations that high yields of formic acid can be obtained in
DMSO solution and that low yields are obtained at higher temperatures
have been explained as an effect of entr&paithough this is unlikely to
be correct because in general the position of an equilibrium depends on
enthalpy rather than entropy.

(65) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, |I. CChem. Re.

1985 85, 129-170.
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Table 3. Effect of Temperature, Water, and Other Additives on the Initial Rate of Hydrogenation of,5cCO

T(°C) additive (mmol) water (mmol) phades catalyst gmol) time (h) yield (mmol) AAR TOF (h?)
15 0.1 2 3.2 16 0.068 0.013 1.3
50 0 1 2.2 1 15 0.30 680
50 0.1 1 2.7 0.5 1.9 0.38 1400
50 0.1 1 2.2 1 3.0 0.60 1400
50 560 2 2.9 1 0.10 0.020 34
50 CO (1 atm) 0.1 1 25 0.5 0.059 0.012 48
50 P(CH)s (0.039) 0.1 1 1.9 0.5 1.3 0.25 1300
50 P(CH)s (39) 0.1 1 2.9 0.5 0.53 0.11 360
50 H.N(CH2).NH- (0.068) 0 d 34 0.6 0.32 0.065 190
50 THF (190§ 0.1 2 2.0 1 0.17 0.033 84
50 CHCN (6.7) 0.1 1 3.2 1 1.2 0.23 360
50 CH,CN (290y 0.1 2 3.2 1 1.1 0.21 330
50 CHOH (13) 0 1 25 0.5 5.0 1.0 >4000
50 CH;OH (250y} 0 2 34 0.5 2.6 0.51 1500
50 DMSO (1.6) 0 1 2.9 0.5 4.9 0.97 >3300
50 DMSO (1409 0 2 25 0.5 5.0 0.99 >4000
80 0.1 1 34 0.5 0.85 0.17 500
80 CH;OH (13) 0 1 25 1 3.9 0.85 1600
80 CHOH (250y 0 2 25 1 6.5 14 2600

aConditions: Ru compleg, 5.0 mmol of N(GHs)s, 80—85 atm of b, total pressure 206210 atm, 50-mL reaction vessélNumber of phases
visible at the start of the reactiohAverage of two runs? Phase behavior not determinéd.5 mL.f Reactions with AAR= 1 are essentially
complete; thus the initial rate must be higher than the rate showri0 mL.

Table 4. Production of Formic Acid and Methyl Formate at 1,500 -

Various Temperatures in scGO 2 ;ﬂgﬁ'a‘zooHs)l_4
T  additive N(GHz)s time TON 1000 .
(°C) additive (mmol) (mmol) (h) AAR HCOH HCO,CH;s DR ]
50 HO 0.1 5.0 16 1.6 2600 0 ("'3: 1
50 CHOH 13 50 15 1.8 3300 150 F 500
50 CHOH 250 5.0 15 1.6 2900 100 E
50 CHOH 80 30 60 0.70 6700 270 ]
80 H,O 0.1 5.0 15 0.04 61 0 1 [©) o .
80 CHOH 13 5.0 1 0.22 360 0 O e s B L S A i ARana
80 CHOH* 13 5.0 16 0.89 1100 330 10 20 30 40 50 60 70 80 90
80 CHOH 80 30° 64 0.66 6800 3500 T, °C
80 CHOH 250 5.0 1 11 2100 8 . . .
80 CHOH 250 50 19 1.2 2200 890 Figure 7. Temperature dependence of the rate of formic acid
100 CHOH 13 5.0 16 0.17 250 150 production. Conditions: 5.0 mmol of N¢Bs)s, 3 umol of catalyst (L

— - = P(CH)3), 0.1 mmol of HO, 85 atm of H, total pressure 206210
& Conditions: 50-mL reaction vessel, no water added except where g1m 0.5 or 1 h.

indicated, 2.53.5 umol of Ru complex2, 80—85 atm of H, total

pressure 200210 atm.? In a 300-mL reaction vessel4.2 umol of 14
2.

12

CO, + B + (CH,),CHOH— [BH][O ,CH] + (CH3)2C05 5 10

©) 8

Effect of Temperature. The greatest rate of reaction with 3 6
catalystl and HO as promoter was observed at 8D. The >

rates were calculated from the yield of formic acid after reactions 4

of short duration, usually 0.5 h. The results (Figure 7) show 2

that at temperatures lower than 8@, the rate is very low.
Pretreatment of the catalyst precursor withat 50°C did not
increase the rate of the reaction at4@) Visual inspection of
anll)-(bt%;% g{ml\l)(ig\s/\)/aeéodan:ib gifdirgrz?sgi tgr(argérzagu?;?)blelow Fig_ure 8. Time dep_endence of the product yields after reactions at 80
- PR °C in a 50-mL reaction vessel with 80 atm 0$,H130 atm of CQ, 5.0
about 45"(; but not a defined secpnd phase._ While itis normal o1 of N(GeHs)s, 3—4 umol of 2, and 13 mmol of CHOH 18
for a reaction rate to decrease with decreasing temperature, the
steepness of the observed drop in rate suggests that phaseates of formic acid production. In contrast, adding THF (5
behavior rather than reaction kinetics is responsible. A5  mmol) does not increase the yield of the reaction (0.005 mmol
the rate is extremely slow, probably due to the phase separationof formic acid after 15 h at 80C).
which exists at this temperature. Above 3C, the rate Production of Methyl Formate. The hydrogenation of
decreases with increasing temperature. Note that at these highescCQ in the presence of C¥H produces methyl formate in
temperatures, the yield after 36 h also drastically decreases excellent yield in addition to formic acid (eq 2). The presence
with temperature (Table 4). For example, the final yield of of a base such as NfBs); is again necessary. During the
formic acid obtained after ¥516-h reactions with catalyst reaction with catalys® at 80°C, after an induction period of
precursor2 and HO as promoter is 8.1 mmol (AAR- 1.6) at about 1 h, formic acid is produced rapidly. The concentration
50 °C but only 0.17 mmol (AAR= 0.04) at 80°C. Addition of formic acid reaches an equilibrium value of 0-8289 mol/
of methanol to the system at higher temperatures greatly mol of the amine by the end of the second hour (Figure 8). The
increases both the rate and the final yield (Tables 3 and 4) toamount of formic acid is constant after this time. Methyl
the extent that the reaction is far too fast to determine the initial formate is produced more slowly. These results clearly show

time, h
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Table 5. Acetic Acid Thermal Esterification with Methanol in the

none Presence or Absence of Triethylanfine

N(CoHs)s esterification of acid (%)

N-methyl- additive (g) gas with amine without amine

piperidine Cco; 18

pyridine I argon 25 88
5 pentane (0.6) argon 28
valine MS 3A (0.5) argon 25
[] HCO,CH, Amberlyst (0.1) argon 24 100

OP(C4Hg)s |1 B HcoH Nafion 511 (0.1)  argon 20 100

acid resin | aConditions: 44 h, 100C, 5.0 mmol of CHCO,H, 13 mmol of

: : . CH;OH, either 5.0 or 0 mmol of N(&Hs)s, 1 atm of argon or 150 atm

0 005 04 045 02 025 03 of CO,. MS 3A is a molecular sieve, while Amberlyst and Nafion
511 are acidic resing.This value decreases to 16% in the presence of

yield, mmol .
10 mmol of amine.
Figure 9. Effect of the choice of base on the yield of formic acid and ) _ _
methyl formate. Conditions: 0.72 mmol of base, 13 mmol of;OH, Table 6. Production of Formamides from Amines and sg€0
3—5 umol of 2, 80°C, 16 h. : _ TON
_ amine  catalyst time _
that methyl formate is synthesized in a two-step pathway: Ru- amine (mmol)  (wmol)  (h)  amide HCCH
catalyzed hydrogenation of sc@@ formic acid (eq 1) followed NH(CeH11)2 5.0 3.4 15 0 1400
by thermal esterification to methyl formate (eq 6). NH(i-CsHy). 5.0 2.3 23 0 1600
NH(CoHs), 5.0 2.3 13 820 950
HCO,H 4+ CH,OH — HCO,CH, + H,O (6) NH2(n-CsHv) 5.0 3.4 5 260 620
NH(CHs), 75 2.9 5 2100 190
. . . . o NH(CHs). 7.5 3.8 15 1500 0
The maximum yield of methyl formate is obtained at ca’80 NH(CH)» o5 & 25 29 9900 0

due to slow thermal esterification at lower temperatures and
low catalytic activity for hydrogenation at higher temperatidfes. 2 Conditions: catalyst precurs@ 80 atm of H, 130 atm of CQ,
Increasing the amount of GBH causes a second phase to 100 °C, 50-mL reaction vessel.150-mL reaction vessel.
form. The yields of formic acid and methyl formate and, to a . . . )
lesser extent, the selectivity increase (Table 4). Decreasing theCOMPletely eliminated. Molecular sieves are also ineffective
amount of CHOH added to the reaction causes dramatically in the presence of amine. The conversion to ester is slightly
decreasing yields of both formic acid and methyl formate. 'oWwer in scCQ than under argon.
Against expectations, however, the selectivity for methyl formate ~ The esterification of formic acid (eq 6) is reversible. An
increased? equimolar mixture of methyl formate and water heated to 100
Base is added to increase the yield of the formic acid in the °C for 28 h under argon and in the absence of any catalyst gives
hydrogenation step, but the tests described below show that bas@% conversion to formic acid and GBH. In the presence of
inhibits the subsequent thermal esterification. Thus the role of catalyst precursc2, the same amount of G&H is observed,
base is critical to the yield and selectivity for formate ester but formic acid is not observed, presumably due to catalyzed
(Figure 9). Reducing the amount of amine and keeping the decomposition of the formic acid to G@nd H. These results
concentration of alcohol constant does not increase the selectiv-suggest that improved selectivity for ester formation could be
ity for the ester but only decreases the final yildSubstituting achieved by effective removal of the water.
N-methylpiperidine for N(GHs)3 has little effect on the yield
or selectivity. With weak bases or in the absence of any base
very low yields of methyl formate are produced with complete
selectivity. Inthe absence of base and with catdlyab methyl
formate is obtained.
Normally, esterification of carboxylic acids by alcohols is

Production of Formamides from Primary or Secondary
'Amines. In the presence of diethylamine, dimethylamine, or
n-propylamine instead of N(ls)3, the hydrogenation of scGO
with catalyst2 at 100°C produces N-substituted formamides
(eq 3) instead of or in addition to the ammonium formate salts
; X 0 .
catalyzed by an acid. However, this synthesis of methyl formate g\aclib;ZIg?:.ti\/lirt]yther IZC)zlj\l/ISlS CO ;ndén;itgélﬁ:zg]_eéiﬁkﬁ dﬁglrl](\;/?;ilw(i): etso

requires an uncatalyzed thermal estt_enﬁ(_:atlon In the_presenc_esuch as dicyclohexylamine and diisopropylamine produce only
of an excess of base, a process which is not used in organic

. . : . ammonium formate salts, which suggests that the rate of
chemistry. To confirm that the reaction can proceed in the . . . -
presence of base, formic acid (4 mmol), £ (13 mmol) dehydration of such salts to the corresponding formamides is
and N(GHs)s (5 mr,nol) were heated to 8’@3 in a closed vess’el _strongly influenced by steric factors. Surprisingly, ammoni_a,
under argon. After 15 h, 7% of the acid had been esterified to introduced as the carbamate (Table 7), gave only low conversion
methyl formate. In orc]er to determine the factors which t© the formamide, although the reason for its poor reactivity is
influence esterification in basic solutions, we have tested the MO'e likely to be its poor solubility in scGO A byproduct
thermal esterification of CEOH and acetic acid under argon Zrom the reaction of NH(Ch), was detected as a singlet in the
without solvent (eq 7, Table 5). Acetic acid was chosen because 1 NMR spectrum with a chemical shift identical V(‘)"th that of
itis less volatile and more resistant to decomposition than formic N(CHs)s. Yields of this product ranged up to 2 mol % but were
acid. usually negligible.

Dialkylamines react reversibly with GQo form dialkylam-
CH;COH + CH;OH— CH;CO,CH; + H,O  (7) monium dialkylcarbamates (eqs 8 and®9§6-68

Triethylamine acts as an inhibitor, as expected, but even  (66) Wright, H. B.; Moore, M. B.J. Am. Chem. S0d.948 70, 3865-
excess amine does not completely prevent esterification. In the3866. ) )
absence of amine, acidic resins are catalysts for the esterification, ., (67) Fields, S. M.; Grolimund, K.J. High Resolut. Chromatogr.,
X . . Chromatogr. Commuril988 11, 727—-729.
increasing the conversion from 88% to 100%. In the presence (68) Takeshita, K.: Kitamoto, AJ. Chem. Eng. Jpril98g 21, 411—

of amine, however, the effectiveness of the acidic resins is 417.
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Table 7. Production of Formamides from Ammonium Carbamates,
H,, and scC@&

carbamate reactor Py, Pco, time TON

amine (mmol) vol(mL) (atm) (atm) (h) amide HCOGH
NH3 5 50 80 130 20 500 1700
NH>CHz 5 50 80 130 12 1800 20
NH2C:Hs 5 50 80 130 15 2000 410
NH(CHs)2 5 50 80 130 05 820 2300
NH(CHs)2 5 50 80 130 4 2600 250
NH(CHs)2 5 50 8¢® 130 4 76 4
NH(CHs)2 5 50 80 130 14 2800 90
NH(CHs)2 31 150 80 130 22 25000 280
NH(CHs)2 79 150 80 130 19 62 000 680
NH(CHs)2 210 150 80 130 18 150000 4000
NH(CHz), 1900 300 80 13C¢ 70 420000 0
NH(CHs)2 5 50 86 57 1 1000 1600
NH(CHs)2 5 50 50 0 3 320 160

aConditions: 2-3 umol of catalyst2 amines or ammonia charged
as the carbamate, 10C. ® 1 atm of CO also preserftExtra H, and
CO; added several times during the reaction.

NHR, + CO, = R,NCO,H (8)

R,NCOH + NHR, = [NH,R,][0,CNR,]  (9)

Jessop et al.

DMF

@
®

mole %

time, h

Figure 10. Composition of the product mixture as a function of reaction
time during the synthesis of DMF from NH(GH (10 mmol, charged
as the carbamate), 80 atm of,Hand 130 atm of scCQat 100°C
catalyzed by 2.5¢mol of 2.

higher yields should be possible. The high yield reactions in
Table 7 have overall raté&sof up to 8000 h'.

By performing a series of reactions (5.0 mmol of dimethyl-
ammonium dimethylcarbamate) with varying reaction times, a
profile of the reaction was obtained (Figure 10).The data
show that formic acid is generated very quickly but reaches a
maximum (6 mmol) at about 0.5 h, after which it declines to

These reactions have a number of consequences for theD.2 mmol (3%). Under other conditions or with longer reaction

formamide synthesis. The solubility of nonbulky primary and
secondary alkylamines in GQs low%” because of carbamate
formation®:68 Thus a liquid (R= CHsz) or solid (R= CHjy)
carbamate phase, [NR2][O2CNR;], is present from the start

times, the amount of formic acid remaining is lower or even

undetectable. DMF is produced more slowly than formic acid

but reaches 90% conversion by about 5 h. This reaction profile
is consistent with the catalytic hydrogenation of seQG®the

of the formamide synthesis. Tests at room temperature anddimethylammonium salt of formic acid followed by dehydration
pressure showed that the Ru catalyst is insoluble in the liquid to DMF. Tests with formic acid and dimethylammonium
carbamate salt. Thus, the initial reaction is believed to take dimethylcarbamate showed that the dehydration can be achieved
place in the scC@phase. We speculate that the catalyst remains at 100°C without catalyst (eq 10). The reaction of 5 mmol

in the supercritical phase throughout the reactionhich may

be the reason for the high rate and yields (see below).
Gaseous amines such as NH(fHcan be charged to the

reactor more conveniently in the form of the liquid or solid

each of formic acid and carbamate, formic acid being the
limiting reagent, gave 100% conversion to DMF at 2@0after
17 h under 3 or 130 atm of GO The same reaction at 15C
without solvent has been reported in the patent literature.

carbamate salts, which can be handled at room temperature.
DSC experiments under argon showed that the temperatures oRHCOH + [(CH3),NH,][O,CN(CH,),] —

the onset of decomposition for the solid carbamates o§,NH
NH2CHjs, and NHCH,CHjs are 38, 52, and 48C, respectively.

2HCON(CH,), + 2H,0 + CO, (10)

For the DMF synthesis, the use of dimethylammonium di- The reverse reaction, hydrolysis of DMF to dimethylammonium
methylcarbamate is experimentally easier than the use of coolediormate, was not observed under these conditions: DMF and

by either method. In particular, the time profile shown in Figure
10 for reactions of dimethylammonium dimethylcarbamate is
identical with that obtained with dimethylamine as the starting

absence o8 did not react within 20 h. Therefore the conversion
of CO,, Hp, and NH(CH), to DMF is irreversible under these
conditions.

material. The results obtained with several carbamates are The initial rates of production of formic acid and DMF over

shown in Table 7.
By using the carbamate as the source of NH{zHnd by

the first hour at the conditions of Figure 10 are 2300 and 1300
h~1, respectively. Addition of 10 mL of THF, which is too

using a large carbamate to catalyst ratio, an exceedingly highmych to dissolve in the scGfBl, mixture, causes the initial

efficiency of conversion of Bl CO,, and NH(CH), can be
obtained. For example, with 79 mmol of carbamate (158 mmol
of amine) in a 150-mL reactor, the catalytic efficiency was
62 000 TON with 99% conversion of the amine and 99%
selectivity for DMF. If very large amounts of carbamate are
used, H becomes the limiting reagent. In order to avoid this
problem and the related problem of dropping se@@essure,
extra B and CQ were periodically added during large scale
reactions, although the #CO, ratio could not be monitored.
By this method, DMF was obtained with 420 000 TON (71%

rates to be reduced to 390 and 743.hThe dramatic decrease
in the rate of hydrogenation may indicate that the THF induced
the catalyst to dissolve in the liquid phase.

In the absence of Ru catalyst, only trace amounts of formic
acid and DMF are observed. Using no £€xcept for that
contained in the carbamate results in an extremely slow reaction.
An atmosphere of CO strongly inhibits the DMF synthesis. The
synthesis of DMF from scCPalso proceeds at the lower
temperature of 78C, although the rate of the dehydration step
is decreased (1500 mol of HGB and 2400 mol of DMF per

yield based on charged amine) in a 300-mL reactor. Noteworthy mo| of 2 or 62% conversion of NH(CkJ, to DMF after 5 h).
in this latter reaction was the absence of any formic acid among  The use of 8 atm of Pgas and a reaction time of only 75

the products, despite the presence of unreacted amine. Thisnin produced DMFd; in 3% conversion and 80% isotopic

suggests that the hydrogenation step slowed down late in the
reaction and became the rate-determining step, probably becaus

of insufficient H or CO, pressure. With proper monitoring of

e (69) If the same rate were obtained in a flow system, the spéoe

yield would be 9 kg of DMF/g of Ru catalyst/L (reactor volume)/h. Because
such figures are usually calculated from flow rather than batch reactions,

the H/CO; partial pressures and controlled makeup gas, even this value should only be considered an indicator of high productivity.
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purity. The mass spectrum of the product DMF suggests that

the deuteron was at the formyl position rather than in a methyl
group. An isolated single peak at 5z (molecular ion minus
CHs) in DMF-d, was shifted to a single peak at 53z in the
spectrum of DMFd; rather than to two peaks at 58 andrbg,

J. Am. Chem. Soc., Vol. 118, No. 2, 3936

Reasons for the High Rate of Reaction in scC® Possibly
the most important reason for the high rate obtained in scCO
is the complete miscibilifip of H, with scCQ compared to the
low solubility of Hy in most organic solvent®. The miscibility
of H, allows all of the CQ, Hy, N(C;Hs)s, and catalyst to be in

as would have been expected if the deuteron resided in thethe same phase, which is not possible with subcritical conven-

methyl groups.

Stoichiometric Reaction of RuH,[P(CH3)3]4 with COo.
Complex1 in CgDg is converted by C@(1 min bubbling at 1
atm) in 9% vyield to a monohydride complex with an NMR
spectrum consistent wittis RUH(O,CH)[P(CHg)s]s. The extent

tional solvents. This strategy requires the designing of a catalyst
which is highly soluble in scCg this point will be discussed

in further detail below. Less obvious in the present system but
potentially as important to the high rate are other factors such
as a weaker coordination sphere around the catalyst, rapid

of the conversion was unaffected by the presence or absence ofliffusion in the supercritical phase, and elimination of the

4 equiv of free P(Ch)s.

cis-RUH,[P(CH;)4l, + CO, = cissRuH(G,CH)[P(CH;)Jl,
(11)

The ratio ofcisRuH(OCH)[P(CHg)s]4 to 1 was decreased by
subsequent bubbling of Hfor 1 min through the solution,

problem of slow mass transfer between the gaseous and liquid
phases.

The solubilization of transition metaphosphine complexes
in scCQ is necessary if these ubiquitous and useful catalysts
are to be employed in that medium. Transition metal complexes
which have been demonstrated to be soluble in sc@@ude
those with carbonyl, cyclopentadienyl, porphyrin, acetylaceto-

presumably by the reverse of reaction 11. No formic acid was nate, and other chelating ligands but not, previous to our study,

detected.
Insertion of CQ has been observed previously with the related
complexcis-RuH,[P(CsHs)3]4,79-72 although in that case GO

any with phosphine ligands. While the complexes RuH
[P(CsHs)sla and RuCHP(CsHs)s]s are known to be active for
CO, hydrogenation in organic liquid$, 7> we anticipated that

insertion was accompanied by phosphine dissociation, giving they would have low solubility in nonpolar scGOTo increase

RUH(G,CH)[P(GsHs)als.

Discussion

Synthetic Utility of the Hydrogenation of scCO,. The
homogeneous hydrogenation of €@ rapid and efficient if
the CQ is in the supercritical state. The yield of formic acid,
in terms of TON or AAR, is excellent, and the selectivity for
formic acid is 100%. The hydrogenation of scC@ the
presence of CBOH and N(GHs)s catalyzed by3 at 80°C is
also particularly efficient, with the highest yield of methyl
formate being 3500 TON (Table 4). This is 1 order of
magnitude greater than any previous result at any tempergture.

Using the new supercritical method, we were also able to
produce DMF with overall rates of up to 8000*hand with
TON values of up to 420 000. This TON exceeds by 2 orders
of magnitude the highest previously reported value for the
synthesis of DMF using C£#%4 Thermodynamically, the

the solubility of the complexes in scGQhe trimethylphosphine
analogues were used. The success of this strategy is shown by
the greater rate of the reaction catalyzed.liy scCQ compared

to that by RuH[P(CsHs)3]4 (Table 1). The rate difference is
not due to electronic differences; the trimethylphosphine and
triphenylphosphine catalyst precursors have equal activity in
liquid methanol (Table 3). The solubility test performed on
the stable catalyst precurs@rdemonstrated conclusively that
trimethylphosphine complexes are soluble in seCQuantita-

tive studies of the solubility of phosphines and their complexes
would be of great value to the study of homogeneous catalysis
and transition metal chemistry in sc@.O

Effect of Product Precipitation. The number of phases
present during the reaction is not only a function of temperature,
pressure, and the amounts of additives but also of the reaction
time. Under the standard conditions used, only a single-phase
exists at the start of the reaction (Figure 2, bottom left). Because

DMF synthesis is strongly favorable, and the dehydration step the product, probably [NH(&is)s][O,CH]-HCO.H,**%* pre-
is irreversible under these conditions. However, only one of Cipitates from the scC{bver time, two phases exist during the
the previous studies succeeded in obtaining close to quantitativelater stages of the reaction (Figure 2, bottom right). In a

yields of DMF from NH(CH), by this reaction, and that
accomplishment required reaction temperatures of-15M
°CA5 By the new method we have obtained 99% conversion
at the relatively low temperature of 10C. The advantage in
the use of scCgis particularly evident at short reaction times,

window-equipped reactor vessel, the first visible signs of liquid
formation come after 10 min at 5@ with catalyst precursor

1. The change from a single phase to two phases during the
reaction could significantly alter the catalytic activity. For
example, experiments with very large amine to catalyst ratios

when rapid synthesis of the formate salt is a prerequisite for Performed in a 300-mL reactor resulted in TON values of up

prompt formation of DMF.
The high TON values obtained in the formic acid, methyl

to 7200 but AAR far lower than those found for the standard
experiments, even though the reaction times were greater. This

formate, and DMF Syntheses do not necessar”y demonstrateindicates that equilibrium is not reaChed, probably because the
that the equilibria of these reactions have been shifted by thereaction is much slower under such conditions. It is possible
use of supercritical conditions. Rather, they demonstrate thatthat the reaction slows down because the catalyst dissolves in
the Ru catalysts have long lifetimes under these conditions andthe liquid phase which builds up as the product precipitates.
that the reaction rate is so rapid that very high TON can be The rest of the reaction may take place in that phase, with the

attained within reasonable reaction times. Thus, high productiv- reduced rates associated with liquid phase reactions.

ity could be obtained if these syntheses were applied in
continuous flow reaction systems.

(70) Komiya, S.; Yamamoto, Al. Organomet. Chenl972 46, C58—
C60

(71) Kolomnikov, I. S.; Gusev, A. |.; Aleksandrov, G. G.; Lobeeva, T.
S.; Struchkov, Yu. T.; Vol'pin, M. EJ. Organomet. Chenl973 59, 349—
351.

(72) Komiya, S.; Yamamoto, ABull. Chem. Soc. Jprl976 49, 784—
787.

One of the functions of the G@®H or DMSO promoters may
be as cosolvents acting to increase the solubility of the catalyst
in the supercritical phase. This would be particularly important
during the later stages of the reaction if the promoter were able

(73) Inoue, Y.; Izumida, H.; Sasaki, Y.; Hashimoto,Ehem. Lett1976
863-864.

(74) Yamaiji, T. Japan Kokai Tokkyo Koho 140948, 1981.

(75) Drury, D. J.; Hamlin, J. E. Eur. Patent Appl. 0 095 321, 1983.
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Figure 11. Possible mechanism of G@ydrogenation (X= H or Cl,
R = H or CHs, L = P(CH)3).

to prevent or retard the dissolution of the catalyst in the liquid
product phase.

Hydrogenation Mechanism. It is not possible with the
present data to determine the mechanism of the I§@rogena-

Jessop et al.

in 7 (or 8) by molecular hydrogen forms formic acid, regenerat-
ing the catalytic specie§. Hydrogenolysis, conceivably the
rate-determining step, would be considerably accelerated under
the supercritical conditions because of the high concentration
of Ho.

It should be mentioned that the R#l species may react
directly with uncoordinated COwith the aid of a metal-
coordinated protic reageft. Water has been shown to be
necessary in amounts of at least 1 mol/mol of catalyst for
reaction 1 catalyzed by a Pghhosphine comple® We have
found that the use of water, GBIH, or DMSO as promoters
causes an increase in rate over that in the absence of any such
promoter (Table 3). The highest turnover rates, over 4000 h
were obtained with CEODH or DMSO promoters. The ef-
fectiveness of DMSO may be at least partly a result of water
dissolved therein. C¥DH was also effective at 8, at which
temperature the water-promoted reaction was inefficient. There
are many mechanisms for G@ydrogenation which could be
consistent with a promoting effect of water or alcoPol,
including the possibilit{® that the promoter binds to the metal
and stabilizes the activated complex by hydrogen bonding during

tion. However, there are some general comments which canthe CQ insertion. A possible transition state is illustrated by

be made.

Most mechanisms for the hydrogenation of £© formic
acid require metal hydride active speciésAlthough catalyst
precursors RUGJP(CHs)s]4 (2) and RUCI(QCCHs)[P(CHs)ala
(3) do not contain hydride ligands, the conversion of these
catalyst precursors toissRUHCI[P(CH)3]4 should be facile in
the presence of jand basé®?” This process is likely the cause
of the induction period whef is used as a catalyst precursor
(Figure 5). The further conversion ofs-RUHCI[P(CH)3]4 to
RuH,[P(CHs)s]4 (1) is possible. It is interesting to compare
the catalytic activity of2 to a similar dichloro complex which
is unable to undergo the conversion to a chloro hydrido complex.
For example transRuCk(dmpe} can not be converted to a
hydride complex by bland basé® Without any hydride ligand,
the complex can not undergo G@nsertion or catalyze CO
hydrogenation: The observed catalytic activity was zero. In
contrast, the complexanssRuHCI(dmpe) is catalytically active.

structure9.
(CH3)3P R\
(CHa)aPen, | LO—H.
“Ru”
X/| K-

(CHz)sP
9

P
i
o

A vacant site made available by the dissociation of a
phosphine ligand may be a prerequisite for the,@@ertion
step or the subsequent hydrogenolysis gteplthough a few
equivalents of added P(GH have no effect on the insertion
of CO;, into RuH;[P(CHg)s]4 or on the hydrogenation of scGO
a large excess of P(G}4 has an inhibiting effect on the catalytic
hydrogenation, which is evidence for a rate-determining step
that requires concomitant or prior phosphine dissociation. The
same conclusion is suggested by the low rate of hydrogenation

These considerations demonstrate that a hydride ligand in theWith transRuHCI(dmpej), which is attributed to the inability

catalyst is a prerequisite for catalytic activity.
Several mechanisms for the catalytic hydrogenation of CO

of the chelating diphosphine ligands to easily dissociate. The
data mentioned above are consistent with but not proof of

by hydride catalysts have been suggested, most of these baseBhosphine dissociation in the mechani&m.

on CQ insertion into the metathydride bonc®® This reaction
is known for the closely related complex RyJF(CeHs)3]4 %7t

One of the alternative mechanisms for O@drogenatiorf?
the reverse watergas shift reaction giving CO and .8

and was also observed by us when that complex was dissolvedollowed by their recombination to produce formic acid, can

in scCQ in the absence of amine and.Hin-situ NMR studies
described in the Results showed that LQO@sertion into the
Ru—H bond of compleX. is also possible, giving RUHEQH)-
[P(CHy)s]a (g 11). Ru(QCH)CI[P(CHs)s]4 would be the active
species formed fror@ or 3 via RUHCI[P(CH)3]4 and is expected
to be as active a8.

clearly be rejected. CO was found to have a strong inhibiting
effect on the reaction, which suggests that a reverse wgts
shift reaction does not occur to any significant extent during
the hydrogenation of scG@nd that the reverse wategas shift
reaction does not form part of the catalytic cycle.
Measurement of the detailed kinetics of the reaction and in

Figure 11 illustrates a possible mechanism for the hydrogena-Particular the effect of altered concentrations of D H; on

tion under the current reaction conditions, where water or

the rate of reaction would not necessarily lead to an unambigu-

alcohol is acting as a promoter. In this mechanism, a phosphine0us identification of the mechanism. Adjusting the amounts

ligand in the Ru hydrid& is replaced by ROH (alcohol or water)
to generate the chain carriér Subsequent insertion of GO
into the Ru-H bond occurs to give the formato compl@x
which may be in equilibrium with RuX(&CH)[P(CH)3]4 (8).
The latter complex (%= H) was detected in stoichiometric tests,
as mentioned above. Hydrogenolysis of the-R;CH bond

(76) Hallman, P. S.; McGarvey, B. R.; Wilkinson, G.Chem. Soc. A
1968 3143-3150.

(77) Jessop, P. G.; Morris, R. l&oord. Chem. Re 1992 121, 155—
284.

(78) Bautista, M. T.; Cappellani, E. P.; Drouin, S. D.; Morris, R. H.;
Schweitzer, C. T.; Sella, A.; Zubkowski, J. Am. Chem. S0d.991, 113
4876-4887.

of the reagents has such a strong and at present unpredictable
effect on the phase behavior that a proper kinetic study would
be both difficult and inadvisable before the phase behavior is
better understood.

Reaction Pathways to Alkyl Formates and Formamides.
The reaction profile for the methyl formate synthesis (Figure
8)8is consistent with a two-step pathway of €i@ydrogenation

(79) Tsai, J.-C.; Nicholas, K. MJ. Am. Chem. S0d.992 114, 5117
5124.

(80) Alternative explanations for the observations are possible: The large
excess of phosphine could be acting as additional base, which would cause
a decrease in the rate, and the poor activityrahs-RuHCI(dmpe) could
be due to itaransgeometry, which may not be favorable to gi@sertion.
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(eq 1) followed by esterification (eq 6), a mechanism which homogeneously catalyzed hydrogenation in sgG® both
has been proposed previoudh*® The formic acid intermediate ~ possible and highly efficient, satisfying the second requirement.
is observed in our system because the first step is very fast undeiThe ease by which scGQ@an be hydrogenated suggests that
these conditions. The second step, the esterification, is rateother reactions for the activation of GOr other small molecules
determining. There is a possibility that another mechanism not could be efficiently performed by homogeneous catalysis in
involving formic acid is responsible for the production of methyl SCFs.
formate. However, this is unlikely because independent tests
confirmed that formic acid is thermally esterified by methanol
under these conditions even in the presence of an amine. We have demonstrated that sc£@ an excellent and
Methanol is required not only as an esterification reagent in promising reaction medium for a homogeneous transition metal-
the second step but as a remarkably effective promoter of thecatalyzed reaction. The following more specific conclusions
hydrogenation step as well. The kinetic data at 50 and@0  can also be made.
clearly show significantly increased rates of formic acid  Transition metal complexes of trialkylphosphines are soluble
production in the presence of GBIH. and catalytically active in scCJor the homogeneous hydro-
The reaction profil& of the DMF synthesis (Figure 10) is  genation of scC@® The activity of an analogous triphenylphos-
consistent with DMF formation via dehydration of dimethyl- phine complex was lower, possibly because of lower solubility.
ammonium formate (eq 12), a mechanism which has been The hydrogenation catalyzed by Ru complear 2 is both fast

Conclusions

proposed previousl§p:46 and efficient. Yields of up to 1.7 mol of formic acid/mol of a
tertiary amine and up to 7200 mol/mol of catalyst can be
CO, + H, + NH(CHjy), — [NH,(CH,),][0,CH] — obtained. The high efficiency and rate of reaction may be due

to a number of factors, including the high miscibility of With

HCON(CH), + H,O (12) scCQ, a weaker coordination sphere around the catalyst, rapid
iffusion in the supercritical phase, and elimination of mass
ansfer between the gaseous and liquid phases.
The rate of formic acid production is greater if the system is
homogeneous and supercritical at the start of the reaction. In
[general, experiments in which one or more reagents form a
second phase had lower rates of reaction. AtG0the highest
rate of reaction, 4000 #, was obtained with methanol or
DMSO additives and represents a considerable advance on the
rate mentioned in our preliminary communicatign.

The formic acid synthesis can be coupled with subsequent
reactions of formic acid, for example, with alcohols or secondary

The formate salt intermediate was observed because the seconar
step is rate determining under these conditions. The experiment
with D, gas, which gave DCON(CHj, is also consistent with
the mechanism shown in eq 12. The same result is inconsisten
with a mechanism of the reverse watgas shift reaction
followed by NH(CH;), carbonylation. These conclusions as-
sume that H/D exchange reactions betweerabd NH(CH),

did not occur to any appreciable extent before the DMF was
produced. The reaction was stopped at 3% conversion in an
attempt to avoid any such exchange processes. The inhibition

of the DMF synthesis by an atmosphere of CO (Table 7) Seemsamines, to give highly efficient “one-pot’ routes to formate

to rule out the carbonylation mechanism. The extremely low esters or formamides. The highest TON value obtained was
yield of formic acid in this reaction shows that the CO primarily 420 000 for the synthesis of DMF. The overall rate of DMF
inhibits the hydrogenation step, rather than the dehydration Step’formation was up to 8000 at 106°C

presumably by converting the Ru catalyst to less active carbonyl Complete understanding of the effect of phase behavior on

complexes. ; . .
. the rate of reaction could only come with a mapping of the
Outlook. scCQ has been used successfully as an inert .

- . ; ; phase diagrams of the ternary systemuE/N(C,Hs)3 and the
medium for a number of stoichiometric reactions of metal -
complexe&-82and even a few homogeneously catalyzed reac- qu? tl;ernaryfsyste? c.:f:{ZIN(CZHTE’)?’/HC?ZH’ atask which can
. . L not be performed with our equipment.
tions1® However, the high reactivity of scGQhat we have B
now demonstrated mayghave cons)équences for the ability of The processes described in this report, and any other processes

. . . . 7 ~"based on homogeneous catalysis in sg&@@e particularly well
2?%%;(?;?\5_'33 a&'ﬂgtngf'kﬁTLOé c;\garl%sgs(.MTfen:ne?;rtlon suited to industrial application. The high rates of reaction
' ! 2 . demonstrated in this report are ideal for larger scale continuous

;? mplfxl) ’ tWh'C*t". 'i ex?icted to be facile ;nlsctgﬁo;llldhalter tai flow systems. scCgcould also be used to extract the nonpolar
€ catalylic activity of homogeneous catalysts which contain catalyst from the polar liquid product stream and thus allow

these bonds. Such insertion reactions could lead to catalyticallyefficient recycling. It is hoped that the high efficiency of the

inactive species, suppressing the catalysis, or to iBCrpora- reactions described herein will encourage the use of:3ed

gﬁguﬁfg?gﬁggrhg;ecgggi%esrggh“ir]\l:r?" %ﬁeeggepdén;ﬁtg@o?] the Processes as replacements for those based on toxic carbon
’ monoxide.

context, would be better described as “reactive”.
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