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NOTE

Homogeneous hydrogenation of aqueous
hydrogen carbonate to formate under mild
conditions with water soluble rhodium(l)- and
ruthenium(ll)-phosphine catalysts’
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Water-soluble rhodium(l)- and ruthenium(ll)—
tertiary phosphine complexes withmetamono-
sulphonated triphenylphosphine (TPPMS) and
1,3,5-triaza-7-phosphaadamantane (PTA) as
ligands catalyze the hydrogenation of aque-
ous HCO3;™ to HCO,  under mild conditions.
No amine additive is needed for good turn-
overs. CQO, accelerates the reactions with
[RhCI(TPPMS)4] catalyst; however, it slightly
inhibits the reductions catalyzed by [RuCb-
(TPPMS),]. Bicarbonate formed in the reaction
of limestone with agueous CQ can also be used
as starting material for formate production.
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INTRODUCTION

Reduction of CQ to formic acid in aqueous
solutionis catalyzed by the water-soluble rhodium-
(D—tertiary phosphine complex: [RhCI(TPPEE)
(TPPTS =tris(3-sulfonatophenyl)phosphine),
described by Gassner and LeitffleAn efficient

as

hydrogenation requires the presence of a base. For

this purpose usually alkyl- or hydroxyalkylamines
are used. In one of the most active systems the
highly water-soluble dimethylamine serves as a
component of the catalytically active rhodium
complex. This way arinitial turnover frequency
(TOF) of 7260 h* could be achieved at 8C under
40 atm total pressure (G, =1:1)2
Ruthenium complexes are less frequently applied

in studies of CQ activation. Use of [RuGl
(TPPTS)], as catalyst resulted in a slow production
of formic acid with a TOF of only 6 h* (23°C);
addition of an amine was again require@his is in
sharp contrast to the outstandingly high activig of
ruthenium(ll) complexes either with monodentate
or with bidentaté& phosphine ligands in reduction of
CO; + MeyNH into dimethylformamide in super-
critical solutions.

Recently, we have communicated that water-
oluble rhodium(l)- and ruthenium(ll)—phosphine
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triphenylphosphine) and PTA (1,3,5-triaza-7-phos-
phaadamantane) ligands catalyzed the hydrogena-
tion of aqueous HC@ to HCO,” under mild
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solutions amines could be replaced by sodium
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hydroxide or other bases.Here we report some
interestingkinetic featuresof thesereactions.

EXPERIMENTAL

TPPMS®  PTAS [RhCI(TPPMS)],® [RuCl,-
(TPPMS}],,° [RUCL(PTA),]” and [RhCI(PTA)]
were prepared following published procedures.
Hydrogenationswere run in well-stirred heavy—
walled glassreactors(<12 bar), mediumpressure
UV-VIS spectrophotometricells (<40 bar) or in
high-pressuresapphire NMR tubes (<100 bar)
intensively shakenon top of a laboratory shaker
placedinside a thermostaticallycontrolledcabinet.
Reactionmixtures were analyzedby high perfor-
mance liquid chromatography(HPLC) or moni-
tored by *H and **C NMR spectroscopy(Bruker
AC 200, AM 300, DRX 400) using **C-enriched
(99%) NaHCG;.

RESULTS AND DISCUSSION

When an aqueous solution of 2.5 mm

[RhCI(TPPMS)] was stirred at 24°C under 10

bar CO, and10 bar hydrogenvery slow formation
of formic acid was detectedb)l/ HPLC with a

turnover frequency of 0.12 h™. Using 0.5 M

dimethylaminesolutionsand 40 bar total pressure
(CO,:H, =1:1) the samecatalystafforded formic

acidwith aTOF 6 h~* togethemith asmallamount
of dimethylformamide(TOF 0.13 h™%). Although

the absolute reaction rate is smaller than that
reportedin the literature, it is seenthat the amine
additive is as effective as in the case of the

analogous[RhCI(TPPTS)] catalyst. By way of

contrastwhentheaqueougphasenvaschangedor 1

M Na,COs; under otherwiseidentical conditions,
1.25 mm [RhCI(TPPMS)] produced 0.29 M

HCOQO in 2h, correspondingo a TOF of 116
h~* withoutanyamineadditive.lt wasobviousthat
Na,CO; reactedwith CO, to form NaHCG;, and
indeed, when using 1 M NaHCGQ; solutions the
sameTOF, i.e. 116 h~1, was determined Further
reactionswere typically run with 1 M, aqueous
NaHCGQG;, 1.25v catalyst,24°C, 20barCO, and20

bar hydrogen.

The reaction is of first order in the catalyst
concentration;however, the rate goesthrough a
maximumwith increasianPPMS]/[Rh] ratio, the
highestrate (TOF 136 h™") beingobservedn the
presenceof four equivalentsof excessphosphine
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Figure 1 The effect of CO, pressureon the activity of the
catalystin hydrogenationof agueousNaHCO; catalyzedby
[RhCI(TPPMS)]. [Rh]=1.25 mM, [Pliw/[Rh]=7, [NaH-
CO5] =1 M, p(Hz) =10 bar, T=24°C, reactiontime 2 h.

([Plota/[RN] = 7). At constantCO, pressure(20

bar) the ratevariesaccordingto a saturationcurve

with increasinghydrogenpressureConversely at

constantiydrogerpressurg¢10bar)asmallamount
of CO, increasedhe rate abruptly, but no further

effectwasseenon furtherincreaseof CO, pressure
(Fig. 1).

Under optimized conditions(3 bar CO,, 37 bar
hydrogenotherwiseas above)0.5IM formatewas
prqducedin 2 h yielding an averageTOF of 204
h-

Surprisingly,CO, hada slight negativeeffecton
the rate of hydrogenationof bicarbonate with
[RUCL(TPPMS}], as catalyst, whereas with
[RuCl(PTA),] anincreasenf theratewasobserved
with increasingCO, pressure.

Since with neither catalyst was a strongly
detrimental effect of CO, pressure observed,
bicarbonatesolutions obtainedin the reaction of
CaCQ; and aqueousCO, could also be used for
formate production with TOF of 26.6 h™*
(IRUCL(TPPMS}],), 18.7h~* ([RhCI(TPPM33))
and2.5h™* ([RUCL(PTA).]).

CONCLUSION

It is ratherhardto rationalizesuchdiverseeffectsof
CGO, ontherateof bicarbonatehydrogenatiorwith
the three different catalysts.It is important to
mention that in our reactionsformate was never
producedin excessto the initial bicarbonatej.e.
additionof CO, did notincreasdhetotal turnover.
Furthermore,CO, effectsthe pH of the solutions
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andit is known from our earlier studie§° that the
formation and the distribution of the catalytically
important hydrido species, [HRUCI(TPPMS}],

[HoRUu(TPPMS)], [HoRhCI(TPPMS)] and [HRh

(TPPMSY}], is markedlyinfluencedoy thepH of the
solutions.Similar pH effectsare observedwith the
hydrides formed from [RuCL(PTA),.'° Basic
solutions such as 1 M NaHCGQ; facilitate the
formation of [H,Ru(TPPMS)] and of [HRh

(TPPMS)], andthe effect of excessTPPMS,both
in the caseof the rutheniun? and the rhodium
catalyst, is consistentwith the catalytic role of
higher phosphine-coordinatedomplexes.Further
studiesareunderway in our laboratoriesn orderto
obtaina moredetailedpicture of the mechanisnof
bicarbonatenydrogenatiorwith water-solublepla-
tinum metal posphinecomplexes.

Acknowledgements This work wassupportedby the Hungar-
ian National ResearchFoundation(OTKA T029934 and F
023159) and by the Office Fedéeral de I'Education et de la
Science Suisseg(lOFESC98.0011to G.L.). N.L. is gratefulfor
an OFES fellowship, 1998—99. The loan of RuCk(aq) by
Johnson-Mattheyp.l.c. is gratefully acknowledged. This
researchs part of the collaborationwithin the COST Action
D10/0001Working Group.

Copyright© 2000JohnWiley & Sons,Ltd.

REFERENCES

1. GassneF, LeitnerW. J. Chem.Soc.Chem.Commun1993
1465.

2. Leitner W, Dinjus E, GassnerF. In Aqueous-Phse
Organometallic Catalysis Cornils B, Herrmann WA
(eds.).Wiley-VCH: Weinheim,1998 486.

3. JessoPG, lkariya T, Noyori R. Nature 1994;368 231.

4. Krocher O, Képpel RA, Baiker A. J. Chem.Soc.Chem.
Communl1997;453.

5. JOOF, LaurenczyG, NadasdiL, ElekJ.J. Chem.Soc.Chem.
Commun1999;971.

6.J00 F, Kovacs J, Katho A, Bényei AC, Decuir T,
DarensbourdJ. Inorganic Synthesisvol. 32 Darensbourg
MY, (ed.).Wiley: New York, 1998;1.

7. DarensbourgDJ, Joo F, Kannisto M, Katho A, Organo-
metallics1992;11: 1990. ]

8. JooF, KovéacsJ, Bényei AC, KathoA. Angew.Chem.1998;
110 1024.

9. JooF, CsibaP, Bényei A. J. Chem.Soc.Chem.Commun.
1993;1602.

10. LaurenczyG, NadasdiL, JooF. Inorg. Chem, submittedfor
publication.

Appl. Organometal Chem.14, 857-859(2000)



