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Abstract: A trace amount of alcohol cocatalyst and a stoichiometric amount of base are required during
the hydrogenation of CO; to formic acid catalyzed by ruthenium trimethylphosphine complexes. Variation
of the choice of alcohol and base causes wide variation in the rate of reaction. Acidic, nonbulky alcohols
and triflic acid increase the rate of hydrogenation an order of magnitude above that which can be obtained
with traditionally used methanol or water. Similarly, use of DBU rather than NEt; increases the rate of
reaction by an order of magnitude. Turnover frequencies up to 95 000 h~! have now been obtained, and
even higher rates should be possible using the cocatalyst and amine combinations identified herein.
Preliminary in situ NMR spectroscopic observations are described, and the possible roles of the alcohol
and base are discussed.

Introduction a nearly 2:1 mixturé~11 The base or its conjugate acid may

i i 2,13
Carbon dioxide will become increasingly available as a cheap also play a role in the mechanisi*The water or alcohol,
which is needed in catalytic rather than stoichiometric quanti-

and abundant carbon feedstock as requirements for its trapplngt es561415must play a mechanistic role, However, an extensive

from power plants come into play. GGs already used as a . f the effecti £ vari . d alcohol
reagent for the synthesis of aspirin and carbonatéswever, screening of the eflectiveness ol various aminés and aiconois
has not been previously reported.

development of highly efficient methods for G®@eduction h . I 4 for thi .
would greatly increase the range of possible products derivable e most active cata yst. precursors reF’o”e or this reaction
so far have been Ru(ll) trimethylphosphine complexes of the

f CQ,. Earli ts b fedd ibed id
rom CQ,. Earlier reports by one o escribed a very rapi formula RUX(Y)(PM@)a (X, Y — H, Cl. 0,CMe)2315We have

method for the hydrogenation of GQo formic acid, usin ; . ; .
ycrog € g therefore used the easily prepared, fairly stable, and highly active

homogeneous catalysts dissolved in supercritical carbon dioxide. X
We now report new discoveries which greatly increase the rate g?unc;slex RuCI(@CMe)(PMe)s as the catalyst precursor for this

of CO, hydrogenation.
Ever since the first reports of the homogeneous hydrogenation Rul catalyst

of CO, to formic acid (Table 1, eq 1), the importance of the CO, + H,

addition of a base and a protic cocatalyst (usually either water

or an alcohol) has been recogniZed’ At the very least, the

base acts to thermodynamically stabilize the formic acid product.

In triethylamine, the most commonly used base, the product is (8) In the hydrogenation of CQthe ratio of formic acid to amine in the
equilibrium product depends on the choice of amine and solvent. For
triethylamine in supercritical C£or organic solvents, the typical yield is
1.7 to 1.8 mol acid per mol of Ng#

HCOH (1)

Herein we report a detailed study of the effect of bases and
alcohols which lead to greatly increased rates of hydrogenation

*To whom correspondence should be addressed. E-mail: jessop@

ch$m.lj_cda\(|s.edu. o (9) Kohler, F.; Atrops, H.; Kalali, H.; Liebermann, E.; Wilhelm, E.; Ratkovics,
University of California. F.; Salamon, TJ. Phys. Chem1981, 85, 2520-2524.
* Pacific Northwest National Laboratory. (10) Balbi, N.; Balbi, J. H.; Elegant, L.; Girault, Y3. Therm. Anal1991, 37,
(1) Topham, S. I'Ulimann’s Encyclopedia of Industrial Chemisti@erhartz, 2347-2352.
W., Ed.; VCH: Weinheim, 1986; Vol. 5, p 165. (11) Pan, Y. P.; McAllister, M. AJ. Am. Chem. S0d.998 120, 166-169.
(2) Jessop, P. G.; Ikariya, T.; Noyori, Riature 1994 368 231-233. (12) Chu, H. S;; Lau, C. P.; Wong, K. YOorganometallics1998 17, 2768~
(3) Jessop, P. G.; Hsiao, Y.; lkariya, T.; Noyori, R.Am. Chem. Sod.996 2777.
118 344-355. (13) Matsubara, TOrganometallic2001, 20, 19—24.
(4) Farlow, M. W.; Adkins, H.J. Am. Chem. So0d.935 57, 2222-2223. (14) Thomas, C. A.; Bonilla, R. J.; Huang, Y.; Jessop, P.Gan. J. Chem.
(5) Inoue, Y.; Izumida, H.; Sasaki, Y.; Hashimoto, Ehem. Lett1976 863— 2001, 79, 719-724.
864. (15) Yin, C.; Xu, Z.; Yang, S.-Y.; Ng, S. M.; Wong, K. Y.; Lin, Z.; Lau, C. P.
(6) Tsai, J.-C.; Nicholas, K. MJ. Am. Chem. S0d.992 114, 5117-5124. Organometallics2001, 20, 1216-1222.
(7) The field of homogeneously catalyzed £@ydrogenation has been (16) Baiker et al. reported that the complex Ry(@bpe) (dppe= Ph,PCH:-

reviewed: (a) Inoue, S.; Koinuma, HRev. Inorg. Chem.1984 6, 291— CH,PPh) has very high activity for a related reaction, the synthesis of
355. (b) Jessop, P. G Ikarlya T.; Noyori, ®hem. Re. 1995 95, 259— dimethylformamide, at higher temperatures:“&her, O.; Kgpel, R. A;;
272. (c) Leitner, WAngew. Chem., Int. Ed. Engl995 34, 22072221. Baiker, A.Chem. Commuril997, 453-454.
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Table 1. Reports of Homogeneous Hydrogenation of CO, to Formic Acid, Presented in Order of Increasing TOF2

catalyst precursor solvent reagent Puolcon, bar T,°C TOF, h~t ref
[(CsH4(CH2)2NMe2)Ru(dppm)|BR THF 40, 40 80 0.4 12
[Rh(nbd)(PMePh)]|BF4 THF H,O 48, 48 40 3 6
RuHx(PPh)4 CeHs NEts, H,O 25,25 rt 4 5
[Rh(cod)CIL, dippe DMSO NE$ 40 total 24 11 19
RUChL(PTA)4 H>0O HCGs™ 60, 60 25 25 20
RuHx(PPh)4 CsHe Na,COs 25,25 100 42 21
[Rh(cod)CI}, dppb DMSO NEj§ 20, 20 rt 52 22
RhCI(PPh)3 CeHe NaCOs 60, 55 100 58 23
TpRuH(MeCN)(PPH) THF H,O, NE& 25,25 100 63 15
[RhCl(cod)}, dppm DMSO NES 20, 20 25 79 24
[Rh(Cy,PGH4sOMe)]|BPh, MeOH H0O, NEt 25,25 55 100 25
Rwp(CO)x(dppm) Me,CO NEg 35,35 rt 207 26
K[Ru(EDTA-H)CI] H,0 3,17 40 250 27
RhCK P(GsHsm-SOsNa)s} 3 H,0 HNMe, 20, 20 rt 287 28
[RhH(cod)}, dppb DMSO NE§ 40 total rt 390 29
PdCb H>0O KOH 110, na 160 530 30
[Ru(Clbpy)(H20).](CF3:S0s)2 EtOH NEg 30, 30 150 625 31
[Ru(COXCl3]n H.0, PrOH NEg 81, 27 80 1,300 32
Rh(dcpb)(hfacac) DMSO NEt 20, 20 25 1,335 33,34
RuHx(PMes)a scCQ NEt;, MeOH 85, 125 50 1,400 2
RuCI(OAc)(PMe), scCQ NEts, CsFsOH 70, 120 50 95,000 this work

a Abbreviations: Clbpy = 6,6-dichloro-2,2-bipyridine, cod= 1,5-cyclooctadiene, Cy= cyclohexyl, dcpb= Cy,P(CH,)4sPCy,, DMSO = dimethyl
sulfoxide, dppm= Pn,PCHPPh, dppb= Ph,PCH,CH,CH,CH,PPh, dippe= 'PLPCHCH,PPr,, EDTA-H = monodeprotonated ethylenediaminetetraacetic
acid, hfacac= 1,1,1,5,5,5-hexafluoroacetylacetonate, rbchorbornadiene, PTA= 1,3,5-triaza-7-phosphaadamantanes=rtoom temperature, TOF
turnover frequency= mol HCO;H per mol transition metal per h, T hydrotris(pyrazolyl)borate. The TOF values are either initial TOF values or average
TOF values, depending on the data available in the source article.

plus interesting clues concerning the role that these reagents Supercritical Phase Hydrogenation of CQ. A small magnetic stir

play in the hydrogenation mechanism. bar, 15 mmol (2.1 mL) of NEt 0.6 «mol of catalyst precursor [RuCl-
(OAc)(PMe)4], and 0.1 mmol of GFsOH were placed in an oven-
Experimental Section dried 31-mL high-pressure vessel and closed under nitrogen. The vessel

) o was then flushed three times with hydrogen and temperature equilibrated
Reagents Amines, alcohols, solvents, and other liquid reagents were j, 5 50°C water bath fo1 h at 70 bar K After that, CQ was added

degassed by repeated freeze/pump/thaw cycles and then stored ang 5 total pressure of 190 bar at G and reaction was stopped 20
handled under nitrogen. Toluene was distilled from sodium/benzo- \in |ater and analyzed by the method described above.

phenone ketyl under nitrogen. Hydrogenation of Carbonate. (a) Without CO,. The catalyst
The RuCI(OAc)(PMe), catalyst precurséf and the salt of DBU precursor RuCl(@Me)(PMe), (3 umol), DBU-carbonate salt (5
(1,8-diazabicyclo[5.4.0Jundec-7-ene) and methylcarbonic*éeigre mmol), methanol (0.1 or 10 mmol), and a stir bar were placed in a

prepared by the literature procedures. All the catalytic runs were 31-mL high-pressure vessel under nitrogen. The vessel was then sealed,
performed with equipment described in a previous pap@ressure  flushed three times with hydrogen, and kept at°8for 15 min to
vessels were loaded under dry nitrogen atmosphere. equilibrate the temperature. The pressure was then raised to 20 bar

Typical Procedure for Liquid-Phase Reactions.Reactions were and the vessel contents were stirred for 10 h. The reaction was stopped
performed inside glass vials inside a 160-mL high-pressure reaction and the contents analyzed as described above fori@@ogenation.
vessel, which was oven-dried before use. Each glass vial contained a (b) With CO,. In otherwise identical experiments, G20 bar)
small magnetic stir bar, 5 mmol of amineyhol of catalyst precursor was introduced aftel h of reaction time, and the reaction continued
[RuCI(OAc)(PMe)4] and 0.1 mmol of an alcohol. Reactions involving  for a further 9 h.
volatile amines were performed in a 31-mL vessel. In either case, the NMR. Multinuclear NMR studies on the ruthenium-containing
vessel was loaded and closed under a drafhosphere in a glovebox.  compounds were performed using a standard broadband 5-mm NMR
After being removed from the glovebox, the vessel was flushed with probe in the appropriate solvents on a 7.01 T Varian VXR NMR
H> three times and placed in a 8C water bath for 30 min to allow spectrometer externally referenced to TMB)(and 85% HPO; (3'P).
for equilibration of the temperature inside the vesselghis was then High-pressuré'P{*H} and'H NMR spectroscopy were conducted using
introduced to a pressure of 20 bar at®D The vessel contents were  a 10-mm o.d. 3.5-mm i.d. PEEK NMR cell run unlock¥&dThe NMR
stirred under these conditions for 1 h. The subsequent introduction of
CO; (up to a total pressure of 40 bar) was considered the start of the (19) Burgemeister, T.; Kastner, F.; Leitner, Wngew. Chem., Int. Ed. Engl.
reaction. After the desired reaction time, the vessel was cooled in ice 1993 32, 739-741. ;

- ; ! 20) Laurenczy, G.; Joo, F.; Nadasdi, Inorg. Chem.200Q 39, 5083-5088.

water and then dry ice/acetone until the pressure reached a constangzl) Yamaiji, T. (Teijin Ltd.). Japan Kokai Tokkyo Koho 140.948, 1981.

(22) Graf, E.; Leitner, WJ. Chem. Soc., Chem. Commuaf892 623-624.
and low value. The vessel was then vented slowly and allowed to thaw (23) Yamai. T. (Teiiin Ltd.). Japan Kokai Tokkyo Koho 166,146, 1981.
)

to room temperature. The vessel was opened up and SHO0 uL, (24) Graf, E.; Leitner, WChem. Ber1997, 129, 991—96.
1.25 mmol) was added to the vial contents, to serve as an internal (25) Il_(i)%dner, E.; Keppeler, B.; Wegner, Forg. Chim. Actal997, 258 97—
standard. CBOD was also addgd, as negded, to gnsure. a homogeneou§26) Gaé, Y.; Kuncheria, J. K.; Jenkins, H. A.; Puddephatt, R. J.; Yap, G. P. A.
solution. A sample of the solution was dissolved ind0D in an NMR J. Chem. Soc., Dalton Tran200Q 3212-3217.
tube and analyzed immediatel NMR spectroscopy. The yieldis ~ (27) J. Mol. Catal. 1989 57, 47—60.

. Y Y Hy P Py . y (28) Gassner, F.; Leitner, WI. Chem. Soc., Chem. Commur®93 1465
expressed in the tables as the ratio of moles of formic acid product per 1466.
mole of amine used. (29) Leitner, W.; Dinjus, E.; Gassner, F.Organomet. Cheni994 475, 257—

6

(30) Kudo, K.; Sugita, N.; Takezaki, Wippon Kagaku Kaishil977, 302—
(17) Mainz, V. V.; Andersen, R. AOrganometallics1984 3, 675-678. 309.
(18) Main, A. D.; Fryxell, G. E.; Linehan, J. Unpublished material. (31) Lau, C. P.; Chen, Y. ZJ. Mol. Catal., A1995 101, 33—36.
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cell was loaded witltis-RuCI(OAc)(PMeg), and a 3:1 molar ratio of
MeOH:NEg% (0.20 mL total) in an inert atmosphere box. The cell was
sealed and pressurized with, ldnd in some experiments with,H
followed by CQ.

The chemical shifts of the reaction solutions were compared with

authentic compounds synthesized from literature methods when pos-

sible.
Safety Warning. Operators of high-pressure equipment such as that

required for these experiments should take proper precautions, including
but not limited to the use of blast shields and pressure-relief mecha- N(CR.CFs)s

nisms, to minimize the risk of personal injury.
Results

Effect of Bases A range of organic and inorganic Brgnsted

and Lewis bases have been tested for their ability to promote 9duinuclidine

the production of formic acid (Table 2) in the presence of RuCl-
(O,CMe)(PMe), and methanol at 50C. Subcritical pressures

of CO, were used. For the liquid bases, the base itself was the 2.2-bipyridy!

solvent (in addition to 0.1 mmol MeOH). For the solid bases,
the reaction was performed twice, once with essentially no
solvent (0.1 mmol MeOH) and once with excess MeOH as the

solvent. The effectiveness of each base was measured by the

yield of formic acid obtained after 1 or 10 h; the yields are

reported as moles of formic acid per mol of base. Because the cinchonine

theoretical maximum yield is 1 or more moles of formic acid
per mol of basé? and the majority of the yields obtained in
this study were below 0.5, the yield aftd h should be
considered an indication of the ability of the base to promote
rapid hydrogenation and not an indication of the eventual yield.
Among the organic bases, those with intermediate basicity
(pKj of conjugate acid between 8 and 12, Table 3) give the
greatest yields of formic acid after 1 h. These are triethylamine,
tripropylamine, TED (triethylenediamine or 1,4-diazabicyclo-
[2.2.2]octane), TMEDAN,N,N,N-tetramethylethylenediamine),
2-(diethylamino)ethanol, and especially DBU (1,8-diazabicyclo-

[5.4.0Jundec-7-ene). Of these, DBU gave by far the greatest NaHCG;
rate of reaction, 8 times better than the second best base

(TMEDA) and 10 times better than NEthe base used in the
previous studies.

Table 2. The Yield of Formic Acid after 1 or 10 h in the Presence
of Methanol and Various Bases?

base MeOH, mmol  yield after 1h  yield after 10 h
triethylamine 0 0.03
0.1 0.09 0.54
tripropylamine 0.1 0.10 0.70
trioctylamine 0.1 0.04 0.07
N,N-diethylaniline 0.1 0.002 0.03
triphenylamine 0.1 0.01 0.009
10 0.01 0.02
0.1 0 0
TMEDA 0.1 0.12 0.63
DMAN 0.1 0.02 0.03
10 0.02 0.03
TED 0.1 0.10 0.10
10 0.08 0.09
0.1 0.01 0.007
10 0.01 0.007
DBU 0.1 0.92 1.42
pyridine 0.1 0 0
0.1 0.03 0.04
10 0.03 0.04
4-methyl morpholinéN-oxide 0.1 0.02 0.009
10 0.02 0.01
4-(dimethylamino)pyridine 0.1 0.01 0.009
10 0.01 0.09
tetrabutylammonium bromide 0.1 0.01 0.02
10 0.01 0.02
0.1 0.01 0.01
10 0.01 0.009
DMF 0.1 0.02 0.02
N,N-diethylethanolamine 0.1 0.10 0.27
NaOAc 0.1 0.006 0.009
10 0.01 0.008
NaOH 0.1 0.008 0.008
KOH 0.1 0.01 0.007
10 0.001 0.001
NaCOs3 0.1 0.02 0.01
10 0.01 0.01
K2COs 0.1 0.02 0.02
10 0.009 0.008
(NH4)2COs 0.1 0.01 0.01
10 0.002 0.002
0.1 0.02 0.01
10 0.001 0.001

aConditions: 20 bar C& 20 bar H, 5 mmol base, amol RuCl(GCMe)-
(PMe3)4, 50 °C. Abbreviations: DBU= 1,8-diazabicyclo[5.4.0Jundec-7-
ene), DMAN= 1,8-bis(dimethylamino)naphthalene, DMFN,N-dimethyl-

None of the other bases resulted in much more than a traceformamide, TED= triethylenediamine or 1,4-diazabicyclo[2.2.2]octane,

yield of formic acid in the first hour (i.e.£0.04 mol acid per
mol base). These ineffective bases included all of the inor-

TMEDA = N,N,N',N'-tetramethylethylenediamine.

ganic bases regardless of their base strength. In addition, the Solubility limitations are blamed for the poor performance
ineffective bases included a range of organic bases of strengthf the stronger bases Kg = 12). DMAN and many of the

outside the optimum range identified abov&{mf conjugate
acid 8-12). For example, 1,8-bis(dimethylamino)naphthalene
(DMAN), which is a slightly stronger base, and pyridine,
diethylaniline, triphenylamine, and N(@QEFs)s;, which are
weaker bases, were ineffective. The very weak bases3(aifith
N(CF,CR)3) are thermodynamically incapable of deprotonating
and stabilizing formic acid. The moderately weak bases (e.g.,
diethylaniline) are only ineffective with alkanol promoters; with

inorganic bases (all of which were ineffective) are thermody-
namically competent to deprotonate and stabilize formic acid.
However, they all have very limited solubility in methanol.
Similar problems exist with the three organic bases of inter-
mediate basicity (. 8—12), quinuclidine, cinchonine, and
trioctylamine, which did not effectively promote the production
of formic acid. Trioctylamine was immiscible with methanol,
which may have adversely affected its performance, and

more acidic promoters, such amines become effective (vide cinchonine and quinuclidine are solids. Solid bases were

infra).

(32) Drury, D. J.; Hamlin, J. E. (BP Chemicals Ltd.). Eur. Patent Appl. 0.095.321,
1983

(33) Angermund, K.; Baumann, W.; Dinjus, E.; Fornika, R.; Gorls, H.; Kessler,
M.; Kruger, C.; Leitner, W.; Lutz, FChem. Eur. J1997, 3, 755-764.

(34) Fornika, R.; Gds, H.; Seemann, B.; Leitner, Wl. Chem. Soc., Chem.
Commun1995 1479-1481.

(35) Wallen, S. L.; Schoenbachler, L. K.; Dawson, E. D.; Blatchford, M. A.
Anal. Chem200Q 72, 4230-4234.

(36) Yonker, C. R,; Linehan, J. Organomet. Chen2002 in press.

generally ineffective, even if the amount of methanol was
increased from 0.1 mmol to 10 mmol. With the solid inorganic
bases in particular, the yield decreased considerably when the
methanol volume was increased. Only one base (4-(dimethyl-
amino)pyridine) performed significantly better in a larger
amount of methanol, but even then the yield was not very high.
Although quinuclidine was ineffective for this Ru-catalyzed
hydrogenation in MeOH, Hutschka et #lfound that qui-
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Table 3. Dissociation Constants for the Conjugate Acids of the Table 4. The Yield of Formic Acid after 1 or 10 h in the Presence
Bases Mentioned in This Study? of Various Additives or Cocatalysts?
pKa PKa pKa yield yield
base (aqueous scale) (DMSO scale) (THF scale) base additive afterlh after10h
hydroxide 15.7 31.2 44,5 triethylamine THF 0.03 0.04
DMAN 12.3¢ 7.5 11.1 CeHs 0.02 0.02
DBU 12 DMSO 0.11 0.26
quinuclidine 11.1 9.8 13.5 MeCN 0.09 0.13
TMEDA 10.8 H0 0.06 0.28
triethylamine 10.7 9.0 1295 MeOH 0.09 0.54
tripropylamine 10.7 127 EtOH 0.05 0.76
trioctylamine 105 HOCH,CH,OH 0.10 0.48
carbonate 10.3 t-BuOH 0.06 0.16
Et;NCH,CH,OH 10.1 i-PrOH 0.11 0.22
cinchonine 9.9 PhOH 0.21 0.97
TED 8.6 8.9 12.5 2,64Bu,CsH3z0OH 0.001 0.001
N,N-diethylaniline 6.6 ~2.5 ~5.8 (CFs),CHOH 0.47 1.32
bicarbonate 6.4 3,5-(FC),CsH30H 0.73
4-(dimethylamino)pyridine 6.1 2,4-(ON),CeH3z0H  0.72
pyridine 5.2 35 6.8 CsClsOH 0.32
acetate 4.8 12.6 26.1 CeFsOH 0.66 1.54
2,2-bipyridyl 4.4 HBF, 0.19
triphenylamine ~2.2 CRSQOsH 1.09
DMF —=1.2m 2.1h tripropylamine MeOH 0.10 0.70
N(CRCR)s ~—15.7 CeFsOH 1.00 1.68
trioctylamine MeOH 0.04 0.07
aAll data at 26-25 °C. Aqueous and DMSO scale data from refs 38 CgFsOH 0.07 0.13
and 39, respectively, except as noted. THF scale data calculated by the N,N-diethylaniline MeOH 0.002 0.03
equations of Morris in ref 40 from the DMSO data except as noted. PhOH 0.001 0.002
b Reference 41¢ Reference 429 Reference 43¢ Reference 44 Reference 2,64Bu,CsH3z0OH 0 0
45.9 Reference 40" Calculated from MeCN scale data of ref 39 using the 2,4,6'Bu,CgHs0OH 0 0
equations of Morris in ref 40.Reference 46.Reference 47% This is the 3,5-(FsC)2CsH3OH 0.46
pKa for N,N-dimethyaniline from ref 42! Predicted using the tables in ref 2,4-(QN),CeHsOH  0.23
48. ™ Reference 49. (CRs),CHOH 0.02 0.05
CsClsOH 0.33
nuclidine was more effective than NEtn promoting the geF':sS%BHH 8-;8 0.44
[Rh(hfacac)(dppe)]-catalyzed C501_ydr(_)genat|on in DMSO. " triphenylamine MeOH 0.01 0.009
They proposed that the lack of steric hindrance around the basic CeFsOH 0.004 0.03
site of quinuclidine rendered it more capable of assisting in the N(CFR.CF)s MeOH 0 0
rate-limiting elimination of formic acid from a Rh formate or ~ TMEDA geFogH 8-%(2) (1)-23
. . . . 615 . .
formic ac_ld complex |_ntern_”|ed|ate. _ . . DMAN MeOH 0.02 0.03
Essentially no formic acid was obtained if Lewis bases and CeFsOH 0.04 0.09
other compounds which have essentially no basic character were TED E”iogH 8-3? 8-118
. . . . 6 5 . .
used in place of trlethylamlne. Such compounds mplude quinuclidine MeOH 001 0.007
4-methyl morpholineN-oxide, tetrabutylammonium bromide, CoFsOH 0.04 0.14
and N,N-dimethylformamide (DMF). DBU MeOH 0.92 1.42
Effect of Alcohols. A range of alcohols and other cocatalysts pyridine ﬁzz?HH 10'36 é.eo
havg bee.n tested for.their ability to promote the production of 3,5-(RC):CeH:OH  0.13
formic acid (Table 4) in the presence of RuCifMe)(PMe), 2,4-(QN),CsHzOH  0.08
and triethylamine at 50C. The yield of formic acid was gf%OHH 8-(1)‘2‘ 0.00
determined after 1 and 10 h in each case. The amine itself was C‘;:;éOsH 0.09 :
the solvent. 2,2-bipyridyl MeOH 0.03 0.04
An alcohol or other proton source is required for this reaction. _ _ CeFsOH 0.06 0.09
Essentially no formic acid is obtained in NEh the absence 4 MmethylmorpholineN-oxide é"g%HH 83)52 é)'c?é)g
of an a_Ico_hoI (Tgble 2). Wé and othershave shoyvn that only 4-(dimethylamino)pyridine ﬁAéoH 0.01 0.009
substoichiometric amounts of alcohol are required. CeFsOH 0.003  0.02
Although water and methanol have traditionally been used [NBuBr '\é'eFogH 8-8% 8-%
. . 65 . .
in the role of gqcatalyst for C£hydrogenation, we have found i chonine MeOH 0.01 0.01
that more acidic alcohols are far more effective (Table 4 and CoFsOH 0.008  0.01
Figure 1). In factthe alcohols which are highly effect are DMF '(\:/leFOgH 8-839 g-gg
i 6Fs . .
those which hae aqueous scale pls below_ that of _the N.\-diethylethanolamine MeOH 0.10 0.97
protonated amingFigure 1, Tables 35). If NEts is the amine, CeFsOH 0.12 0.88

then the effective alcohols are phenol, hexafluoro-2-propanol,
pentafluorophenol, and especially triflic acid. The yield of formic _ * CfinditiolnSS 20 bar C¢) 20 bar H, 0.1 mmol additive, 5 mmol base,
acid afte 1 h with GFsOH/NE was 8-fold greater than that S #M°! RUCHQCMe)(PMe)., 50°C.

(37) Hutschka, F.; Dedieu, A.; Eichberger, M.; Fornika, R.; Leitner JWAM. Obta!ned with MeOH/NE( It_ is not sufficient to use ajny
Chem. Soc1997, 119, 4432-4443. relatively strong Brgnsted acid: HBIS not nearly as effective

7966 J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002



Hydrogenation of Carbon Dioxide

ARTICLES

a) 0.8

0.7-p
0.6 HNEts*
054 ,
0.4
0.3
0.24
0.1
0

(mol per mol NRg)

HCO,H yield

4
0.7

b)
0.6
05 J HNERPh*
044
03+

0.2 4

(mol per mol NR)

HCO,H yield

0.1

.o
?
10

0 T T
8

12
pKa

Figure 1. The dependence of the yield of formic acid per mol of amine
on the K, (aqueous scale) of the alcohol, (a) using §Ht) using NEsPh.

The K4's of the protonated amines are shown as dashed lines. Conditions:
1 h reaction time, 3imol Ru, 0.1 mmol ROH, 5 mmol amine, 20 bap,H
total pressure 40 bar (balance g§O

14 16 18 20

Table 5. Dissociation Constants for Cocatalysts (Alcohols and
Related Acids) Mentioned in This Study?

PKa PKa pKa

acid (aqueous scale) (DMSO scale) (THF scale)
t-BuOH 19.2 32.2 49.2
i-PrOH 17.% 30.3 46.9
EtOH 15.9 29.¢ 46.4
H>0O 158 31.2 48.0
MeOH 15.% 29.0 454
HOCH,CH,OH 14.2
2,4,GIBUZCGH30H ~12.2
2,64Bu,CsH3OH ~11.7° 16.9 31.2
PhOH 10.0 18.0 325
(CFs).CHOH 9.4
CsFsOH 5.9
CsClsOH 4.8 7.0 19.5
2,4-(O:N)2CsH30H 4.1 5.2 17.4
HCOH 3.8 10.3 23.4
HBF4 0.5 0]
CRSGOH —11k disgm

aAll data at 20-25 °C. Aqueous and DMSO scale data from refs 38

and 42 except as noted. THF scale data calculated using the equations of49)

Morris in ref 40 from the DMSO data except as note&eference 51.
¢Reference 524 Reference 41¢Estimated in ref 53fReference 54.
9 Reference 39" Reference 55.Reference 56¢Reference 57™ Com-
pletely dissociated.

as the acidic alcohols. Also, a sterically encumbered alcohol,
2,6-ditert-butylphenol, was less effective than either phenol or
methanol even though itsKp lies between those of methanol
and phenol.

The general rule stated above is evident in the results with
other amines as well. For example, the conjugate acid,sf
diethylaniline has a g, (aqueous scale) of 6.6. The alcohols
with pKy's lower than that were effective in promoting formic
acid synthesis in the presenceNyN-diethylaniline (Figure 1).
Triflic acid was again the most effective additive. The yields
of formic acid obtained with triflic acid or phenols with electron

withdrawing groups were over 2 orders of magnitude higher
than those obtained with the less acidic PhOH or MeOH. With
pyridine as the base, another difficulty was encountered. None
of the alcohols used in this study have K,pelow that of
protonated pyridine (5.3). Even dinitrophenol, the most acidic
alcohol used, gave only a small yield of formic acid when used
in conjunction with pyridine.

The discovery of the strong promoting effect of small amounts
of pentafluorophenol has now been applied to the hydrogenation
of supercritical CQ (actually a supercritical mixture of GO
and H,).5° The reaction was performed for 20 min at 50
with 0.6 umol catalyst precursor, giving a yield of 19 mmol
formic acid, which represents a TOF of 95 000thThis rate
of reaction is higher than any reported in the literature fo,bCO
hydrogenation (Table 1).

Effect of “Nonprotic” Additives. Additives which are
incapable of serving as a hydrogen bond donor or as a strong
ligand, such as THF and benzene, had no favorable effect on
the rate of the hydrogenation (Table 4). However, DMSO and
MeCN, which are nonprotic but are known to be relatively
strong ligands for Ru(ll) complexé8 enhanced the rate of the
hydrogenation. The enhancement with MeCN was quite modest,
but as we have noticed previously with these cataRts,
DMSO had a very strong effect. The rate enhancement over
that in the presence of no additive was 9-fold for DMSO,
compared to 18-fold for MeOH and 51-fold fogksOH. DMSO
has also been used with Rh cataly$ts29.34

(38) Lange’s Handbook of Chemistrit5th ed.; Dean, J. A., Ed.; McGraw-
Hill: New York, 1999.

(39) lzutsu, K. Acid—Base Dissociation Constants in Dipolar Aprotic Sents;
IUPAC Chemical Data Series 35; Blackwell Scientific: Oxford, England,
1990.

(40) Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Jinman, J. G.;
Landau, S. E.; Lough, A. J.; Morris, R. H. Am. Chem. So200Q 122,
9155-9171.

(41) Gordon, A. J.; Ford, R. AThe Chemist's CompanipkViley-Interscience:
New York, 1972.

(42) Bordwell, F. G.Acc. Chem. Red.988 21, 456-463.

(43) Alder, R. W.; Bowman, P. S.; Steele, W. R. S.; Winterman, D1.RZhem.
Soc., Chem. Commuh968 723—-724.

(44) Granitza, D.; Beyermann, M.; Wenschuh, H.; Haber, H.; Carpino, L. A;;
Truran, G. A.; Bienert, MJ. Chem. Soc., Chem. Commad®95 2223~
2224,

(45) Hoefnagel, A. J.; Hoefnagel, M. A.; Wepster, B. 81.0rg. Chem1981,

46, 4209-4211.

(46) Ermilova, E. V.; Remizova, L. A.; Andreev, V. P.; Abdulganeeva, S. A.;
Favorskaya, I. AJ. Org. Chem. USSR977, 13, 1058-1061.

(47) Tudoryanu, K. I.; Chekan, R. Russ. J. Phys. Chem. (Engl. Trangi982
56, 1092-1093.

(48) Perrin, D. D.; Dempsey, B.; Serjeant, E. @, Prediction for Organic

Acids and Base<Chapman and Hall: London, 1981.

Grant, H. M.; McTigue, P.; Ward, D. GQwust. J. Chem1983 36, 2211—

2218.

(50) The CQ and H binary mixture (approximately 12 mol %+at 120 bar
CO,, 70 bar H) would have a critical point of approximately 120 bar and
25°C, according to an interpolation of the critical locus data of Tsang and
Streett. Although this calculation shows that the £ mixture used in
this experiment was supercritical, the effect of the N&tohol, and catalyst
on the position of the mixture critical point is not known. Tsang, C. Y.;
Streett, W. B.Chem. Eng. Scil981, 36, 993-1000.

(51) Serjeant, E. P.; Dempsey, Rnisation Constants of Organic Acids in
Aqueous SolutionJUPAC Chemical Data Series 23; Pergamon Press:
Oxford, England, 1979.

(52) OImstead, W. N.; Margolin, Z.; Bordwell, F. G. Org. Chem198Q 45,

3295.

(53) Cohen, L. A.; Jones, W. MIl. Am. Chem. S0d.963 85, 3397.

(54) Cevasco, G.; Thea, 8. Org. Chem1998 63, 2125-2129.

(55) CRC Handbook of Chemistry and Physi8&st ed.; Lide, D. R., Ed.; CRC
Press: Boca Raton, FL, 2000.

(56) Morris, R. H. Personal communication, 2001.

(57) Domaille, P. J.; Druliner, J. D.; Gosser, L. W.; Read, J. M., Jr.; Schmelzer,

E. R.; Stevens, W. R]. Org. Chem1985 50, 189-194.

(58) Schialer, M.; Stephenson, T. A. lBomprehense Coordination Chemistry
Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press:
Oxford, England, 1987; Vol. 4, pp 27#518.
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Table 6. Effect of Combinations of Additives on the Yield of
Formic Acid after 1 or 10 h in the Presence of Triethylamine?@

polar aprotic additive other additive
(mmol) (mmol) yield after 1 h yield after 10 h

none none 0.03
THF (0.1) 0.03 0.04
benzene (0.1) 0.02 0.02
MeOH (0.1) 0.09 0.54
CgFsOH (0.1) 0.65 1.54

DMSO (0.1) none 0.11 0.26
THF (0.1) 0.19 0.25
THF (0.5) 0.10 0.24
benzene (0.1) 0.05 0.14
benzene (0.5) 0.10 0.10
MeOH (0.1) 0.11 0.37
MeOH (0.5) 0.30 0.31
CgFsOH (0.1) 0.28 0.38
CeFsOH (0.5) 0.35 0.45

MeCN (0.1) none 0.09 0.13
DMSO (0.1) 0.07 0.18
DMSO (0.5) 0.05 0.08

aConditions: 20 bar C® 20 bar H, 5 mmol NEg 3 umol

RuCI(G,CMe)(PMey)4, 50°C. Yield expressed as mol formic acid per mol
NEts.

Using two of these additives simultaneously allowed for some
interesting comparisons (Table 6). Using both DMSO and an

carbonate produced in the catalytic systems ranges from very
high (>50% of the amine concentration) for methanol-rich
solutions and lower than 3% for amine-rich solutid®®henol

and substituted phenols did not form aryl carbonates even under
high pressures of C{presumably because of the more acidic
proton when compared to alkyl alcohols. The alkyl carbonate
salts are extremely sensitive to small amounts of acid. The
methyl carbonate DBU salt decomposed when exposed to
phenol.

The possibility that the mechanism of €lydrogenation may
involve direct hydrogenation of methyl carbonate was explored
by testing the ability of the Ru catalyst to hydrogenate solutions
of the DBU salt of methycarbonic acid (eq 3). The [DBUH]J-
[OC(O)OMe] salt (5 mmol) and RuCl(fCMe)(PMe), catalyst
precursor (3tmol), in MeOH solution (0.1 or 10 mmol MeOH),
were exposed to 20 bar,Hor 9 h at 50°C. No formic acid
was produced. Even when extra DBU was added, no formic
acid production was observed. However, when a small amount
of CO, was added, a small amount of formic acid was formed
(0.065 mol per mole of DBUY? In contrast, the hydrogenation
of CO, in DBU/MeOH mixtures is extremely rapid under similar
conditions (0.92 mol formic acid per mol DBU after 1 h). This
is strong evidence that hydrogenation of the methyl carbonate

alcohol was less effective than using the alcohol alone but more 10N by the Ru catalyst is not the mechanistic path by which
effective than using DMSO alone. In other words, the presence €Oz IS hydrogenated.

of DMSO weakened the beneficial effects of added acidic
alcohol. Using DMSO and another nonprotic additive (e.g.,

MeCN, benzene, or THF) together was less effective than using

DMSO alone.

Methyl Carbonate Salts. Alcohols react with C@to form
the alkylcarbonic hemi-acief, particularly in the presence of
tertiary amine bases (eq ®The methyl carbonate salt of DBU
can be isolated as a stable white solid by bubbling @@ugh
a THF solution containing equal amounts of methanol and DBU.
In contrast, the NEtmethyl carbonate salt can be observed using

RuCOAc) PMe,),
no formic
acid

il
Me—0—C—0 "HDBU* + H, MeOH (3)

50°C,9h

In Situ NMR Spectroscopy. Preliminary in situH and
31P{1H} NMR spectroscopic studies of the catalytic reaction to
produce formate using RuCI(OAc)(PNgwere performed. In
general, little information about the catalyst structure can be
gained using'H NMR spectroscopy because of our use of
nondeuterated solvents, NEand MeOH. However, we can

high-pressure in situ NMR and IR spectroscopies, but the salt gbserve the growth of formate during the reactiortHyNMR

decomposes back to G@nd methanol without an overpressure
of CO,. The white DBU methyl carbonate salt shot¥€ NMR

spectroscopy. We do not observe any hydride resonances in the
IH NMR spectrum even though they appear to be present as

resonances at 48.7 and 160.5 ppm for the methyl and esterobserved by!P NMR spectroscopy. This is presumably due to

carbons, respectively, and an IR band for tre@ester stretch
at 1654 cnl. In situ spectroscopy of the NEsalt shows'3C

proton exchange between the metal center and alcohol, methyl-
carbonic acid, K or protonated amine which are all present in

NMR resonances at 52.3 and 160.1 ppm and an IR band at 1642he reaction mixture. We also observed this phenomenon with

cm 1

O
CO, + MeOH + B Me-O-C-O° HB* 2)

MeOH or THF

The alkyl carbonate ammonium salts can be formed from
most alkyl alcohols but only in polar solvents. The formation

a catalyst system generated in situ from [RyCé¢Hg)]2 and
dppm8t

The in situ 3P NMR spectroscopy does yield important
information about the metal center before and during the
reaction. The initiaP’P NMR spectrum of RuCI(OAc)(PMg,
dissolved in CD{ shows the expected,BC splitting pattern
with 1:1:2 integrations for the multiplets at 14.3, 11.2 ppm and

of the alkyl carbonate salts is instantaneous upon mixing and the psuedo triplet at-6.2 ppm for the cis isomer. A small set

with NEtz is completely reversible. Under 20 bar of @ 2

M NEtz solution in methanol gives an 85% yield (based ondNEt
of the methyl carbonate salt (determined ¥¢ NMR). No
methyl carbonate could be observed8g NMR under 20 bar
CO, with a 2:1 NEg:MeOH solution. However, IR being more
sensitive for methyl carbonate than NMR does show a small
band at 1650 cmt demonstrating that methyl carbonate is
formed even under amine-rich conditions. The amount of methyl

(59) West, K. N.; Wheeler, C.; McCarney, J. P.; Griffith, K. N.; Bush, D.; Liotta,
C. L.; Eckert, C. A.J. Phys. Chem. R001, 105 3947-3948.
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of two triplets at 22.2 and-1.0 ppm, which integrate 1:1, and

a set of broad peaks centered at 28 ppm are also observed. The
two triplets are most likely due to [Ryf-OAc)(PMey),]Cl while

the broad signals are due to an impurity or species in exchange
on the NMR time scale. At least one of these species, near 28
ppm, has been identified as the triphosphfae;RuCl(;2-OAc)-

(60) 3C-labeling of the methyl carbonate to determine the source of the C in
the formic acid product was not successful because of rapid exchange
between freé?CO, and the labeled [DBUH][&C(O)OMe].

(61) Tai, C. C.; Pitts, J.; Main, A. D.; Linehan, J.; Munshi, P.; Jessop, P. G.
Inorg. Chem.2002 41, 1606-1614.
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(PMe3)3.52 These equilibria of RuCI(OAc)(PMg, with other

are observed throughout the reaction. Depressurization of the

species in solution make the subsequent structural determination®NMR cell followed by extraction with CDGlin air yielded

under catalytic conditions difficult.

Adding methanol to the CDglsolution described above
changes and simplifies ti& NMR spectrum. The characteristic
1:1:2 multiplet:multiplet:triplet of thecissRuCI(OAc)(PMe)4

[Ru(%-OAc)(PMe)4Cl as the major ruthenium-containing
product. The ruthenium-formato and the ruthenium-hydride
species do not appear to be air-stable.

These in situ NMR results show that this system is more

and the broad features at 28 ppm dissappear completely uporcomplicated than the Ru-dppm system previously stutfidtie

addition of enough methanol to constitute 7% of the solution
(40 equivalents based arns-RuCI(OAc)(PMe)s). The major
signals are the two previously observed tripletsBApattern)
at 21.9 and-1.5 ppm which integrate 1:%J, , = 30.2 Hz.
There is also a very small doublet at 24.0 ppm and a triplet at
20.5 ppm which integrate 2:2Jp_p = 42.9 Hz. This latter
species can be reproduced by addition of methanol to a €DCI
solution of authentiéac-RuCl(;7>-OAc)(PMe)3.5% The structure
of this species is now under investigation.

When solidcis-RuCI(OAc)(PMe), is dissolved in MeOH/
NEt; (3:1 molar ratio), the major species B¥P{H} NMR is
the same set of two triplets seen in CR®eOH for [Ru(;?-
OAc)(PMe)4]Cl. Minor features are the broad features at 28
ppm observed in CD@land the multiplets due tais
RuCI(OAc)(PMe)4. Immediate formation of new trans and cis
oriented complexes, of the forgis-Ru(X)(Y)(PMe),, trans
Ru(X)(Y)(PMe;)4, or transRu(X),(PMes)s, was apparent upon
pressurization to 20 bar withat room temperature. The poor
resolution of the new multiplets due to cis compounds and their
rapid transformations did not allow us to distinguish the coupling
patterns, and no identification of the new cis species was
possible. The trans species&8.9 ppm was most likelyrans-
Ru(H)(X)(PMey)4 (X = Cl or OCH) or trans-Ru(H)(PMey)s.
A large amount of [Ruf?>-OAc)(PMe)4]Cl was present in this
reaction mixture, butis-RuCI(OAc)(PMe), was immediately
consumed. Upon heating the mixture to 8D, the know#A’
cisRuH;(PMe;)4 (A2B; pattern at 1.7 ane-6.5 ppm) anctis-
RuHCI(PMe&)4 (A-BC pattern at-4, —16.5, and 19.8 ppm) are
seen to grow in as the resonances for JReDAC)(PMes)4]Cl
disappear.

The3P{1H} NMR of this reaction mixture immediately after
pressurization with C®(20 bar) showed a rapidly changing
spectrum. Initially the cis dihydride and cis hydridochloride

PMe; ligands impart more lability than does the dppm chelating
ligand as shown by the consistent appearance throughout the
experiments of the broad features at 28 ppm. In dppm, there is
no broad feature observed in tH& NMR under any conditions.
The dppm ligand also forms the dihydride and the hydrido-
chloride exclusively in the trans geometry whereas the PMe
ligand forms both trans and cis in approximately equal amounts.
The formato complexes are formed as both cis and trans isomers
with both ligands.

These NMR results show that the catalyst system involving
ruthenium phosphines is complicated. The presence of the
[Ru(72-OAc)(PMes)4]Cl salt in the initial methanol-containing
solution may be important in the subsequent catalytic activity.
Preliminary titrations of CDGlsolutions containingis-RuCl-
(OAc)(PMey)4 with various alcohols show that the conversion
to [Ru@y?>-OAc)(PMe)4]Cl followed the trencb-cresol>MeOH
> EtOH > IPA > t-BuOH. Methanol and-cresol yielded 100%
of [Ru(;72-OAc)(PMey)4]Cl with 25% (by volume) addition and
addition of tert-butyl alcohol resulted in no conversion to
[Ru(7?-OAc)(PMe)4]Cl. This is similar to the order of reactivity
observed for the conversion of G@ formate. Under the initial
catalytic reaction conditions used in this paper, the major
ruthenium-containing species present before addition of H
would be [Ruf?-OAc)(PMe)4]ClI for the more active alcohols.

Discussion

Can Acidic Alcohols Protonate Amines?Although acid/
base behavior is usually described in terms of aqueous-scale
pKa's of the reactants, that scale may not be appropriate for
reactions in nonaqueous media. If the hydrogenation of €O
performed in liquid NE4, in supercritical CQ, or in any other
nonpolar aprotic solvent, then the acid/base behavior of the

species are present but over several hours the resonances fdeagents and products is best approximated by a nonaqueous

these species disappear. The trans resonance3& ppm

remains throughout the reaction. New resonances for at leas

two new cis products and one trans product are observed but o ]
P P i destabilized and therefore neutral acids such as alcohols and

were not identified. After several hours, the NMR spectrum o
this reaction mixture is relatively clean with only five species

observed. The three new sets of resonances which predominat

the spectrum correspond to the knowis: RUH(O,CH)(PMey)4
(A2BC pattern at-0.3,—11.8, and 19.8 pprajand the unknown
cisRU(O,CH)x(PMes)4 (A2B- pattern at 0.6 ang-6.3 ppm) and
transRu(O,CH),(PMe;)4 (singlet at—4.2 ppm). The assign-

ments of the diformato species are made on the basis of the

known formato species observed for the G@sertion into the
Ru—H bond in Ru(H}(dmpe), and those observed for Ru(X)-
(Y)(dppm), system$163 The fourth species is represented by
the singlet at-3.9 ppm and the fifth species is represented by

scale of K, values. Of course, i, scales for acids in NEbr

SCCQ are unavailable; the closest available scale may be that

in THFA% In a nonpolar aprotic solvent, ionic species are

carboxylic acids have greatly decreased acidity (greatly raised

@Ka’s) while cationic acids such as HNEtretain their acidity.

To illustrate this, the agueous, DMSO, and THF scddggof

the alcohols and amines are compared in Tables 3 and 5. In the
aprotic solvents, phenols hav&ys much higher than that of
HNEt;™ and would therefore not necessarily be deprotonated
by NEf; in nonpolar solvents.

Alcohols and triethylamine in nonpolar solvents are known
to form 1:1 hydrogen-bonded adducts ArOHB which are in
equilibrium with the proton-transferred species (e§*4f.The
position of the proton-transfer equilibrium depends on the

the broad resonances centered at 28 ppm. Both of these featurekelative acidities of the phenol and the protonated amine and

(62) Jessop, P. G.; Olmstead, M. M., unpublished results, 2001, University of
California, Davis.

(63) Whittlesey, M. K.; Perutz, R. N.; Moore, M. HDrganometallics1996
15, 5166-5169.

(64)

(65) Krérher, R.; Zundel, GJ. Chem. Soc., Faraday Tran$99Q 86, 301—
305.

Albrecht, G.; Zundel, GJ. Chem. Soc., Faraday Trans1984 80, 553—
561
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the solvent. Ratajczak and Sobc#/khowed that in benzene
solution, phenols having aqueous-scalkg’s below 4 will be
essentially completely deprotonated by BEthile those with
pKa's above 8 will form only the hydrogen-bonded adduct. Baba
et al%” reported thap-nitrophenol (K, 7.15)>* for example,
would exist as an adduct with NEIn the nonpolar solvent
isooctane, while in 1,2-dichloroethane the solution would contain
a roughly equimolar mixture of the adduct and the proton-
transferred species. In acetonitrile, NBhdp-nitrophenol exist

as a solvent-separated ion pair. Zufieishowed that the degree
of proton transfer for a mixture of Ng&nd 2,4,6-trichlorophenol
(pKa 6.2f8 is 10% in heptane and 12% in CGit 30°C.

proton
transfer

ArO™---HB"
ArO™ + HB™ (4)

ArOH + B — ArOH---B

The acidic phenols are not able to protonate pyridine in
nonpolar solvents. Th&pKj (i.e., Ka(pyridinium)—pK4ROH))
required for the partial protonation of pyridines by a phenol in
CCl, is 1.6 for partial protonation and 5 for essentially complete
protonation, so that a phenol with &pbelow 3.6 is required
to at least partially protonate pyridine itsétf®® None of the
acidic alcohols used in the present study had<a that low.
Even formic acid is not sufficiently acidic to protonate pyri-
dine’ This is likely the reason for the low yield of formic acid
when any alcohol/pyridine combination was used.

The reaction solution at the start of the experiments in
triethylamine or similar liquid amines is nearly as nonpolar as

Scheme 1. Three Mechanisms by Which an Acidic Alcohol Could
Assist in the Hydrogenation of CO». In These Mechanisms, the
Alcohol Could Be Initially Ru-Bound or Hydrogen-Bonded to the
Complex

a) Lz 0=0=0  _. 0-0=0
Ru—H--H-OR Ru—H H-OR Ru H H-OR
RO—H
b) Ru—O;CH == Ri—~O0CH === RUOR + HCOH
D2 o=C=0 —
¢) Ru—H--H-OR RI—H H-OR Ru*+OR + HCOH

as the acidic phenols. The superiority of the latter in promoting
the hydrogenation indicates that the alcohol has another role to
play. This other role of the alcohol is still unknown, although
the new data offer some hints. We have already concluded that
the alcohol is not serving simply as a solvent modifier because
only trace quantities of alcohol are needed, too small to have a
significant effect on the physical properties of the reaction
medium!* A chemical effect of the alcohol on the reaction
mechanism is far more likely. Because the alcohol is used in
the presence of C£and base, the alcohol may not be involved
directly in the mechanism but rather it may be converted by
reaction with CQ, amine, or both to other species that may be
involved in the mechanism. These other species could include
HNR3z™, RO™, ROC(O)OH, or ROC(O)O. The possible roles
of each of these species will be discussed in turn.

(a) Alcohol/Alkoxide. Alcohol could be involved in the

heptane. Therefore, we can expect that only the most acidicmechanism in several ways (Scheme 1), but without firmer

phenols (@F5OH, C6C|5OH, and 2,4-(6\])2C6H3OH) will

knowledge of the mechanism of the hydrogenation, it is difficult

substantially protonate triethylamine in the reaction solution. to narrow down the possibilities. Alcohol could assist in the
However, the acid/base equilibria between acidic alcohols andinsertion of CQ into the Ru-H bond (Scheme 1&)!5it could

the amines should change as the hydrogenation proceeds. Aglonate a proton to a formate ligand as the second step in an
formic acid accumulates, the reaction medium changes fromjonic hydrogenation (Scheme 1b), it could donate a proton to
nonpolar aprotic to polar protic so that ion pairs and even the CG in a concerted ionic hydrogenation mechanism (Scheme

solvent-separated free ions are stabilized and kevplues of

1c)571 as suggested by Noyori for the hydrogenation of

the acids approach aqueous scale values rather than THF-scalRetones273 or it could combine with trialkylamine to reduce

values. At this time, the acids present (alkylcarbonic acids,
formic acid, and most of the acidic alcohols) will be acidic

the metal complex*7® These possibilities do not require an
inner-sphere alcohol ligand; the alcohol could be hydrogen-

enough to protonate triethylamine. Thus, charged species sucthonded to the formate or hydrithe’® ligands. All of these

as RO, ROC(0)O, and HNR* may be less stable and

possibilities are likely to be more efficient with a highly acidic

therefore at lower concentrations during the early stages of thealcohol, as long as the alcohol is not so acidic that it is

reaction but would increase in stability and concentration as
the reaction proceeds.

With some nonpolar solvents (including scgChe formic
acid/triethylamine adduct forms a second liquid phase rather
than remain in solution in the nonpolar solvent.

completely dissociated in the amine solution.
(b) Protonated Amine. The role of HNRT, if it is involved
in the mechanism, could be similar to the possible roles of
ROH: assisting in C@insertion into Ru-H (cf. Scheme 1a)
or acting as the proton source in a Noyori-type mechanism (cf.

The acid/base behavior described above would be quite Scheme 1c}3 The latter possibility was suggested by Matsub-

different, of course, if the Cohydrogenation were performed
in a highly polar or protic solvent such as DMSO or methanol.
The Role of the Alcohol.The in situ spectroscopic experi-

ments suggest that the alcohol helps to convert much of the

catalyst precursor to [Ru(OAc)(PMg]CI. However, if that is
the only role of the alcohol, then methanol should be as effective

(66) Ratajczak, H.; Sobczyk, IBull. Acad. Pol. Sci1l97Q 28, 93—98.

(67) Baba, H.; Matsuyama, A.; Kokubun, I$pectrochim. Actd969 25A
1709-1722.

(68) Fischer, A.; Leary, G. J.; Topsom, R. D.; Vaughan].JChem. Soc. (B)
1967, 686-687.

(69) Nouwen, R.; Huyskens, B. Mol. Struct.1973 16, 459-471.

(70) Lindemann, R.; Zundel, Gl. Chem. Soc., Faraday Trans.1®72 68,
979-990.
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ara3 for the complex [(GH4(CHz):NHMe;")RuH(dppm)]BF.
That complex contained a dangling amine, which when pro-
tonated was well placed to donate its proton to & @®lecule

(71) As far as we are aware, the first suggestion of a concerted ionic
hydrogenation mechanism for G@ydrogenation was made by Pomelli et
al. for the reaction catalyzed by Rh phosphine complexes, but in their
mechanism coordinated formic acid was the proton donor: Pomelli, C. S;
Tomasi, J.; Sola, MOrganometallics1998 17, 3164-3168.
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in concert with hydride transfer. Surprisingly, however, the [“OC(O)OMe] using RuCI(OAc)(PMg; as the catalyst precur-
complex had extremely low catalytic activity (Table 1). sor shows that carbonate hydrogenation is not facile. Therefore,

However, the results in the present system indicate that the carbonate formation, to the extent that it occurs, is a side reaction
alcohols are not acting as simply a proton source for the which ties up alcohol, base, and €and thereby interferes with
generation of protonated amine; this was shown by the in- the hydrogenation.
effectiveness of 2,6-diért-butyl)phenol, which is more acidic
than methanol. Also, one would expect formic acid to be even
more effective than alcohols at protonating triethylamine; thus  Selection of the appropriate amine and alcohol has allowed
after a small amount of conversion, protonated amine would a large increase in the rate of hydrogenation of,C&talyzed
be abundantly available regardless of the initial choice of by the complex RuCl(&@&Me)(PMe&)s. In particular, it is
alcohol. There is no evidence that formic acid is autocatalytic. important to use either triflic acid or a highly acidic alcohol,
The results therefore are inconsistent with the role of the alcohol preferably one that has an aqueous-sc&lghelow that of the
being the protonation of the amine. protonated amine. For example, using pentafluorophenol as the

(c) Alkylcarbonic Acid/Alkyl Carbonate Anion. Although alcohol and triethylamine as the base in supercritica} G&ave
the K, of methylcarbonic acid in nonpolar solvents is not a turnover frequency for formic acid production of 95 00G,h
known, it is likely to be higher than that of HNET It therefore more than an order of magnitude greater than previously
seems uncertain that the species ROC(O)OH would be depro-observed. Even higher rates of reaction would be likely in the
tonated to any significant extent by triethylamine in experiments presence of triflic acid and DBU, but the rates would surpass
performed in liquid NE$ or supercritical C@ Without depro- our ability to measure them. The alcohol has been shown, by
tonation, the thermodynamic driving force for the reaction in situ NMR spectroscopy, to induce the Ru-containing catalyst
between C@ and ROH is decreased. This explains the non- precursor to transform into a cationic complex. The alcohol is
detection by IR of alkyl carbonate/alkylcarbonic acid when,CO not likely to generate carbonic acids or protonated amines in
is bubbled into MeOH/NEtmixtures which are predominantly  solution, but the alcohol could be involved as either a hydrogen-
NEt;. However, as the hydrogenation of g@ontinues, and bond donor or a proton donor in a concerted ionic hydrogenation
formic acid accumulates, the reaction medium changes from mechanism.
nonpolar aprotic to polar protic, so that th& values of the High-pressure spectroscopic studies will be continued to
acids and bases present more closely match agueous scalelucidate the mechanism and the role of the acidic alcohols in
values. At this point, the alkylcarbonic acid will be acidic this reaction.
enough to protonate triethylamine. Thus, the stability and
concentration of methylcarbonic acid should increase during the
reaction. This was confirmed by in situ IR experiments, in which
the small 1650 cm! band for methyl carbonate anion increased
in intensity as the amount of formic acid increased until the
point when formic acid had protonated most of the amine; the
methyl carbonate peak then declined in intensity and then
disappeared.

Because in situ IR experiments show that alkyl carbonate
anion exists in the reaction solution during £iydrogenation,

Conclusions
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