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A total of 44 different phosphines were tested, in combination with [RuCly(CsHg)]. and three other Ru(ll) precursors,
for their ability to form active catalysts for the hydrogenation of CO, to formic acid. Half (22) of the ligands formed
catalysts of significant activity, and only 6 resulted in very high rates of production of formic acid. These were
PMes, PPhMe,, dppm, dppe, and cis- and trans-Ph,PCH=CHPPh,. The in situ catalysts prepared from [RuCl-
(CsHe)]. and any of these 6 phosphine ligands were found to be at least as efficient as the isolated catalyst
RuCl(O,CMe)(PMes)s. There was no correlation between the basicity of monophosphines (PR3) and the activity of
the catalysts formed from them. However, weakly basic diphosphines formed highly active catalysts only if their
hite angles were small, while more strongly basic diphosphines had the opposite trend. In situ 3P NMR spectroscopy
showed that trans-Ru(H),(dppm),, trans-RuCl,(dppm)a, trans-RuHCI(dppm),, cis-Ru(H)(O,CH)(dppm), and cis-Ru-
(O2CH),(dppm), are produced as the major metal-containing species in reactions of dppm with [RuCly(CsHg)]2
under catalytic conditions at 50 °C.

Introduction situ catalysts, several of which exhibit high catalytic activity,
Carbon dioxide, as its removal from power plant emissions @nd @ survey of a large number of phosphines evaluated for
becomes more commonplace, will confirm its position as their competence in forming active in situ catalysts.
the cheapest and most readily available carbon feedstock. From the initial report of Cohomogeneous hydrogenation
As such, its conversion to useful organic products is an to formic acid py Inoue et al. in 197G uthenium(ll) catalysts
important alternative to their preparation from fossil fuels. have predominated (Table 1, ed 1). There have been
The incorporation of C@into organic products can be €xamples with Pt or Rh catalystS, * notably the work of
achieved by coupling/insertion reactions or by reduction. the group of Leitner, who found that Rh complexes were
However, in order for the reduction of G@o be widely particularly active in DMSO or KD. The highest rates of

adopted as a synthetic strategy, three requirements must first (1) Thomas, C. A.; Bonilla, R. J.; Huang, Y.; Jessop, PC&n. J. Chem.

be met; the reduction of COnust be efficient, the range of @ ﬁAOOl ZQ, F7>19K/|7?4' A Do Linehan. 3. Tai C. G 3 b G
. . unsnit, P.; ain, A. ., Linenhan, J.; lal, . ., Jessop, P. .

products and compounds derived therefrom must be wide, ™ gpmited for publication.

and the reductant must be less expensive than the products.(3) Inoue, Y.; Izumida, H.; Sasaki, Y.; Hashimoto, Ghem. Lett1976

; ; 863-864.

Whlle_ market value Iargely_ controls the last req.UIremer.]t’ (4) Kudo, K.; Sugita, N.; Takezaki, Wihon Kagaku Kaishi977 302—

chemical research can contribute greatly to achieving the first 300.

two. During the course of our recently renewed investigation (5) Yamaji, T. (Teijin Ltd.). Japan Kokai Tokkyo Koho 166,146, 1981.

. (6) Tsai, J.-C.; Nicholas, K. MJ. Am. Chem. Sod992 114, 5117~
of homogeneously catalyzed ¢@ydrogenation, we have 5124,
explored the effect of gas pressure, cosolvents, and bases(7) Graf, E.; Leitner, W.J. Chem. Soc., Chem. Commui992 623~

on the rate of the reaction catalyzed by ruthenium trimeth-

624.
(8) Burgemeister, T.; Kastner, F.; Leitner, Whgew. Chem., Int. Ed. Engl.

ylphosphine complexés> We now describe a family of in 1993 32, 739-741.
(9) Gassner, F.; Leitner, W. Chem. Soc., Chem. Comm@fA93 1465—
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T University of California. (10) Leitner, W.; Dinjus, E.; Géner, F.J. Organomet. Cheni994 475,
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In Situ Formation of Ruthenium Catalysts

Table 1. Reports of Homogeneous Hydrogenation of Q® Formic Acid Catalyzed by Ru(ll) Complexes, Listed in Order of Increasing & OF

catalyst precursor solvent reagents Ph,,co,, bar T,°C TOF, it ref
[(CsH4(CHo),NMez)Ru(dppm)]BR THF 40, 40 80 0.4 14
RuHx(PPh)a CsHs NEt;, H,O 25,25 rt 4 3
RUChL(PTA)4 H>0 HCG; 60, 60 25 25 17
RuHx(PPh)4 CsHs NaCOs 25,25 100 42 18
TpRuH(MeCN)(PP§ THF H20, NEt 25,25 100 63 19
Ru(CO)(dppm) Me,CO NE& 35,35 rt 207 20
K[RU(EDTA-H)CI] H,0 3,17 40 250 21
[Ru(Clbpy)(H20).](CF5S0s)2 EtOH NE% 30, 30 150 625 22
[Ru(COXCla]n H,0, PrOH NE% 81, 27 80 1300 23
RuHx(PMes)a scCQ NEt;, H,O 80, 130 50 1400 12
RuH,(PMe3)4 scCQ NEt;, MeOH 80, 130 50 4000 11
RuCI(OAc)(PMe)4 scCQ NEts, CsFsOH 70,120 50 95000 2

a Abbreviations: Clbpy = 6,6-dichloro-2,2-bipyridine; DMSO = dimethyl sulfoxide; dppm= PhPCHPPh; EDTA-H = monodeprotonated

ethylenediaminetetraacetic acid; PFAL,3,5-triaza-7-phosphaadamantanes ntoom temperature; TOFE turnover frequency ((mol of formic acid/mol of

transition metal)/h); Tp= hydrotris(pyrazolyl)borate.

hydrogenation were obtained by Jessop et al. using RuxY-
(PMe;)4 catalysts (X, Y=H, Cl, or O,CMe) in supercritical
CO; solution!**2The high rates of reaction were due to the
very high B and CQ concentration'sand also in large part
due to the choice of PMeligands. Those ligands were
originally chosen not for their electronic or steric properties

Experimental Section

General Methods.Methanol, triethylamine, and tripropylamine
were degassed by repeated freezacuum-thaw cycles before use.
Hydrogen gas (99.99% purity, Praxair) was used directly, G&3
(99.9999% purity, SFC/SFE grade, Air Products) was passed
through an oxygen trap before use. G p-C.H4(CR,)sF)s was a

but because they imparted upon the catalyst far greatergift from Dr. J.-L. Xiao of Liverpool, U.K. The other phosphines

solubility in supercritical C@(scCQ) than could be obtained

with triphenylphosphine. The effectiveness of other phos-
phines was not measured. However, it is likely that the rate
of CO, hydrogenation is a strong function of the properties

of the phosphine ligands. Also, the use of diphosphines has

not been explored, beyond a few disappointing tests of
dmpé?! and the more recent discovery by Baikghat dppe
complexes of Ru are very active for the related reaction of
formamide synthesis (eq 2, dmpeMe,PGH,PMe;, dppe

= PhPGH4PPh). More recent efforts have included testing
Ru complexes containing dangling or functionalized phos-
phine ligands?# It is likely that the most active Ru(ll)
catalysts have not yet been discovered.

catalyst
CO, + Hy HCO.H (D
base
catalyst (..) 2
COQ + H2 + NHMe2 HCNMeg + Hgo

We have developed a series of in situ catalysts fop CO
hydrogenation that incorporate Ru(ll) precursors with various
phosphines or other ligands. Using this series, we have

were obtained commercially and used without purification. Catalyst
precursors [RuG{CsHe)]2 (Aldrich), Ru(methylallyl}(COD) (Acros,
COD = 1,5-cyclooctadiene), and [RuCOD)], (Pressure Chemi-
cal) were used as received, while R(OMSO)! and RuCI(OAc)-
(PMe),16 were prepared by the literature methods.

The high-pressure apparatus is similar to that described aldier.
In situ catalyst screening was performed by placing 13 small glass
vials uncapped and upright in the reaction vessel. Reagents and a
micro stir bar were placed in each vial. Coupling of all 13 stir bars
to the magnetic stir plate beneath was confirmed visually. Key
experiments were performed by this screening method and by the
more conventional approach (one glass vial/vessel), with no
significant difference in the results. For experiments involving
volatile reagents other than methanol and the amine, the conven-
tional approach was used exclusively.

Carbon Dioxide Hydrogenation Method. Under an inert and
dry atmosphere, 15 mg of the ruthenium(ll) precursor [RuCl
(CeHe)]2, 10 mL of methanol, and 10 mL of tripropylamine were
placed in a 50 mL Erlenmeyer flask. The solution was stirred in
order to dissolve the ruthenium complek 1 mL volume of this
solution (3umol of Ru, 2.6 mmol of NPy; 12.3 mmol of MeOH)
was injected into an uncapped and upright glass vial inside a steel
vessel. The desired quantity of phosphine or other ligands was also
added, as was a micro stir bar. The steel vessel was sealed and

screened over 40 phosphines, a number of other ligands, andlushed three times with 8 bar ofzHand then Hwas added to 40

combinations of ligands, for their effectiveness in making
active catalysts for reaction 1. The in situ catalysts were
prepared from the Ru(ll) precursor and the ligands in MeOH/
NEt; or MeOH/NPg mixed solvent under Hpressure, and

bar. The vessel was placed in a 8D water bath. After 1 or 10 h
(this time period is referred to as the pretreatment time), ®&s
introduced until the total pressure reached 100 bar. After 1 h, the
reaction was terminated by putting the reaction vessel into an ice

water bath and a few minutes later into an acetone/dry ice bath.

the success of the combination was judged by the yield of ager the pressure in the vessel dropped lower than the origipal H

formic acid afte 1 h of exposure to a mixture of Hand
CO, gases.

(11) Jessop, P. G.; Hsiao, Y.; lkariya, T.; Noyori, R.Am. Chem. Soc.
1996 118 344-355.

(12) Jessop, P. G.; Ikariya, T.; Noyori, Rature 1994 368 231—-233.

(13) Krocher, O.; Kppel, R. A.; Baiker, AChem. Commurl997, 453—
454,

(14) Chu, H. S;; Lau, C. P.; Wong, K. Yarganometallicsl998 17, 2768~
2777.

pressure, the gases were slowly released and the vessel allowed to

warm to room temperature. CH{I0.5 mL) was added to the vial
as internal standard. The yield of formic acid was determined by

IH NMR spectroscopy (400 MHz) of the product mixture dissolved
in CD;OD.

(15) Evans, I. P.; Spencer, A.; Wilkinson, &.Chem. Soc., Dalton Trans.
1973 204-209.
(16) Mainz, V. V.; Andersen, R. AOrganometallics1984 3, 675-678.
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Multinuclear NMR studies on the ruthenium-containing prod-
ucts after reactions of [RugCsHs)]» with dppm were performed
unlocked using a standard broad-band 5 mm NMR probe in the
appropriate solvent on a 7.01 T Varian VXR NMR spectrometer
externally referenced to TMSH and'3C) and 85% HPO, (31P).
High-pressuré'P and'H NMR spectroscopy were conducted using
a 10 mm o.d. 3.5 mm i.d. PEEK NMR céHt25

In a typical experiment 0.05 g (& 104 mol) of [RuCh(CsHe)]2
and 0.154 g (4x 10-3 mol) dppm were suspended in 5 mL of a
0.7:1 molar ratio of MeOHNETt; solution under an inert atmo-
sphere. Portions of this mixture were placed in either the high-
pressure NMR cell (0.20 mL) or into a stainless steel reactor (4.0
mL). The vessels were then pressurized withféllowed by CGQ

at the desired temperature. In product studies the reactor was cooled R ]
R Figure 1. Dependence of the yield in the firs h on thechoice of Ru(ll)

and depressurized and the contents were extracted for NM
analysis.
The chemical shifts and splitting patterns of the reaction solutions

Tai et al.

moles HCO,H per mol NEtg

T T T T T T T T T T
4 5 6 7 8 9 10

PPhg/Ru mole ratio

11

precursor and on the number of equivalents of fRtded. The precursors

were RuC}(DMSQ), (O and thin curve), [RuG(COD)], (x and dashed

curve), and [RuG(C¢He)]> (® and bold curve). The curves are not

were compared with authentic compounds synthesized from theoretically derived and are added only to guide the eye. Conditions: 3

literature methods.
Safety Warning. Operators of high-pressure equipment such as

umol of Ru; 0.1 mL of MeOH; 0.5 mL of NEf 40 bar B (during

pretreatment time and during reaction); £&dded during reaction time
only (total pressure 100 bar); pretreatment time 1 h; reaction time 1 h.

that required for these experiments should take proper precautions,

including but not limited to the use of pressure relief devices, to
minimize the risk of personal injury.

Results and Discussion

Formation of in Situ Catalysts. In situ catalysts were

prepared from Ru(ll) precursors and added phosphines,

which were allowed to react with each other, in MeOHAR
solution (R= Et or Pr) and under kpressure (40 bar) at 50
°C for at leas 1 h before CQwas added. The effectiveness

between the three Ru precursors were not large, but because
the most effective was [Ru&lCsHe)]», this complex was
used in all subsequent experiments. The fact that similar
catalytic activities were obtained regardless of the choice of
Ru(ll) precursor suggests that under the reaction conditions
the weak ligands (DMSO, COD, or benzene) in the precur-
sors are either entirely displaced or have little effect on the
catalytic activity.

of the in situ catalysts thus prepared was measured by the These tests of the three dichloro Ru(ll) precursors were

yield of formic acid obtained after 1 h. Because the usually
observed eventual yield is 1.8 mol/mol of amine and the
greatest yield obtained after gnl h in this study was only
0.8, the yield afte 1 h should be considered an indication
of the rate of the hydrogenation and not an indication of the
eventual yield.

Three different dichloro Ru(ll) precursors were tested,
trans RUCL(DMSOQ), [RuCL(COD)],, and [RuCH(CeHe)] .

performed in 0.6 mL of a MeOH/NEmixture (see caption
to Figure 1). All subsequent experiments were performed in
1.0 mL of a MeOH/NPy mixture.

The in situ catalysts presumably formed during the
pretreatment time (during which the reaction solution was
exposed to 40 bar Hressure) or shortly after the GQas
was introduced. The length of the pretreatment time (1 or
10 h) had little effect on the effectiveness of the catalyst. Of

With no phosphine ligand added, not one of these complexesthe ligands which had appreciable activity, only two (B{E

was active for C@ hydrogenation. However, with even 1
equiv of triphenylphosphine (PBhadded/Ru atom, these

p-F); and dppe) were significantly affected by variation in
the length of the pretreatment time, and in those cases, the

three complexes were converted into fair catalysts for the 1 , of pretreatment time was found to result in greater formic

hydrogenation of C®into formic acid (Figure 1). The best

catalysts were obtained when at least 3 equiv of triphen-

ylphosphine was added. Addition of further equivalents of
phosphine did not suppress the hydrogenation with RuCl
(DMSO), and [RuCH(COD)], and only slightly slowed the
reaction with [RuCJ(CsHe)]2. The differences in effectiveness

(17) Laurenczy, G.; Joo, F.; Nadasdi, Ilnorg. Chem.200Q 39, 5083—
5088.

(18) Yamaji, T. (Teijin Ltd.) Japan Kokai Tokkyo Koho 140.948, 1981.

(19) Yin, C.; Xu, Z,; Yang, S.-Y.; Ng, S. M.; Wong, K. Y.; Lin, Z.; Lau,
C. P.Organometallics2001, 20, 1216-1222.

(20) Gao, Y.; Kuncheria, J. K.; Jenkins, H. A.; Puddephatt, R. J.; Yap, G.
P. A.J. Chem. Soc., Dalton Trang000 3212-3217.

(21) Khan, M. M. T.; Halligudi, S. B.; Shukla, S. Mol. Catal.1989 57,
47-60.

(22) Lau, C. P.; Chen, Y. ZJ. Mol. Catal., A1995 101, 33—36.

(23) Drury, D. J.; Hamlin, J. E. Eur. Patent Appl. 0 095 321, 1983.

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

(25) Yonker, C. R.; Linehan, J. Organomet. Chemin press.
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acid yields. Note, however, that the isolated catalyst precursor
RuChk(PMey), was found in an earlier study to be almost
inactive in the first 1 H} presumably because that time is
required for the substitution of a chloride ligand with a
hydride by the action of Hand base. The fact that the in
situ catalysts are able to produce significant quantities of
formic acid in the fir$ 1 h suggests that the induction period,
if any, is either complete during the pretreatment withoifl
is complete shortly after the addition of GO

Screening of MonophosphinesA total of 24 different
monophosphines (RRwere tested, in combination with
[RuCly(CgHe)]2, for their ability to form active catalysts for
the hydrogenation of C£xo formic acid (Table 2). Only 11
of the ligands formed catalysts of significant activity (formic
acid yield of 0.1 mol/mol of NPyor higher). Only 2 resulted
in very high formic acid yields of over 0.6 mol/mol of NPr



In Situ Formation of Ruthenium Catalysts

Table 2. Results with in Situ Catalysts Derived from Monophosphines

and [RUC&(CGHG)]za -
pKaof coneangle P:Ru pretime, yield of %
phosphine HPRs* (deg) mol ratio h HCOH 3
PPh 2.70¢ 145 3 10  0.13(3) E
3 1 014(Q) 3
P(CsH4-p-OMe); 46 145 3 1 028(2) T
P(CGsH4-0-OMe); na ~200! 3 1 0.03(Q2) 35
P(CsHa-p-Me)s 3.8 145 3 1 021(2 O
P(CGH2-2,4,6-Me)s 6.9 212 3 1 0.00(2) T
P(GsH4-p-Cl)s 1.0 145 3 1 033(2 o
P(GHa-p-F)3 2.0 145 3 10  0.37(2) g
3 1 053(1)
P(GsH4-p-CF)s na 145 3 1 0.05(4)
P(CsFs)s na 184 3 1 002(2) 19
P(GH4-p-CoH4(CR)eF)s  na 145 3 1 034(2)
P(GsHs(-m-CFs)2)3 na na 3 10 0.02 (2) pK, of HPR3*
3 1 0.02(1)
P(GH4-m-SOsNa) na na 3 10 0.02 (2) Figure 2. Dependence of the yield in the firda h on the K, of the
3 1 0.06 (1) phosphine. Conditions: @mol of Ru {/,[RuCl(CeHg)]2); 9 umol of
PPh(2-py) na na 3 1 0.24 (2) phosphine; 0.5 mL of MeOH; 0.5 mL of NEr40 bar b (during
PPhMe 4.6 136 10 1 0.06 (1) pretreatment time and during reaction); £&dded during reaction time
3 1 0.02 (1) only (total pressure 100 bar); pretreatment time 1 h; reaction time 1 h.
PPhCH,CH,CN 2.2 141 3 10  0.01(2)
3 1 007(1) The electron-donating ability of the phosphine ligand was
PPhCH,CH,CI 3.6 ~141 3 10  0.13(3) . . . . .
3 1 008(1) related to its effectiveness in forming an active catalyst. The
PPhCsH:OH na ~141 3 10 0.02(2) para-substituted triphenylphosphines (RKG-p-X)s) had
3 1 0.08(1) : . T
PPhMe 6.5 122 10 1 062(1) increasing activity in the order G= H < Me < QMe < .
3 1 069() C.H4(CF,)eF = Cl < F. The Hammett constants increase in
PMe; 8.7 118 10 N C?-7501((11)) the order OMe< Me < H < F < Cl < CFs. The [Ky's of
PE4 8. 13K 3 1 015(1) the [HP(GHs-p-X)3] ™ cations decrease in the order OMe
PBuw 8.4 132 3 1 016(1) Me > H > F > CI. Thus the Hammett and{q trends are in
PPr 9.4 160 3 1 0.06(1) ; :
P(GHeOH)s A 137 3 1 003(1) agreen_1e_nt with e.ach. other but do not bear any relation to
PCy; 9.7¢ 170 3 1 0.05(2) the activity of the in situ catalysts. As a result, a plot of the

a Experimental conditions: 5%C; 40 bar H; total pressure 100 bar; 0.5 yleld of formic acid afte 1,h versus the “gandm’ appears
mL of NPr3; 0.5 mL of MeOH; 0.75 mg of [RuG{CsHg)]2; 1 h reaction to be close to random (Figure 2). The remarkable effect of
time after CQ added. The “pretime” is the pretreatment time, during which  fluorine atoms in thpara positions (causing the rate to more
the solution is exposed toHbut not CQ. The vyield is in terms of moles : :
of formic acid/mole of amine. The number in parentheses is the number of than t”F’le relative to P%Dl_ was u_neXPeCtEd' In contrast,
repetitions of the experiment. Cone angle data are from ref 27paxt- perfluorinated PPfwas decidedly inferior, perhaps because
SUl;SItDitBU_tedh}riphenylphOSﬁer;eﬁ 'f:ife aSS;J;nseg FtO hav@} ;gedsgme Corgje anglef steric reasons (vide infra). The progression of ligandsPPh
as itself. na= not available” From ref 28.¢ From ref 29.9 Estimate
in ref 30.¢ Calculated from the MeN@data of ref 31 and converted to PPhMe, PPhMQ’ and P.M.Q was tested to_further explore.
H,O scale by the equationkp(H,0) = 0.7675[fK«((MeNO,)] — 3.1705 the effect of ligand basicity on the effectiveness of the in
Obgain?d by Corrﬁlati%nFof tthdgéé}] gf refs 3;13,4286 a}nd;ﬂgm ref 35 situ catalysts. The rate of formic acid production using these
and references thereifiFrom ref 33." From ref 34.1 Calculated using the ; : :
equation of ref 35 and the* values of refs 36 and 37.Assumed to be the ligands mcreaseslm the Se_quence Rh= PPh <<_ PPhMQ.
same as PREH,CH,CN. k Reference 38.Assumed to be the same as = PMes. While this trend is more or less consistent with a

PBu. favorable effect of increasing basicity, it is also consistent
in the first 1 h. These were PMand PPhMg The in situ with an unfavorable effect of steric bulk. The ligand EH&)s,

. . which is an extremely poor base, resulted in a very poor in
catalysts prepared from [R He)]2 and 3 equiv of either . R .
of thgse t\f)vo ghosphines[wgérc:: 1?0521](21 to be aﬂeast as efficientSltu catglyst. Basicity s required probably because (a) t he
as the isolated catalyst RUCKOMe)(PMe)s (0.53 mol/mol phosphine needs to bind to the metal and (b) the ruthenium
of NP, under the same conditions) ' hydride needs to be basic enough to be able to transfer

Itis important to emphasize that the purpose of this study hyg:iedr?c;cl)l trI]aer C:a@ ?g;e%l#]% ligands created in situ catalysts
was to survey the competence of the phosphines to form, y 'arge phosp 9 Y

along with a Ru(ll) precursor, an effective in situ catalyst. ?r]: ﬁ(ofrhacmrl]'itz’ asFilllurstrgteil by gherivtrficd aT(t)rri]gh t?f
It is not valid, in the interpretation of the results, to assume Iahgsph?nsswitﬁs (rOL?usein zﬁertic(; oesitignse(TD(OQ—I _%_e
that the same structures are formed with the various Y. o°P group P o

) . OMe); and P(GH2-2,4,6Me3)s) were far less effective than
phosphines, that the phosphines are equally soluble, or evel} : . o

. S : . hose with groups only in th@ara positions (P(GHs-p-
that the mechanism of Ghydrogenation is identical with .
each phosphin® OMe); and P(GH4-p-Me)s). Notably, the mqst active cata-
lysts were formed from the two ligands with the smallest

(26) Not surprisingly therefore, a QALE (quantitative analysis of ligand CON€ angles, PMeand PMegPh.

effectls)t‘ anak/sis of the d?t?hin gAall:_JIIEe 2 did n?]t resulg ir} a Iiorlme_ar The superiority of ruthenium trimethylphosphine catalysts
correlation. summary o e approach can be tound In: . . .
Fernandez, A. L. Wilson, M. R.; Prock, A.: Giering, W. Grgano- over those with triphenylphosphine has been observed

metallics2001, 20, 3429-3435 and references therein. beforel12 This superiority is not simply due to the ability

Inorganic Chemistry, Vol. 41, No. 6, 2002 1609
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@ 0.8 Table 3. Results with in Situ Catalysts Derived from Monophosphines
% 0.7 and [Ru(methylallyl)((cod)P
8 0.6 yield of
5 0.5 pKaof coneangle P:Ru pretreatment HCOH,
a Y97 phosphine HPRs* of PR; (deg) molratio time,h  mol/mol of base
T 4
C‘)“ 04 PPh 2.he 145 31 1 0.07
o 0.3 6:1 1 0.06
T 0.2 10:1 1 0.07
Q@ P(GHs-p-F)s 2.C¢ 145 31 1 0.52
g 0h | PCYs (GHep P 6.1 1 0.52
0 T T T T T 10:1 1 0.54
110 120 130 140 150 160 170 PPhMe 4.6 136 31 1 0.02
8 of PRy 6:1 1 0.02
_ o 10:1 1 0.02
Figure 3. Dependence of the yield in the firs h on thecone angle) of PPhMe 6.5 122 3:1 1 0.58
the trialkylphosphine. Conditions are as described in the caption to Figure 6:1 1 0.58
2. 10:1 1 0.47

. . . a Experimental conditions: 5UC; 40 bar H; total pressure 100 bar; 0.5
of larger numbers of PMdigands to bind simultaneously  mL of NPr; 0.5 mL of MeOH; 0.75 mg of [RuG[CsHs)]2; 1 h reaction

to the metal center; even at a fixed Ru:P ratio of 1:3 the time after CQ added. Cone angle data are from refs 27 and®&8om ref
PMe; ligands produce more active catalysts. However, size 28-°From ref 29.¢From ref 32 and references therein.

is still most certainly a factor (cf. Figure 3), suggesting that . -
a relatively large ogen area i(n thegcatalyzic sggcies g vital A few of the phosphines have unusual solub|I|t|es.JP(&?
to the mechanism. In contrast, an earlier study by AngermundOH)3 and P(GH,mSONa); are water soluble, while
et al®® found that in some Rh catalysts for ¢Bydrogena- P(GFs)s, P(GH3(-m-CFs)o)s, P(GHap-CRy)s, and P(GH.-
tion, the complex with thesmallest available “solvent P-CH4(CR)eF)s have some solubility in fluorous liquids.

accessible surface” around the Rh atom had the greatesPOth of the water-soluble ligands failed to produce active
activity catalysts, as did the first three of the fluorinated catalysts.

. . . Only P(GH4-p-C:H4(CF,)sF)s produced an effective catalyst,
. Some I|gands had a danglmg_funch_onal group that could possibly because of the insulating effé¢t of the ethylene
interact with the Ru center or with coligands. For example,

. group in thepara substituent.
PhPpy (py= 2-pyridyl) was found to make a better catalyst .
than PPE but this may be related to its chelating ability, its A chiorine-free Ru(ll) precursor, Ru(methylallf-OD),

cone angle, or the basicity of the pyridyl group. The results /&5 compared to the [RugtCeHs)]. precursor (compare

o - Tables 2 and 3). It was anticipated that, in the strongly
with ligands of the structure PRACH,CH,X (X = CI, CN, . » . :
CH,OH) were disappointing (Table 2). These all had very reducing conditions, the methylallyl ligands would be rapidly

o . : . displaced by hydride ligands, while the chloride ligands of
poor activity but no poorer than the unfunctionalized ligand . .
PhPMe. Trying to incorporate hydroxyl groups onto a :heb[RUCIZ(C‘a'l_'G)]Z dpracursormght taki.co?aderzgtlaly Iogr;ger
trialkylphosphine resulted in lower yields of formic acid OF € Sodrg%;\je I ngevfg’ n C?r:nl |Ir|1a| fon with GG
(P(GHsOH); < PBuwy). These functionalized phosphines p-Fs an € lgands, the methylatly! precursor gave

were of interest because of the accelerating effect of alcoholsesults virtually identical to those of the [RuQlsHe)]2
on CO, hydrogenatioh?1124%and because of the reported precursor. With PPhand PPhMgligands, the methylallyl

role of a protic ligand in the very rapid hydrogenation of precursor was slightly less active. These results suggest that
ketones as reported by Noydti the two precursors are equally readily converted to active

(presumably hydrido) catalysts.
Screening of Bi- and Polydentate PhosphinesA total

(27) Tolman, C. AChem. Re. 1977, 77, 313-348.

(28) Streuli, C. A.Anal. Chem196Q 32, 985-987. of 20 different bi- and polydentate phosphines were tested,

(29) Allman, T.; Goel, R. GCan. J. Chem1982 60, 716-722. i i i i i ili

(30) Graf, E.; Leitner, WChem. Ber1997 129, 991-96. in combination with [RUGKCeHs)], for their ability to form

(31) Stepanov, B. I.; Bokanov, A. I.; Svergun, V.J.. Gen. Chem1971, active catalysts for the hydrogenation of £0 formic acid

@2 4(131, |52'6_5|3|9'N Rah ML M. Belmonte. 3. E.- Giering. W. P (Table 4). Just over half (11) of the ligands formed catalysts

olovin, . N.; Ranman, . ., belimonte, J. E.; lering, . P H e i : . .

Organometallics1985 4, 19811991, 9 of S|gn|f|qant activity (formic acid yleld_ of 0.1 mpl/mol o.f

(33) Tolman, C. A.; Seidel, W. C.; Gosser, L. \W.Am. Chem. S0d974 NPr; or higher), while only 4 resulted in very high formic
96, 53-60. id vi ; :

(34) Fredericks, E. J.: Gindling, M. 3. Kroll, L. C.. Storhoff, B. . acid yields of over 0.6 mol/mol of NP the first 1 h. These
Organomet. Chenl994 465 289-296. 4 were dppm, dppe, ants- andtransPhPCH=CHPPh.

(35) gi;:gnldesgz, W. A, Jr.; Streuli, C. A. Am. Chem. Sod.96Q 82, It has not been determined whether the last two ligands

(36) Taft, R. W.,'Jr. InSteric Effects in Organic Chemistrilewman, M. rema_m u_nsaturated du_rlng the hydroge_nat.|on, but note that
S., Ed.; John Wiley: New York, 1956; p 556. 1,2-bis(diphenylphosphino)benzene, which is structurally and

(37) Stevenson, G. W.; Williamson, . Am. Chem. Sot.958 80, 5943- electronically similar tocis-PhPCH=CHPPh without the

(38) Fernandez, A. L.; Wilson, M. R.; Prock, A.; Giering, W.®rgano- readiness to be hydrogenated, had only slightly lower activity.
metallics2001, 20, 3429-3435. , The PRPC=CPPh ligand, however, is markedly inferior,

(39) Angermund, K.; Baumann, W.; Dinjus, E.; Fornika, R.; Gorls, H.;

Kessler, M.; Kruger, C.; Leitner, W.; Lutz, Ehem—Eur. J. 1997,

3, 755-764. (42) Horvdh, I. T.; Raai, J.Sciencel994 266, 72—75.
(40) Jessop, P. G.; Ikariya, T.; Noyori, Rhem. Re. 1995 95, 259-272. (43) Kainz, S.; Koch, D.; Baumann, W.; Leitner, \Wnhgew. Chem., Int.
(41) Noyori, R.; Hashiguchi, SAcc. Chem. Red.997, 30, 97—102. Ed. Engl.1997 36, 1628-1630.
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In Situ Formation of Ruthenium Catalysts

Table 4. Results with in Situ Catalysts Derived from Diphosphines and 0.8
[RUuClx(CeHe)]22 0.7
o
bite P:Ru pretime, yield of Z 06
phosphine angle mol ratio h HCOH E’ 0.5
Cy,PCH,PCy, (dcpm) 70 4 1 0.01(2) ‘g 0.4 4
Cy2PGH4PCy: (dcpe) 83 6 10 0.03 (3) o
6 1 0.03 (1) © 0.31
4 1 0.02 (2) - 02
Cy2PGHePCys (dcpp) 93 4 1 0.09 (4) S
Cy:PC;HgPCys (dcpb) 100 6 1 0.42 (3) o 014
4 1 0.43 (1) T 5
PhPCHPPh (dppm) 71 4 1 0.63 (2) 60 110
PhPGH4PPh (dppe) 82 6 10 0.56 (3) . R
6 1 0.67 (2) Bite angle,
4 1 0.71 (3) Figure 4. Dependence of the yield of formic acid in the fidssh on the
2 1 0.67 (3) bite angle of the diphosphine, showing bis(diphenylphosphino) compounds
PhPGHsPPh (dppp) or 4 1 0.14 (2) (®) and bis(dicyclohexylphosphino) compounds).(Conditions: 3umol
PhPCHsPPh (dppb) 94 4 1 0.00 (3) of Ru ((/2[RuCl(CsHe)]2); 6 umol of diphosphine; 0.5 mL of MeOH; 0.5
PhPGH10PPh na 6 1 0.12 (2) mL of NPrs; 40 bar B (during pretreatment time and during reaction);
4 1 0.13(2) CO, added during reaction time only (total pressure 100 bar); pretreatment
PhPGH1,PPh na 6 10 0.02 (2) time 1 h; reaction time 1 h.
6 1 0.04 (1)
4 1 0.03 (2) Chart 1.  Structures of (Oxy-2,2diphenylene)bis(diphenylphosphine)
PhPCH=CHPPh (trans) na 6 1 0.74 (3) (1) and the Trost Ligand2)
4 1 0.65 (1)
PhPCH=CHPPHh (cis) 81 4 1 0.62 (2)
PhPC=CPPh na 4 1 0.13 (2) oPh o
PhHPGH,PHPh na 4 1 0.01(2) 2 NH PPh
PhPGH.-0-PPh 84 4 1 0.50 (4) o) ‘
(PhePGsHa)oFe 93 4 1 0.01(2)
O(CsH4-0-PPh) (1) na 4 1 0.00 (2) @Pph NH  PPhy
(PhePGH4)2PPh (triphos) na 9 10 0.23(3) 2 o
9 1 0.20 (1)
3 1 0.29 (2)
(PhePGH4)3P (tetraphos) na 4 1 0.21 (2) 1 2
Trost ligand R) na 6 10 0.01(2)
6 1 0.00 (1)

efficiency, regardless of the other properties of the backbone

. Sa CEnc:it'\i/(IJné:HSg’(;;s 40 bafr [ré; tét%l missulri 100 k?_ar; ?.5 mLft of I\Céz’)r such as flexibility or degree of saturation. Research led by
.5 mL of MeOH; 0.75 mg of [RuG(CgHe)]2; reaction time after . - . L
added. The number in parentheses is the number of repetitions of theDUBOIS has shown that the bite angle of the dehOSphIne In

experiment. Bite angles are the crystallographically determineRuP-P a hydrido diphosphine complex directly affects the hydride

angles of Ru(ll) diphosphine complexes. ma not available or not  donor ability of the complex? Note that, in our results, the
applicable. “Pretime” is the pretreatment time during which the sample is

exposed to K and not CQ.  Reference 46¢ Average of five crystallo- activity _O_f the ligands Pip(_CHZ)”PF_’h_drOpS down to th_e
graphically determined angles from refs-4#9. ¢ Reference 48: Reference low activity of the electronically similar but nonchelating
50. f Average of three angles from refs 14 and $Average of two angles Ph,PMe as the value afi increases.

from ref 52." Reference 53. Average of three angles from refs 54 and 55. . T .
I Reference 56¢ Average of two angles from ref 57Average of two angles In contrast, the trends with more basic dehOSphIneS were

from refs 58 and 59. the opposite; that with the greatest bite angle (dcpb) formed
the best catalyst of the series dcpm, dcpe, dcpp, and dcpb

suggesting that it is not hydrogenated to form dppe @r Ph  (Figure 4). The reason for the contrasting behavior is not

PCH=CHPPAH. If the nonchelating diphosphirteans-Ph- known. Consistent with the trend is the earlier report by one

PCH=CHPP# is neither hydrogenated nor isomerized during of us! that Ru dmpe complexes (dmpe 1,2-bis(dimeth-

the reaction, then any resulting complexes must necessarilyylphosphino)ethane, bite anéte85°) have extremely low

be binuclear, polynuclear, or contain dangling phosphines. activity for CO, hydrogenation.

Further spectroscopic study is required. The complexes [Rh(hfacac)fP)] were compared by
The catalytic activity of ruthenium dppe complexes for Fornika et af® for their activity in catalyzing the same

CO; hydrogenation was first reported by the group of Baiker, reaction. Of those containing FNCH,).PPh ligands, the

who used RuGl(dppe)} as a catalyst precursor for the

hydrogenation of C@and dimethylamine ttN,N-dimethyl- (44) Berning, D. E.; Noll, B. C.; DuBois, D. LJ. Am. Chem. Sod999

f 13 121, 11432-11447.

ormamide. ] ] ) o (45) Field, L. D.; George, A. V.; Hockless, D. C. R.; Purches, G. R.; White,
We found that, among diphosphines electronically similar A. H.J. Chem. Soc., Dalton Tran&996 2011-2016.

to dppe, those with smaller bite angles (dppm, dmjﬂ: (46) Joslin, F. L.; Mague, J. T.; Roundhill, D. NPolyhedron1991, 10,

1713-1715.
PhhPCH=CHPPHh, and PhPGH,-0-PPh) were far more (47) Martelletti, A.; Gramlich, V.; Zurcher, F.; Mezzetti, New J. Chem.
successful at forming active catalysts than were those with 1999 23, 199-206.

. (48) Six, C.; Gabor, B.; Gorls, H.; Mynott, R.; Philipps, P.; Leitner, W.
larger bite angles such as dppp, dppb, dppf, ands@4©- Organometallics1999 18, 3316-3326.

PPh), (Figure 4; Chart 1). The plot of yield versus bite angle (49) Winter, R. F.; Hornung, F. Minorg. Chem.1997, 36, 6197-6204.

- . - 50) From the structure of (dcpb)(H -Cl)2Ru(Hy)(dcpb): Freed,
for these phosphines is remarkably smooth, suggesting that®® T.: Jessop, P. G.: Olnf]stga(),(’ I\)Imﬁ)&\pu)bzlish(ed)gﬁaper?al, 1997,

bite angle is the overriding parameter in determining catalytic (51) Winter, R. F.; Hornung, F. MOrganometallics1999 18, 4005-4014.
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trend was found to be dppe dppp < dppb, opposite of the
trend found in the present case. Of those containingP€y

Tai et al.

Table 5. Results with in Situ Catalysts Derived from a Diphosphine,

Another Ligand, and [Ru@G{CsHg)]2*

(CHy)nPCy: ligands, the trend was dcpe& dcpb, as found . _ P:Ru _ ligand:Ru  yield of
in the Ru system. These trends for the Rh system were diPhosphine mol ratio ligand mol ratic  HCOMH
explained in a subsequent artfas being a function of none 0:1  HOEH,OH lgfi 8
the siz_e of.the open site on the Rh center; the _greatest HOC:H,-0-OH 31 0.02
catalytic activity was observed with the complex which had 10:1 0.02
the smallest “solvent accessible surface” around the Rh atom, H2NCeH,-0-NH2 13{1 8
as calculated by mole_cular modeli_ng. _ dppe 21 none 01 0.67
The number of equivalents of diphosphine added to the HOG,H,OH 1:1 0.69
ruthenium precursor had little effect on the effectiveness of :80']:20“28:20“ igfi 8-22
the catalyst, as long as the P/Ru ratio was greater than 3. HOSGHZE(;ZC(O)@&; 101 0.49
The effect of this ratio with PRHas already been described CHsC(O)CH,C(O)CHs 10:1 0.50
(Figure 1). The same result was found with the ligands dppe HSCHCH,SH 10:1 0.12
d triphos (Table 4) HSCH.CH,CH,SH 10:1 0.37
and tripn - S _ HaNCeH2-0-NH, 10:1 0.67
The tridentate and tetradentate phosphine ligands triphos PhPCsHs-0-PPhy 1:1 0.73
and tetraphos were significantly less effective than the PRHPGH.PHPh 1013_11 %-8126
electronically similar dppe, a result for which we at present 4, PR ) 18
have no explanation. Spectroscopic measurements (see 2:1 HoNCgH4-0-NH2 10:1 0.03

below) suggest that two dppe ligands bind to the Ru in the

a Condition: 50°C; 40 bar H; total pressure 100 bar; 0.5 mL of NPr

spectroscopically detectable species. However, it is possibleo.5 mL of MeOH; 0.75 mg of [RuG(CsHe)]2 (3 #umol of Ru); 3umol of
that the catalytically active species contains only one dppe dpgedl h pretreatment time under 40 bag;H. h reaction time after CO
(i.e. a P:Ru ratio of 2), a structure which triphos and tetraphos added.

could not easily reproduce.

Ligands incorporating acidic protons were again put to
the test. Introducing a secondary diphosphine (PhtRC
PHPh) instead of tertiary diphosphines resulted in almost
complete loss of catalytic activity. Although it was not
spectroscopically confirmed, it is possible that O@acted
with the P-H bond. The Trost ligand (Chart 1) places a
formamide NH proton near the catalyst; unfortunately no
active hydrogenation catalyst was formed from the combina-
tion of the Trost ligand with [RuG(CsHe)]2. In another
attempt to incorporate protic groups into the catalyst, in situ
catalysts were prepared from mixtures of [Rg(CHe)]2, @
diphosphine, and a bidentate protic ligand (Table 5, Ru:
diphosphine ratio 1:1). None of these caused a significant
enhancement of the rate of formic acid production over that
in the absence of protic ligand. With diols aagphenylene-

precursor combination may not only be a function of the
activity of the resulting complex but also may be affected
by the structure of the complex which is obtained. For this
reason, it is important to describe what is known about the
reaction products of the dichlororuthenium(ll) precursors

with phosphines.

Reaction of [RuG(COD)], with 2 equiv of PCy and
excess base isecbutyl alcohol or in toluene under Hs
known to give Rub(H)2(PCys)..5% 8 With PEg in see
butanol, one obtains RufPER)., and with PPk one obtains
RuH,(PPh)3.5* This suggests that, under the pretreatment
conditions used in this study with [RuQCOD)], and PP#,
at least partial conversion to RutfPPh); or similar hydridic
species could reasonably be expected.

Reaction oftransRuX,(DMSO), with 1 or 2 equiv of a

diamine, the rate was essentially unchanged. Ketones lowered"onophosphine in refluxing toluene for 3@0 min gives

the rate slightly, and dithiols and the secondary diphosphine

bis(phenylphosphino)ethane had a stronger poisoning effect.

Literature Reports of the Reaction of Ru(ll) Precursors
with Phosphines. The effectiveness of any one ligand/

(52) Atherton, Z.; Faulkner, C. W.; Ingham, S. L.; Kakkar, A. K.; Khan,
M. S.; Lewis, J.; Long, N. J.; Raithby, P. R. Organomet. Chem.
1993 462, 265-270.

(53) Lobana, T. S.; Verma, R.; Singh, R.; CastineirasTfansition. Met.
Chem.1998 23, 25-28.

(54) MackFarlane, K. S.; Joshi, A. M.; Rettig, S. J.; James, BlnRrg.
Chem.1996 35, 7304-7310.

(55) Joshi, A. M.; Thorburn, I. S.; Rettig, S. J.; James, Blrierg. Chim.

RuX,(DMSO)(L) (where X= Br and L= PPh or PBw;)%®
or RuXx(DMSO)(L) (X Cl; L = PPh).1> Complete
displacement of the DMSO ligands by a new ligand was
demonstrated by Evans et al., who refluxed R(ifthso),
in pyridine, obtaining RuG(pyridine),.'®> Therefore, the in
situ catalysts derived from Rugfimso) and excess Pfare
not expected to contain DMSO ligands.

Reaction of a monophosphine with [Ru(@sHe)]. yields
RuCL(CeHg)(PRs). This has been observed for a range of
alkyl- and arylphosphines and is fairly rapid at 955667

Acta 1992 200, 283-296.

(56) Batista, A. A.; Cordeiro, L. A. C.; Oliva, G.; Nascimento, O.IRorg.
Chim. Actal997, 258 131-137.

(57) Mashima, K.; Komura, N.; Yamagata, T.; Tani, K.; Haga, INbrg.
Chem.1997 36, 2908-2912.

(58) Jensen, S. B.; Rodger, S. J.; Spicer, MJDDrganomet. Cheni99§
556, 151-158.

(59) Mai, J. F.; Yamamoto, YJ. Organomet. Chenil998 560, 223~
232.

(60) Fornika, R.; Gds, H.; Seemann, B.; Leitner, W. Chem. Soc., Chem.
Commun.1995 1479-1481.
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(61) Belderrain, T. R.; Grubbs, R. HDrganometallics1997 16, 4001~
4003.

(62) Wilhelm, T. E.; Berderrain, T. R.; Brown, S. N.; Grubbs, R. H.
Organometallics1997, 16, 3867-3869.

(63) Beatty, R. P.; Paciello, R. A. U.S. 5,444,778, 1996.

(64) Nolan, S. P.; Belderrain, T. R.; Grubbs, R.®tganometallicsL997,
16, 5569-5571.

(65) Riley, D. P.Inorg. Chim. Acta1985 99, 5—-11.

(66) Zelonka, R. A.; Baird, M. CCan. J. Chem1972 50, 3063-3072.

(67) Werner, H.; Werner, RChem. Ber1982 115 3766-3780.



In Situ Formation of Ruthenium Catalysts

The isolated complex RuglCsHs)(PMe;) has been found
to be inferior to RuGI(PMe;)4 in terms of catalytic activity
for the hydrogenation of terminal olefi§&Our results show
that a 1:1 ratio of Ru to PRlyives an unsatisfactory catalyst
(Figure 1). However, higher ratios give much greater yields

when synthesized from Rugin ethanol?73 while the cis
isomer is isolated from the reaction of dppm with RuCl
(dmso), in toluene’*

Room-temperature reactions of [Ru(@sHe)]. and dppm
(either Ru:dppm 1:1 or 1:2) in Gi&l, and in CHCN vyielded

of formic acid, suggesting that the catalytic species at the the expected Ru@iCsHs)(dppm) complex with one phos-

higher ratios are different from that obtained at a 1:1 ratio.
We initially supposed that the benzene ligand would be

phorus atom bound to the ruthenium and one phosphorus
atom dangling®’® Heating this reaction mixture to 50C

displaced during the reaction; spectroscopic evidence (seeproduced the dimer [RugCsHe)(dppm)RuCH(CeHe)]. If
below) has shown that the displacement of the benzene ligandnsufficient dppm &1 dppm/Ru) was added to these reaction

is temperature, solvent, and pressure dependent.

The first product from the reaction of a diphosphine-(P
P) with [RUCk(CsHe)]2 is either RuCGI(CeHe)(*-P—P) or
[RuCly(CgHe)](u-P—P). Zelonka and Baird found that react-
ing the Ru precursor with 1 equiv of dppm in MeCN at 45
°C for 1 h gave the former product while dppb gave the
latter86 Reaction of the Ru precursor wiéhxces$—P gives
RuCkL(P—P), so long as the PP is nonbulky (e.g. dppe).
However, with excess dppb one obtains primarily [RuCl-
(CsHg)(P—P)]CI and some of the bridged product [RgCl
(CeHe)](1-P—P) 8° The failure of dppb in our tests may be
directly related to its inability to displace the benzene and
form a RuX(P—P), complex. That the latter structure would

have had some catalytic activity is suggested by the fact that

activity for hydrogenation (of imines) has been observed for
a range of Ru dppb complexes, includingRlg(dppb), Ru-
Cly(dppb), and [RuHCI(dppb)} Only [RuCk(dppb)h(u-
dppb) was reported to have very low activiy.

Bennett and Ennéfttfound that, in the presence ot knd
NEt;, the complex [RuG(CsHg)]. is converted, even at room
temperature and low pressure, to [Rekig)]-HCls, further
suggesting that the [Rus{CsHs)]. precursor readily converts
to hydride species under our catalytic conditions.

NMR Spectroscopic Observations of in Situ Catalyst
Formation. Results of spectroscopic monitoring of organo-
metallic species during Cydrogenation will be described

mixtures, then more of the dimer [Ru(ZsHs)(dppm)RuC}-
(CeHe)] was observed even before heating. When the reaction
of [RuCly(CsHe)]2 with excess dppm in CKLI, was carried
out under 8 bar of KHat 50°C for 16 h, a product NMR
study showed a 2:1 mixture of Rutippm)(GHe) andtrans
RuCh(dppm). In situ 3P NMR spectra of this reaction
mixture did showtrans RuHCI(dppm}) while under H, but
upon release of the pressure, tinsRuHCI(dppm)
converted tdransRuCh(dppm}. Reaction of [RuG(CsHg)]2
with dppm (1:2 Ru:dppm) under 20 bar g&t 50°C for 20

h in CH,Cl, yielded a 1:1 mixture of Ru@dppm)(GHe)
and transRuChL(dppm}. There was no evidence of any
reaction with CQ.

Similar reactions between [RuCsHe)]> with dppm (1:2
Ru:dppm) conducted in methanol/triethylamine solvent in-
stead of CHCI, at 50°C yielded almost exclusivelgrans
RuCh(dppm) (>90% isolated yield). ProductP and'H
NMR spectra of the reaction mixture of Ry(@lppm)(GHe)
and dppm in MeOH:NEtafter reaction at 50C for 8 h
under 8 bar of H showed the presence tfansRuHCI-
(dppm} (50%), trans-RuChk(dppm} (30%), andcis-RuCk-
(dppm} (20%). No RuCl(dppm)(GHe) was observed in this
reaction mixture by in situ NMR studies. In sittP NMR
studies conducted under 20 bar of $thowed the conversion
of [RuCly(CsHe)]2 to five major species. Heating to 5C
did not appear to alter the final distribution of these species

in a separate publication. However, the following summarizes put had a pronounced effect on the rate at which these species

the preliminary results relevant to the present discussion.
A series of'H and 3P NMR experiments were carried
out on reaction mixtures containing [Ru(@sHe)]». and dppm

were produced. The species were produced withi at 50
°C, while at room temperature the mixture does not reach
“equilibrium” for several hours. All the major species

so that a representative sample of the ruthenium-containingproduced under Fhad trans orientation as detemined by
species present during the catalytic reaction could be 3P NMR spectroscopy. The species produced include the
ascertained. Th&P NMR studies of these catalyst systems dihydride (31%), hydrochloride (25%), and the dichloride
were complicated by the cis/trans isomers of the Ru(Y)(Z)- (2%). Two unidentified species were present at 3.2 ppm
(dppm} which apparently depend on the polarity of the (129) and—7.1 ppm (29%) in thé’P NMR spectrum. These
solvent and the substituents. Nonpolar solvents yield pre- species were produced first and then decreased upon the
dominantly cis isomers, in which ;MX, for Y = Z, and formation of the known dihydride and hydrochloride. Upon
pseudotriplets, for Y= Z, patterns are observed in th¥ addition of CQ (20 bar) both the 3.2 and the7.1 ppm
NMR spectrum. Polar solvents, such as alcohols, give peaks disappeared and two new major set$Bf NMR
predominantlytransRu(X)(Y)(dppm} in which all phos-  signals showing cis orientation appeared and increased in
phorus nuclei are equivalent yielding a singlet in fe intensity with the production of formate. An,;MX pattern
NMR spectrum. For example Ru@ippm} is 100% trans

(72) Jung, C. W.; Garrou, P. E.; Hoffman, P. R.; Caulton, K.li@&rg.
Chem.1984 23, 726.

(73) Mirza, H. A,; Vitaal, J. J.; Puddephatt, R.ldorg. Chem.1993 32,
1327-1332.

(74) Chaudret, B.; Commenges, G.; Poilblanc,JRChem. Soc., Dalton
Trans.1984 1635.

(75) Zelonka, R. A.; Baird, M. CJ. Organomet. Chenl972 44, 383~
389.

(68) Singer, H.; Hademer, E.; Oehmichen, U.; DixneufJPOrganomet.
Chem.1979 178 C13-C16.

(69) Fogg, D. E.; James, B. R. Organomet. Chenl993 462 C21—
C23.

(70) Fogg, D. E.; James, B. R.; Kilner, Nhorg. Chim. Actal994 222,

85—90.
(71) Bennett, M. A.; Ennett, J. ®Drganometallics1984 3, 1365-1374.
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with multiplets centered at 49.5, 19.6, and 9.8 ppm (4%) direct reaction of the ruthenium chlorides with methanol, the
and a pseudotriplet centered at 9.1 antil.8 ppm (15%) reaction of methanol with the ruthenium hydrides may lead
were observed along with the dihydride (56%) and hydrido to species containing methoxy and hydride ligands.
chloride (24%) and a small amount of the dichloride. The  The in situ NMR studies are continuing with “cleaner”
appearance of these two new sets”®f NMR resonances  single component systems. More complete results of the
corresponding with the catalytic production of formate NMR studies will be reported elsewhere.

suggests formato complexes of ruthenium were being formed.

Pertuz has observed the formationcig- andtrans-Ru(H)- Conclusions
(O.,CH)(dmpe} andcis-Ru(OG,CH),(dmpe} from the reaction ) ) _ )
of cis-RuHx(dmpe) with CO,.”® The complex patterns for A total of 44 different phosphines were tested, in combi-

the dmpe formato compounds are similar to those observednation with [RuCHCeHs)]. and three other Ru(ll) precursors,
for dppm in this study. Theans-Ru(H)(O:CH)(dppm) may for their ability tq form active catalysts for th_e hydrogenation
have been present as an unidentified minor singlet. of CO, to formic acid. Half (22) of the ligands formed
Removal of solvents under vacuum and redissolution of catalysts of significant activity, but only 6 resulted in very
the reaction mixture in CDGlyielded deceptively simple  high formic acid yields (over 0.6 mol/mol of NPm the
3p and!H NMR spectra showing onlyrans-dichloride, first 1 h). These were PMePPhMe, dppm, dppe, andis-
transhydrido chloride, and a trace afis-dichloride. The ~ andtransPRPCH=CHPPh. The in situ catalysts prepared
trans-dihydride could be detected in small yields with careful from [RUCK(CsHe)]> and any of these 6 phosphine ligands
solvent removal and the use o[ as the solvent. None of ~ Were found to be at least as efficient as the isolated catalyst
the other’P NMR resonances which were observed by in RUCI(Q:CMe)(PMe&)s. A P:Ru mole ratio of at least 3 was
situ 3P NMR spectroscopy were observed in the product. required to c_reate a reason_ably active catalyst. Among the
While these NMR studies are incomplete and they do not monophosphlnes, the two with the smallest_cone angles were
show a definitive active catalytic species, they do demonstrateth® most active. There was no correlation between the
several important points. First, these NMR studies show that P@sicity of monophosphines and the activity of the catalysts
efficient mixing and elevated temperatures are needed forformed from them. However, weakly bastiphosphines
the production of metal hydrides from the ruthenium starting formed highly active catalysts only if their bite angles were
materials used in this study. Hence the need for the 1 hSmall, while more strongly basic diphosphines had the
pretreatment time at 56C with vigorous stirring in the pppqsne trend. ng_ands incorporating aC|d|q protons were
screening studies in this paper. The low concentration,of H inferior to those without such groups. Studies to spectro-
in the triethylamine/methanol solvent used in these studiesScopically identify the major Ru-containing species present
(measured byH NMR spectroscopy to be 0.006 mol fraction dgnng catalysis have begun; preliminary results indicate that,
of H, in triethylamine/methanol at 20 bar and 293 K) With [RUCL(CeHs)]2 and dppm, RuHCI(dpprajand Ru(H)-
contributes to the slow conversion of the precursors to (dPPM) are the primary species present under hydrogen,
hydrides’” In situ NMR studies (in which no stirring was ~ While the formato species, Ru(H){OH)(dppm) and Ru-
possible) show that the reaction to form the ruthenium (G2CH)(dppm}, grow in as formate is produced under £0
dihydride or the ruthenium hydrochloride is not complete and F-
after 5 h atroom temperature. However, ex situ NMR studies
of the organometallic products do show that vigorous stirring wi
of the reaction mixture at 50C for 1 h is sufficient to kind gift of P(CsHa-p-CoHa(CF2)sF)s from Dr. J.-L. Xiao of
produce a near equilibrium mixture of the hydride/dihydride.
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