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The water-soluble phosphine ligands, 1,3,5-
triaza-7-phosphatricyclo[3.3.1.13,7]decane (tpa)
and 1-alkyl-1-azonia-3,5-diaza-7-phosphatri-
cyclo[3.3.1.13,7]decane iodides (Rtpa�Iÿ), with
alkyl=methyl(mtpa�Iÿ), ethyl (etpa�Iÿ) and n-
propyl, (ptpa�Iÿ), and mtpa�Clÿ react with
[Rh2Cl2(CO)4] giving the rhodium(I) complexes
[RhCl(CO)(tpa)2], [RhI(CO)(Rtpa�Iÿ)2], [RhCl-
(CO)(mtpa�Clÿ)3] and [RhI(CO)(Rtpa�Iÿ)3].
The properties and reactivities of the complexes
have been investigated using1H and 31PNMR
and IR spectroscopies. The five-coordinate com-
plexes in solutions show dynamic properties. The
complexes are catalysts of the water-gas shift
reaction, the hydrogenation of C=C and C=O
bonds, the hydroformylation of alkenes and the
isomerization of unsaturated compounds. Copy-
right # 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Water-soluble organometallic chemistry has re-
ceived significant interest in the last few years. The
basic problem of homogeneously catalyzed pro-
cesses is the separation of the product from the
solvent and the catalyst, which is soluble in it.
Water-soluble catalysts combine the advantages of
homogeneous and heterogeneous catalysis: simple

separation of the product from the catalyst and high
activity and selectivity.1–5 Water solubilization of
known coordination and organometallic catalysts
is performed by incorporating highly polar func-
tional groups such as —SO3H, —COOH, —NH2,
—NR3

�, —PR3
� or —OH groups into phos-

phine ligands.1–11 Most investigations of metal–
phosphine complexes involve sulfonated arylphos-
phine ligands. Comparatively little work has been
carried out on hydrophilic trialkylphosphines.
Interesting properties are exhibited by 1,3,5-triaza-
7-phosphatricyclo[3.3.1.13,7]decane (tpa)10,12–18

and 1-methyl-1-azonia-3,5-diaza-7-phosphatri-
cyclo-[3.3.1.13,7]decane iodide (mtpa�Iÿ) (Fig. 1).
The cone angle for the first phosphine is
102°12,13,16,18and for mtpa�Iÿ it is approximately
the same.18–20 Thus properties of complexes with
these ligands should depend mainly on their elec-
tronic properties. We describe here rhodium(I) com-
plexes with 1,3,5-triaza-7-phosphatricyclo-
[3.3.1.13,7]decane (tpa) and its alkylazonia deriva-
tives: 1-methyl- (mtpa�Iÿ and mtpa�Clÿ), 1-ethyl-
(etpa�Iÿ) and 1-propyl-1-azonia-3,5-diaza-7-phos-
phatricyclo[3.3.1.13,7]decane iodide (ptpa�Iÿ)

EXPERIMENTAL

Synthesis and catalytic reactions

All manipulation were carried out under an inert
atmosphere using standard Schlenk techniques.
Catalytic reactions under high pressure were
carried out in autoclaves (Berghof) and at atmo-
spheric pressure in glass vessels at constant volume.
The autoclaves and glass vessels were first filled
with nitrogen and then with solvent, reactants and
catalyst. The reactors were subsequently filled with
H2�CO or H2 with several evacuation/refill
cycles. RhCl3�3H2O (Aldrich) was used as re-
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ceived. Tpa and mtpa�Iÿ,14 [Rh2Cl2(CO)4],
21

[RhCl(CO)(tpa)2] (1),10 [RhI(CO)(mtpa�Iÿ)2]
(2),20 and [RhI(CO)(mtpa�Iÿ)3]�4H2O (5)20 were
preparedasreportedin the literature.

Physical measurements

Infrared(IR) spectra(KBr pelletsandNujol mulls)
wererecordedonaBrukerIFS113vinstrumentand
1H NMR and 31P NMR on a Bruker 300 AMX.
Chromatographicmeasurementswere carried out
on anHP5990chromatographusingFID, TCD and
MS detectors.Elementalanalyseswereperformed
on a Perkin-Elmer2400CHN analyzer.

Synthesis of ligands: mtpa�Iÿ,
etpa�Iÿ and ptpa�Iÿ

A mixture of tpa (1.000g, 6.37mmol) and RI
(6.37mmol; MeI 0.904g, EtI 0.994g, crnPrI
1.083g) was refluxed in 30cm3 of acetonefor
1 h. Thewhite productwasfilteredoff andwashed
with THF. Yields:mtpa�Iÿ 1.733g (91%),etpa�Iÿ

1.695g (85%)andptpa�Iÿ 1.480g (71%).31P{1H}
NMR in D2O (d): ÿ95.0ppm (mtpa�Iÿ);
ÿ81.3ppm(etpa�Iÿ); ÿ82.7ppm(ptpa�Iÿ).

Synthesis of mtpa� Clÿ

A solution of mtpa�Iÿ (0.388g) in water (4 cm3)
was poured into a column containing anion
exchanger(Dowex 1). After elution, the solution
containingproductwasevaporatedto drynessunder
vacuum and then recrystallized from ethanol.
Yield: 0.190g (71%). 31P{1H} NMR in D2O (d)
ÿ95.0ppm.

Synthesis of
[RhI(CO)(Rtpa�Iÿ)2]2EtOH (R = C2H5,
3; R = C3H7, 4

A mixtureof Rtpa�Iÿ (1.2mmol; etpa�Iÿ 0.3756g
on ptpa�Iÿ 0.3924g) andRh2Cl2(CO)2 (0.3mmol,
0.1167g) in ethanol(20cm3) was stirred at room
temperaturefor ca 1 h. Theyellow–orangeproduct

wasfilteredoff, washedwith coldethanolanddried
in vacuo. Yield: 3, 0.3806g, 65%, 4, 0.3675g,
61%.Analysis:calcdfor 3, C21H46I3N6O3P2Rh: C,
25.84;H, 4.75;N, 8.61;for 4, C23H50I3N6O3P2Rh:
C,27.51;H, 5.02;N, 8.37.Foundfor 3, C,25.76;H,
4.70;N, 9.57%,for 4, C, 27.06;H, 4.92;N, 9.0%.

Synthesis of [RhCl(CO)(mtpa�Clÿ)3],
6

A mixture of mtpa�Clÿ (0.1158g, 0.558mmol)
andRh2Cl2(CO)2 (0.0362g, 0.093mmol) in water
(5 cm3) was stirred at room temperaturefor ca
30min. The solvent was removedunder reduced
pressure.The orange product was washedwith
diethyl etheranda small amountof cold THF and
dried in vacuo (yields 0.1241g, 85%). Analysis
calcdfor C22H45Cl4N9OP3Rh:C,33.48;H, 5.75;N,
15.97; Cl, 17.77. Found: C, 33.81; H, 5.76; N,
15.10;Cl, 16.38%.

synthesis of
[RhI(CO)(Rtpa�Iÿ)3]�4H2O (R = C2H5,
7; R = C3H7, 8)

A mixtureof Rtpa�Iÿ (0.5mmol; etpa�Iÿ 0.1565g
or ptpa�Iÿ 0.1635g) and Rh2Cl2(CO)2
(0.083mmol,0.0324g) in water(5 cm3) wasstirred
at roomtemperaturefor ca 1 h. Theorangeproduct
wasfilteredoff, washedwith coldethanolanddried
in vacuo. Yield: 7, 0.1590g, 74%; 8, 0.1511g,
69%.Analysis:calcdfor 7, C25H59I4N9O5P3Rh: C,
23.31;H, 4.58;N, 9.79;8, C28H65I4N9O5P3Rh: C,
25.63;H, 4.96;N, 9.96.Foundfor: 7, C, 23.91;H,
4.40; N, 10.01%do for; 8, C, 25.87; H, 4.90; N,
9.98%.

RESULTS AND DISCUSSION

Synthesis

Treatmentof [Rh2Cl2(CO)4] with 1,3,5-triaza-7-
phosphatricyclo[3.3.1.13,7]decane(tpa) and its 1-
alkyl -1-azonia-3,5-diaza-7-phosphatri cyclo-
[3.3.1.13,7]decaneiodide derivativesin methanol,
ethanolandwaterat stoichiometricratiosafforded
the complexes[RhCl(CO)(tpa)2] (1), [RhI(CO)-
(mtpa�Iÿ)2] (2), [RhI(CO)(etpa�Iÿ)2]�2EtOH (3),
[RhI(CO)(ptpa�Iÿ)2]�2EtOH (4), [RhI(CO)(mt-
pa�Iÿ)3]�4H2O (5), [RhCl(CO)(etpa�Clÿ)3] (6),
[RhI(CO)(etpa�Iÿ)3]�4H2O (7), and [RhI(CO)(pt-
pa�Iÿ)3�4H2O (8). In reactionsof [Rh2Cl2(CO)4]

Figure 1 Structureof tpa andmtpa�Iÿ.
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with the alkylazoniaphosphineiodides,complexes
with coordinatediodo ligandsare alwaysformed.
The complexesaresolublein waterandmethanol,
slightly solublein higheralcoholsandotherpolar
solvents,and insoluble in nonpolarsolvents.The
complexesare air-stablein the solid state,but in
solution they are oxidized in air with loss of
carbonyl ligand and formation of the appropriate

phosphineoxide.All complexeshavebeencharac-
terizedby a combinationof elementalanalysis,IR,
and1H and31P NMR spectra.

The 1H and 31P{1H} NMR and IR spectraare
givenin Table1 and2. Thespectraindicatethat,in
solution, complexes1–4 exhibit trans structure;
both chemical shifts and 1J(RhP) are typical of
trans-[RhX(CO)(PR3)2].

Table 1 1H NMR spectraof rhodium(I) complexeswith phospha-adamantanes

PCHAHBN
PCH2N

� NCHAHBN �NCHAHBN

Compound

RN�

d(ppm); [J
(Hz)]

dHA, dHB

(ppm); [J(AB)
(Hz)]

J(AX), J(BX)
(Hz)

d(ppm)
m(J(PCH2),

(Hz)

dHA, dHB

(ppm); [J(AB)
(Hz)]

dHA, dHB

[ppm]; [J(AB)
(Hz)]

tpa (CDCl3) 4.03,d
(PCH2N) [9.5];

6H

4.58,s
(NCH2N); 6H

tpa (D2O) 3.94,d
(PCH2N) [9.6];

6H

4.46,4.39
(12.62);6H

mtpa�Iÿ CH3: 2.62,s;
3H

3.84,3.72
[14.06]; 4H

13.54,9.55 4.22,d [6.72];
2H

4.47,4.31
[14.05]; 2H

4.82,4.70
[11.39]; 4H

etpa�Iÿ CH3: 1.30,t
[6.92]; 3H

3.97,3.89
[9.19]; 4H

14.97,14.50 4.34,d [6.39];
2H

4.58,4.45
[13.67]; 2H

5.01,4.83
[11.36]; 4H

CH2: 2.98,q
[7.54]; 2H

ptpa�Iÿ CH3: 1.02,t
[7.25]; 3H

4.00,3.92
[10.80]; 4H

15.69,15.16 4.39,d [6.33];
2H

4.62,4.48
[15.72]; 2H

5.04,4.86
[11.32]; 4H

CH2: 2.86,
1.79,2 m; 4H

mtpa�Clÿ CH3: 2.61,s;
3H

3.83,3.70
[14.76]; 4H

15.03,9.70 4.21,d [6.60];
2H

4.54,4.30
[13.78]; 2H

4.86,4.70
[12.87]; 4H

1 (D2O) 4.12,s;
(PCH2N) 12H

4.42,4.38
[13.06]; 12H

1 (CDCl3) 4.27,s;
(PCH2N) 12H

4.53,s;
(NCH2N) 12H

3 (213K) CH3: 1.17,t
[7.04]; 6H

4.27,4.22
[15.52]; 8H

4.63,s; 4H 4.63,4.44
[13.58]; 4H

5.05,4.88
[11.07]; 8H

CH2: 3.10,q
[7.37]; 4H

4 (223K) CH3: 1.04,br
m; 6H

3.97,3.85
[10.39]; 8H

4.76,s, 4H 4.55,4.45
[12.00]; 4H

5.00,4.92
[9.01]; 8H

CH2:, 3.06,
1.82,2 br m;

8H
6 CH3: 2.74,s;

9H
4.21,4.07

[15.45]; 12H
4.54,s; 6H 4.49,4.33

[14.09]; 6H
4.94,4.82

[12.02]; 12H
7 CH3; 1.18,

t[7.50]; 9H
4.15,4.03

[15.64]; 12H
4.41,s; 6H 4.49,4.32

[13.57]; 6H
4.92,4.70

[11.89]; 12H
CH2: 3.00,q
[7.50]; 6H

8 CH3: 1.02,t
[7.30]; 9H

4.02,3.93
[15.39]; 12H

4.38,d (4.53);
6H

4.55,4.45
[13.66]; 6H

5.03,4.83
[10.94]; 12H

CH2: 2.84,
1.80,2 m; 12H
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The 31P coordination chemical shift (Dd31P)
= dcomplexÿ dligand for thesecomplexeschangesin
therange32.2–44.8ppm.Thecomplexes5–8show
dynamicproperties.In the31P{1H} NMR spectraof
thesecompoundsin D2O at 20°C only onesignal,
in therangeÿ42.0toÿ58.4ppm,is observed.It is
very broad at 5 °C and as the temperatureis
increasedtheresonancenarrows,but evenat 85°C
spin coupling between 103Rh and 31P was not
observed.Thisindicatesthatthefluxionalprocessis
intermolecular.Thusfive-coordinatecomplexesin
solutiongive a mixture of severalcomplexeswith
different geometries, e.g. isomers of trigonal-
bipyramidalandsquare-pyramidalcomplexes.

In aqueoussolutionall complexesarerelatively
stable in an inert atmosphere,in contrast to
RhCl(tpa)3, which is oxidized with formation of
tpaOowing to theoxidativeadditionof water.23,24

However, complexes2–8 in methanol/waterand
wet acetonitrilesolutionsare oxidized, evenwith
only tracesof oxygen,giving RtpaO�Iÿ.

The mtpa�Iÿ, etpa�Iÿ andptpa�Iÿ ligandsand
complexes2–8 give 1H NMR spectratypical of
nonequivalentprotonsof NCH2N, NCH2N

� and
PCH2N methylenegroups,apartfrom thePCH2N

�

group,for whichonly couplingwith 31Pis observed
(Table1). Thus,in thesecompoundsequivalenceof
the methyleneprotons is removedowing to the
leakageof the alkyl group to one of the nitrogen
atoms.The 1H NMR spectraof tpaandcomplex1
in CDCl3 are simple, since axial and equatorial
differencesof methyleneprotonswerenotobserved
(Table1).

ComplexesRhCl(CO)(tpa)2 (1) and RhI(CO)

(Rtpa�Iÿ)3 are efficient catalystsfor the watergas
shift reaction.Theratesof reactionin thepresence
of 1 and5 at 80°C are6 mol CO2 (mol RH)ÿ1 hÿ1

(pco= 0.1MPa),10 and 140mol CO2 (mol Rh)hÿ1

(pco= 8 MPa),respectively.Thecompounds2 and
5 catalyse the hydrogenationof aldehydes,in
contrastto rhodium compoundswith tpa.10,12,13,23

They are alsocatalystsfor the aldol condensation
(Table 3). In the caseof 1-butanal,the yields of
EtC(nPrCHOH)2CHO are 89% and 77% for con-
densations catalyzed by complexes 2 and 5,
respectively.However,during the reductionof 1-
pentanal,1-hexanaland1-heptanal,theappropriate
alcoholsaremainly formed(ca 80–85%).A much
higheryield from thecondensationfor n-butanal,in
comparisonwith that for higher aldehydes,indi-
cates that an important role is played by the
bulkinessof thecoordinatedRCHOmolecule.This
conclusionis confirmedalsoby thehigheryield of
EtC(nPrCHOH)2CHO obtainedin the presenceof
complex 2 than in the reaction catalyzed by
trigonal-bipyramidal compound 5. The average
turnover frequency (TOF) for the reduction of
aldehydesis ca 100mol RCHO(mol Rh)ÿ1hÿ1 at
p(H2) = 8 MPa.TheC=C bondsarereducedmore
easily than C=O. Acrolein (CH2 =CHCHO),
crotonaldehyde(MeCH=CHCHO) and cinnamal-
dehyde(PhCH=CHCHO) at p(H2) = 0.1MPa are
reducedto aldehydes(Table4).

Thesecomplexesarealsoactivecatalystsfor the
hydrogenationof unsaturatedacids and alcohols,
which are relatively quickly reducedunder mild
conditions(Table4). Theratesof hydrogenationof
unsaturatedcompoundsstrongly dependon their

Table 2 31P{1H} NMR andIR spectraof rhodium(I) complexeswith phospha-adamantanes

Compound d31P{1H} NMR (ppm) [J(P—Rh)(Hz)] Dd31P{1H} NMRa (ppm) IR n(CO) (cmÿ1)

tpa ÿ98.3
mtpa�Iÿ ÿ95.0
etpa�Iÿ ÿ81.3
ptpa�Iÿ ÿ82.7
mtpa�Clÿ ÿ95.0
110 ÿ60.1d [127.0] 38.2 1963
220 ÿ50.2d [123.6] 44.8 1990
3b ÿ49.1d [131.4] 32.2 1982
4c ÿ46.8 [125.7] 35.9 1987
520 ÿ58.4,s br 36.6 2001
6 ÿ47.8,s br 47.2 1996
7 ÿ43.5,s br 37.8 1999
8 ÿ42.0,s br 40.7 2000

a Dd31P{H} = d31P{1H} complexÿ d31P{H} ligand.
b Recordedat 213K in CD3OD.
c Recordedat 223K in CD3OD.
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structure. This indicates that the stabilities of
complexesformed in reactionsbetweenthe in-
vestigatedcomplexesand unsaturatedsubstrates
[RhX(CO)(Rtpa�Iÿ)n(R

1R2C=CR3R4)] dependon
the natureof theselatter. It is interestingthat the
initial rate of hydrogenationof fumaric acid is
much higher than that of maleic acid. However,
during the reaction,the rate of hydrogenationof
fumaric acid diminishesand becomescomparable
with that observedfor maleic acid. This follows
from the rather strong dependenceof the hydro-
genationrateon theconcentrationof fumaricacid.
Complexes2 and5 alsocatalyzemigrationof the
double bond. During hydroformylationof hex-1-
ene in the presenceof complex 2, apart from
hexane,the isomerizationproductshex-2-eneand
hex-3-ene are also formed (Table 3). Many
complexespresentin equilibrium in solution are
responsiblefor catalyticactivity. Thisconclusionis
confirmedby the dependenceof the rate of allyl
alcohol hydrogenationon the concentrationof
complex5 andpH (Figs 2 and 3). The maximum
rateof hydrogenationwasobservedat a concentra-
tion of compound5 equal to 0.3mM. The rate of
hydrogenationalsodependsstronglyon the pH of

the solution. Hydrogenationof allyl alcohol does
not proceed below pH 3 and increasesto ca
350mol H2 (mol Rh)ÿ1 hÿ1 at pH 7, and then
slowly decreases.The dependenceof the rate of
reductionof allyl alcoholon its concentration(Fig
4) indicatesthat stabilitiesof rhodium complexes
with C=C bonds of unsaturatedsubstratesare
considerable.Usually,activationof dihydrogenby
alkenecomplexesof transitionelementsformedin
catalytic systemsis difficult. Therefore,at higher
concentrationsof allyl alcohol,theconcentrationof
species capable of activating dihydrogen di-
minishesand the rate of hydrogenationstrongly
decreases.During the catalytic hydrogenationof
C=C bonds, the carbonyl ligand undergoesa
water-gasshift reaction.Complexesobtainedafter
hydrogenationof allyl alcohol do not containCO
ligands. Thus, the hydrogenation reaction is
most probably catalyzed by iodo complexes
RhI(Rtpa�Iÿ)n. Thecatalyticactivity of rhodium(I)
complexeswith mtpa�Iÿ is comparablewith thatof
[RhCl(tpa)3].

23 Very interestingis the influenceof
different cations and anions, including 3d metal
compounds,on the rateof hydrogenation(Table4
andFig. 5). It is likely that thesecompoundsarein

Table 3 Two-phasehydroformylationof hexleneandhydrogenationof aldehydesby rhodiumcomplexes1, 2 and5

Catalyst TOFa Yield (%), Products(%)

(a) Hydroformylationof hexleneb

1 162 98 n-C6H13CHO 53; C4H9CH(CH3)CHO 41; n-C6H13COOH2.5;
C4H9CH(CH3)COOH1.5

2 117 70 n-C6H13CHO 29; C4H9CH(CH3)CHO 25; CH3CH = x CHC3H7 10;
CH3CH2CH = CHC2H5 6

2/
mtpa= 1:6

150 91 n-C6H13CHO 39; C4H9CH(CH3)CHO 25; n-C6H13COOH14;
C4H9CH(CH3)COOH13

5 167 �100 n-C6H13CHO 3.1; C4H9CH(CH3)CHO 2.2; n-C6H14 94; n-C6H13COOH
0.1; n-C7H15OH 0.5

5/Co= 1:6 163 98 n-C6H13CHO 54; C4H9CH(CH3)CHO 36; n-C6H14 7.6

Catalyst TOFa Yield (%), Substrate Products(%)

(b) Hydrogenationof aldehydesc

2 106 95 nPrCHO nBuOH6; EtC(nPrCHOH)2CHO 89
2 88 79 n-C5H11CHO n-C6H13OH 79
5 109 98 nPrCHO nBuOH6; PrCH=CEtCHO6; BuEtCHCH2OH 2

EtC(nPrCHOH)2CHO 77; nPrCOOnBu1
5 108 97 n-C4H9CHO n-C5H11OH 80; nBuCH—C(nPr)CHO3; others14
5 108 97 n-C5H11CHO n-C6H13OH 84; n-C5H11CH—C(nBu)CHO6;

n-C6H13CH(nBu)CH2OH 2; others8
5 106 95 n-C6H13CHO n-C7H15OH 78; n-C6H13CH—C(n-C5H11)CHO 12;

n-C7H15CH(n-C5H11)CHO 2; others2

a AverageTOF [mol substrate(mol Rh h)ÿ1].
b p(CO)= p(H2) = 3.0MPa;T = 333K; 1,2 and3, 0.01mmol; H2O, 15cm3; hexlene,30mmol.
c p(H2) = 8.0MPa;T = 353K; 2 and5 0.01mmol; H2O, 15cm3; substrate,20mmol.
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Table 4 Hydrogenationof unsaturatedsubstratesby rhodiumcomplexes5, 6, 7 and8a

Catalyst Substrate Product
Numberof

phases
Init. rate[mol
(h mol Rh)ÿ1]

5 cis-HOOCCH=CHCOOH HOOCCH2CH2COOH 1 110
5 trans- HOOCCH2CH2COOH 1 210

HOOCCH=CHCOOH
5 CH2=C(COOH)CH2COOH CH3CH(COOH)CH2COOH 1 40
5 CH2=CHCOOH CH3CH2COOH 1 65
5 CH2=CHCH2OH CH3CH2CH2OH 1 167
5/Mn2�b CH2=CHCH2OH CH3CH2CH2OH 1 130
5/Fe2�b CH2=CHCH2OH CH3CH2CH2OH 1 110
5/Co2�b CH2=CHCH2OH CH3CH2CH2OH 1 213
5/Ni2�b CH2=CHCH2OH CH3CH2CH2OH 1 170
5/Zn2�b CH2=CHCH2OH CH3CH2CH2OH 1 123
5/NaOAc= 1:2 CH2=CHCH2OH CH3CH2CH2OH 1 221
5/NaOAc/
Co(OAc)2 = 1:2:2

CH2=CHCH2OH CH3CH2CH2OH 1 203

5/NaOAc= 1:20 CH2=CHCH2OH CH3CH2CH2OH 1 191
5/NaOAc/
Co(OAc)2 = 1:20:2

CH2=CHCH2OH CH3CH2CH2OH 1 180

5/NaOAc/
Co(OAc)2 = 1:60:2

CH2=CHCH2OH CH3CH2CH2OH 1 66

6 CH2=CHCH2OH CH3CH2CH2OH 1 28
7 CH2=CHCH2OH CH3CH2CH2OH 1 58
8 CH2=CHCH2OH CH3CH2CH2OH 1 49
5 CH2=CHCHO CH3CH2CHO 1 158
5 CH2=CHCONH2 CH3CH2CONH2 1 81
5 trans-PhCH=CHCHO PhCH2CH2CHO 2 68

a p(H2) = 0.1MPa;305K; 5–8, 0.005mmol; H2O, 15cm3; substrate,10mmol.
b 5/MSO4 = 1:1.

Figure 2 Dependenceof the rate of hydrogenationof allyl
alcohol on the concentration of complex 5. Conditions:
CH2=CHCH2OH, 10mmol; H2O, 15cm3; p(H2) = 0.1MPa;
T = 305K. aKI/5, [N(CH3)]4I/5 andLil/ 5 = 3:1.

Figure 3 Dependenceon pH of the rateof hydrogenationof
allyl alcohol catalyzedby 5. Conditions:5 0.005mmol; H2O,
15cm3; CH2=CHCH2OH, 10mmol; p(H2) = 0.1MPa;
T = 305K. Catalyst/substrate= 0.0005:1(0.05%).
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thesecondcoordinationsphereor evencoordinated
with rhodiumcomplexescontainingtpaor Rtpa�Iÿ

ligands (R = Me, Et, Pr) via the nitrogen atom.
Considerableenhancementof the hydrogenation
rate was observed after addition of cobalt(II)
compounds.Activities of rhodium/cobaltcatalytic
systems increase in the series: [Co(-
H2O)6]Cl2< [Co(H2O)6]SO4< Co(CH3COO)2�4-
H2O.Unfortunately,wearenotasyetableto obtain
a binuclear complex with rhodium and cobalt
central atoms. However, formation of N� � �H—
O(H)—Co, N� � �H—O—C(Me)—O—Co or simi-
lar hydrogenbondsis alsopossible.Both coordina-
tion of cobalt(II) with the N atom of the mtpa�

ligandandformationof hydrogenbondscanchange
the activity of the catalytic systemsbecausethese
interactions influence (s)-donor and p-acceptor
propertiesof the phosphineligand and the pKa of
the Co(H2O)5(N)2� moiety. The addition of salts
can lead to the stabilization of phosphinecom-
plexes becauseof formation of an organized
network of phosphine–cation–anioninteractions.
The most active catalytic systemwas obtainedin
thepresenceof cobalt(II) acetateat a Rh: Co ratio
of 1:1 (TOF= 276; Fig. 5). Very important is the
influence of CH3COOÿ ions on the catalytic
activity of complex5. Addition of 2 mol of NaOAc
permol of 5 enhancestheTOFfor hydrogenationof
allyl alcoholfrom 167to 221.This suggeststhat in
thecaseof Co(OAc)2, boththeCo2� cationandthe
OAcÿ anion play crucial roles in the increasein

catalytic activity. Complexes2 and 5 containing
iodo ligandsarebettercatalystsfor hydrogenation
of C=C bondsthanchlorocomplexessincetherate
of hydrogenationof allyl alcoholin thepresenceof
[RhCl(CO)(mtpa�Clÿ)2] or [RhCl(CO)(mtpa�-
Clÿ)3] is lower in comparison with the iodo
complexes(Table 4). However,excessof iodide,
ions diminishesthe catalytic activity of 5. After
additionof Lil, Nal, KI and[NMe4]I, the catalytic
activity of 5 strongly decreased.In this case,the
influenceof the natureof the cation is alsostrong
(Fig. 2). An increasein thenumberof carbonatoms
in the alkyl substituentin Rtpa�Iÿ also leadsto a
decreasein catalyticactivity (Table4). Previously
an effect of salts on activity and selectivity of
RhH(CO)(tppts)3

9,25,26 in the hydroformylationof
alkenes,andRuCl2(tppts)3 in thehydrogenationof
aldehydes,hadbeenfound.27 The TOF valuesfor
hydroformylationof hex-1-enein the presenceof
complexes2 and5 arehigher(ca 20%) thanthose
for RhH(CO)(tppts)3

9,25,26andtheactivitiesof 2, 5
and RuCl2(tppts)3 in the hydrogenationof alde-
hydesarecomparable.27

Complexes1, 2 and5 catalyzehydroformylation
and carboxylation of alkenes (Table 3). The
biphasicreactionof hex-1-enewith CO andH2 in
H2O in the presenceof 2 gives heptan-1-al,2-
methylhexanaland hex-2-eneand hex-3-ene.The
productof the reactioncontained29%n-aldehyde,
25%isoaldehydeand45%hexenes.Compound2 in
the presenceof excessof the phosphinecatalyzes
hydroformylation and carboxylation of alkenes.
Reaction of hex-1-enewith CO and H2 in the

Figure 4 Dependenceof the rate of hydrogenationof allyl
alcoholcatalyzedby 5 on substrateconcentration.Conditions:
5, 0.005mmol; H2O, 15cm3; substrate CH2=CHCH2OH
10mmol; p(H2) = 0.1MPa;T = 305K.

Figure 5 Dependenceof the rate of hydrogenationof allyl
alcoholon the Co2�/5 ratio. Conditions:5, 0.005mmol; H2O,
15cm3; CH2=CHCH2OH, 10mmol; p(H2) = 0.1MPa;
T = 305K.
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presenceof 2 and mtpa�Iÿ in water gives n-
heptanal,2-methylhexanal,1-heptanoicacidand2-
methylhexanoicacid as well as tracesof hexane.
Thusin the presenceof excessof mtpa�Iÿ, hex-1-
ene is slowly hydrogenatedwith H2/CO. Hydro-
carboxylation of alkenesprobably proceedsvia
migratory insertionof CO into the Rh–alkyl bond
followedby nucleophilicattackof awatermolecule
or hydroxo ligand on the coordinatedacyl ligand.
The formation of heptanoicacidsdoesnot occur,
owing to themigratoryinsertionof carbondioxide
(formedin thewater-gasshift reaction)into theRh–
alkyl bond because the same products were
obtained in reaction of hex-1-enewith H2/CO2
(1:1); however,the rateof reactionwasfive times
slower and the yield of the acids was lower in
comparisonwith thealdehydes.This indicatesthat
hydroformylation of hex-1-ene in an H2/CO2
atmosphereproceedsowing to the reduction of
CO2 with H2.

Complexes with mtpa�Iÿ show very strong
hydrophilic propertiesand thereforetheir concen-
trationin organicphasesis very low in comparison
with complexescontaining the tpa ligand. Thus
they are better catalystsfor two-phasecatalytic
reactionsthantpacomplexes.
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10. P.Pruchnik,P.Smoleński andI. Raksa,PolishJ. Chem.69,
5 (1995).

11. K. Wajda-Hermanowicz, F. P. Pruchnik, M. Zuber, G.
Rusek,E. Galdeckaand Z. Galdecki, Inorg. Chim. Acta
232, 207 (1995); E. Galdecka,Z. Galdecki, K. Wajda-
HermanowiczandF. P.Pruchnik,J. Chem.Crystallogr.25,
717(1995).
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