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Half-sandwich ruthenium(ll) PTA complexes bearing the 1,2-dihydropentalegiyls(CDp) and indenyl
(CoH77, Ind) ancillary ligands have been synthesized and characterized using multinuclear NMR

spectroscopy and X-ray crystallography. The com

plexes DpRu(PTAJERPDpRu(PTAXCI, IndRu-

(PTA)(PPR)CI, and [IndRu(PTA)PPH)]CI were obtained in good to excellent yields. The solid-state
structures of these compounds exhibit piano stool geometriespitioordination of the indenyl and
dihydropentalenyl moieties. DpRu(PTA) is water-soluble $sc = 43 mg/mL), while the mixed
phosphine compounds are slightly soluble in acidic solutions. TheHRetomplexes, Ciru(PTA)(PPBH

(Cp = Ind, Cp), have been synthesized in good yield and spectroscopically and structurally characterized.
The ruthenium hydrides undergo an H/D exchange reaction wigOCDwith relative rates CpRu(PTA)-
(PPR)H > IndRu(PTA)(PPBH > CpRu(PTA)}H. The air-stable CRu(PTA)(PR)CI complexes (Cp

= Cp, Dp, Ind; PR = PPh or PTA) exhibit activity in the regioselective transfer hydrogenation of

o,f-unsaturated carbonyls in aqueous media with
as the hydrogen source. They were found to be

HCOONa, HCOOH, or isopropas@BNserving
effective in the selective reduction of the carbonyl

functionality of cinnamaldehyde and the=C bond of benzylidene acetone and chalcone. IndRu(PTA)-

(PPh)Cl was less active than Gpu(PTA)(PPB)CI (Cp

= Cp or Dp). Results of the transfer hydrogenation

of unsaturated substrates using CpRu(PTA)gRPlare also reported.

Introduction

have reported pH-dependence of the regioselective hydrogena-
tion of o, -unsaturated carbonyls.

Aqueous biphasic catalysis has been of interest in academic  \y/a13.14 gnd othert:16 have recently reported that CpRu-

and industrial circles since the early 1970s when Manassen an
Jooindependently developed the figld Water is probably the
most desirable “green” solvent, as it is nonflammable, inex-
pensive, abundant, and environmentally berfigipart from its
role as solvent in aqueous catalysis, water is reported to be
actively involved in a variety of reactions through coordination
to a metal center and/or proton transfeFhe ability to vary

the activity and selectivity of a water-soluble catalyst by
modulating conditions, such as pH, is another unique aspect of
agueous phase cataly4is! For example, J68%° and other¥-12
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d(PTA)ZX (X = Cl or H) complexes, where PT# 1,3,5-triaza-

7-phosphaadamantane, are active in the catalytic reduction of
o,f-unsaturated ketones in aqueous or biphasic environments
using H as the reductant. The ability of complexes such as
these to undergo H/D exchange with solvent, such #3 &nd
CD;0D, has been reporté@1”-18Herein, we report the prepara-
tion and characterization of a series of'Rp(PTA)(PPE)CI
complexes bearing 1,2-dihydropentalenyP-CgHg~, Dp) or
indenyl ¢7°>-CoH;~, Ind) ancillary ligands: DpRu(PTA)(PBR

Cl (3), IndRu(PTA)(PPRCI (5), [IndRu(PTAX(PPR)ICI (6),

and DpRu(PTAXCI (4). The use of these compounds as transfer
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formate as the reducing agent is described. Also reported is thesolid washed with diethyl ether, affording 76 mg ®fas orange
synthesis and reactivity of the mixed phosphine hydrides CpRu- crystals (50% yield)!H NMR (400 MHz, CDC}): 6 7.58-7.34
(PTA)(PPR)H (7) and IndRu(PTA)(PPHH (8). (complex m, PPY); 4.41, 4.23 (AB quartetyans = 13.2 Hz,
6H NCHN); 3.92 (d,2Jnaney = 14.4 Hz 3H, PEi:N), 3.65 (d,
2Jane) = 14.4 Hz 3H, PEI:N); 4.24, 3.73, 3.29 (s, 3H Cp); 2.40
1.96 (m, 6H Cp(Ely)3). 3*P{*H} NMR (162 MHz, CDC}): 6 43.2
Materials and Methods. Unless otherwise noted all manipula-  PPM (d, PPR 2Jp, = 45.2 Hz); —39.6 ppm (d, PTA2J,, = 45.2
tions were performed on a double-manifold Schlenk vacuum line Hz). Anal. Calc for GzHzsCINsP.Ru: C, 58.14; H, 5.49; N, 6.36.
under nitrogen or in a nitrogen-filled glovebox. Solvents were Found: C, 58.41; H, 5.39; N, 6.35. Crystals ®bbtained from
fresh|y distilled from standard drymg reagents (Na/benzophenone the aforementioned procedure were suitable for X-ray diﬁraction,
for THF and hexanes; Mg/for methanol) or dried with activated ~ details of which may be found in Table 1.
molecular sieves and degassed with nitrogen, prior to use. Water Synthesis of {>-CgHg)Ru(PTA),Cl] (4). To 100 mL of toluene
was distilled and deoxygenated before use. All reagents werewas added 173 mg (0.23 mmol) of DpRu(BREI along with
obtained from commercial sources, checked by NMR and GC/MS, 78 mg (0.5 mmol) of PTA under nitrogen. The solution was heated
and used as received. Tetrakis(hydroxymethyl)phosphonium chlo- to reflux for 3 h, affording DpRu(PTALI as a yellow precipitate
ride was obtained from Cytec and used without further purification. in 98.5% vyield (124 mg, 0.23 mmol)H NMR (300 MHz,
DpRu(PPh),Cl,*® 1,3,5-triaza-7-phosphaadamantane (P3%}, CDCly): o6 4.59, 451 (AB quartet?Jpans) = 12.8 Hz, 12H
CpRu(PPE),Cl,22 IndRu(PPh),Cl,2® and CpRu(PTACI**were NCH:N); 4.18, 4.17 (m, 3H Cp); 4.16 (&Jnane) = 15.6 Hz, 6H
prepared as described in the literature. GC/MS analyses werePCH,N); 4.02 (d,2Jane) = 15.6 Hz, 6H PEI;N); 2.50-1.96 (m,
obtained using a Varian CP 3800 GC (DB5 column) equipped with 6H, Cp(TH,)z). *H NMR (300 MHz, D;O): 6 4.52 (br s, 12H
a Saturn 2200 MS and a CP 8400 auto-injector. All NMR spectra NCH,N); 4.33 (s, 2H , Cp); 4.23 (s, 1H, Cp); 4.09, 3.93 (AB quartet,
were recorded on either a Varian Unity Plus 500 FT-NMR  2J4aus = 15.9 Hz, 12H PE,N); 2.38-1.63 (m, 6H Cp(Ei,)s).
spectrometer, a Varian NMR System 400, a GN 300 FT-NMR/ 3P NMR (162 MHz, CDCJ): 6 —27.32 ppm (s)3'P{'H} NMR
Scorpio spectrometer, or a QE 300 FT-NMR/Aquarius spectrometer. (162 MHz, D;O): ¢ —27.15 ppm (s):—26.76 ppm (s). Anal. Calc
1H and3*C NMR spectra were referenced to residual solvent relative for CogH33NgP,CIRU: C, 43.20; H, 5.98; N, 15.12. Found: C, 43.30;
to TMS. Phosphorus chemical shifts are relative to an external H, 5.75; N, 14.85. Crystals af suitable for X-ray diffraction were
reference of 85% EPO, in D,O with positive values downfield of  obtained by diffusion of diethyl ether into a dichloromethane
the reference. IR spectra were recorded on a Perkin-Elmer 2000solution of DpRu(PTA)CI. Crystallographic details are reported
FT-IR spectrometer in a 0.1 mm CakEell for solutions or as a in Table 1.
KBr pellet for solid samples. X-ray crystallographic data were  gynthesis of 5-CoH7)Ru(PTA)(PPhs)Cl (5). A mixture of
collected at 10G£1) K on a Bruker APEX CCD diffractometer  |ndru(PPH),CI (1.00 g, 1.3 mmol) and PTA (204 mg, 1.3 mmol)
with Mo Ka. radiation ¢ = 0.71073 A) and a detector-to-crystal i 105 mL of toluene was refluxed i h under nitrogen. The
distance of 4.94 cm. A full sphere of data were collected utilizing - solvent was removed under vacuum and the residue washed several
four sets of frames, 600 frames per set with*0d#ation aboutw times with diethyl ether and air-dried, affordiffgas an orange-
between frames, and an exposure time of 10 s per frame. Datayeq solid (312 mg, 72% yieldfH NMR (300 MHz, CD,CL): &
integration, correction for Lorentz and polarization effects, and final 7 49-7.23 (m, 19H, PPhand indenyl); 7.01 (t, 1H, indenyl); 6.77
cell refinement were performed using SAINTPLUS and corrected (g, 2H, indenyl) 4.35, 4.18 (AB quartélpans = 12.9 Hz, PTA,
for absorption using SADABS or TWINABS. The structures were gy NCH,N), 3.91 (d,2J ane) = 15.0 Hz, PTA, 3H, PELN);
solved using direct methods followed by successive least-squaresz 54 (g,2) ans) = 15.0 Hz, PTA, 3H, PE.N). 31P{H} NMR
refinement onF2 using the SHELXTL 5.12 software packa$fe. (162 MHz, CDCl,): & 50.8 ppm (d, PPh 2Jpp = 42.8 Hz),
Crystallographic data and data collection parameters are listed in_22 6 ppm (d, PTA2Jpp = 42.8 Hz). Anal. Calc for iHzNsP
Table 1. CIRu: C, 59.06; H, 5.11; N, 6.26. Found: C, 58.17; H, 5.04; N,
Synthesis of (°-CsHs)RU(PTA)(PPhs)Cl (1). CpRu(PTA)- 6.35. X-ray-quality crystals o were grown by slow diffusion of
(PPh)CI was synthesized by a slightly modified procedure from giethyl ether into a dichloromethane solution g¥-CoH7)RU(PTA)-
that recently reporte&. A dichloromethane solution of CpRu-  (PpR)CI. Crystallographic details are presented in Table 1.
(PPh),CI (194 mg, 0.27 mmol) and PTA (41 mg, 0.26 mmol) was gy yhesis of [¢5-CoH-)RU(PTA)2(PPhe)ICI (6). A mixture of
stirred for 14 h under nitrogen. The reaction mixture was pulled IndRUCI(PPh), (300 mg, 0.39 mmol) and PTA (122 mg, 0.78
dry under vacuum and washed with diethyl ether, affording 52 mg mmol) was refluxed und'er nitrogen in 40 mL of toluene f‘or 4 h.
(0.084 mmol) ofl as an orange powder in 62% yield. Spectroscopic The resulting yellow precipitate was filtered and dried under
data for CpRu(PTA_)(P%D(_:I obtained via this method are identical vacuum, yielding 197 mg o (62% yield).'H NMR (300 MHz,
to those reported in the literatufe. _ CD,Cl,): 6 7.4-7.07 (m, 19H, PPhand indenyl), 7.02 (t, 1H,
SyntheSIS of 05-C8H9)RU(PTA)(PPh3)C| (3) A mixture of indenyl); 6.75 (dn 2H, indenyl), 4.40 (S, 12H, HQN), 4.1, 3.8
DpRU(PPb)zCl (173 mg, 023 mmOl) and PTA (36 mg, 023 mmol) (AB quartetsz(HAHB) = 14 HZ, PTA, 12H, N(E'zN) 31P{ ]_H} NMR
in 80 mL of toluene was refluxed fa2 h under nitrogen. After (162 MHz, CDCl): 6 48.9 ppm (t, PP}, —34.1 ppm (d, PTA),
cooling to room temperature, the solvent was evaporated and theZJPP: 30.1 Hz. Anal. Calc for GH.NgPsCIRU: C, 56.55: H, 5.60;
N, 10.15. Found: C, 56.62; H, 5.60; N, 10.8%¥CoH7)Ru(PTA)-
(PPR)](SnCk) was synthesized by stirring a mixture ®{58 mg,

Experimental Section
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Table 1. Crystallographic Data for Complexes 3-8; Cp'Ru(PTA)(PR3)X, Where Cp' = 55CsHs (Cp), 575-CgHg, °-CoH7 (Ind); X = Cl or H

(75-CgHo)Ru(PTA)(PPB)CI (75-CgHg)Ru(PTAXCI IndRu(PTA)(PPB)CI CpRu(PTA)(PPEH IndRu(PTA)(PPBH
C) Q) ® [IndRu(PPR)(PTA);](SnCk) ) ()
empirical formula GzngC|N3P2RU 020H33C|N6P2RU 03,3H34N3P2C|RU ngH46N6P3CI3$nRu GoHs3NzPRu Gs3H3sNzPRu
fw 661.10 555.98 671.09 1102.76 586.59 636.65
color orange yellow yellow orange pale yellow pale yellow
T(K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic orthorhombic monoclinic monoclinic _ triclinic _ triclinic
space group P2i/c Pna2; P2i/c P2i/c P1 P1
a(A) 17.0102(6) 18.2731(8) 16.9997(9) 14.0277(10) 9.6416(4) 9.9727(7)
b (A) 9.5281(3) 17.5230(8) 9.6556(5) 11.7222(8) 11.0933(5) 10.4488(7)
c(A) 19.0872(7) 6.9254(3) 18.9784(10) 26.5468(19) 12.6741(6) 15.4665(13)
o (deg) 90 90 90 90 99.4450(10) 95.4810(10)
p (deg) 115.6030(10) 90 115.7220(10) 95.6880(10) 102.0990(10) 90.6990(10)
y (deg) 90 90 90 90 96.1810(10) 117.4650(10)
volume (43) 2789.80(17) 2217.51(17) 2806.5(3) 4343.7(5) 1293.24(10) 1420.58(18)
4 4
Dcalcd (Mg/m3) 1.574 1.665 1.588 1.6 1.506 1.488
abs coeff (mm?) 0.801 0.993 0.798 1.379 0.754 0.693
F(000) 1360 1144 1376 2216 604 656
cryst size (mr) 0.16x 0.11x 0.04 0.46x 0.05x 0.03 0.34x 0.09x 0.03 0.14x 0.02x 0.03 0.25x 0.22x 0.03 0.16x 0.12x 0.03
6 range (deg) 2.1627.50 2.23-32.28 2.1725.99 1.96-27.50 1.6730.00 2.2+32.35
index ranges —22<h=<22 —27<h=<27 —20=<h=20 —18<h=<18 —13<h=<13 —1l4<h=<14
—12=< k=12 —26=< k=26 —1l1=<k=11 —15=< k=15 —15=<k=15 —15=<k=15
—24=<1=<24 -10=<1=<10 —23=<1=23 —-34=<1=<34 -17=<1=17 —-23=<1=283
no. of refins collected 35712 35112 31312 41 651 20 067 25339
no. of indep reflns 6416 7893 5505 9982 7527 9979
Rint = 0.0916 Rint = 0.0535 Rine = 0.1148 Rint = 0.2002 Rint = 0.0263 Rint = 0.0622
no. of data/restraints/params 6416/0/352 7893/1/271 5505/0/395 9982/0/505 7527/0/352 9979/36/375
GOF onF2 0.811 1.033 0.983 0.904 1.012 1.004
final Rindices R1= 0.0364 R1=0.0345 R1=0.0403 R1=0.0641 R1=0.0288 R1=0.0548
[I' > 20(1)] wR2=0.0721 wR2=0.0729 wR2= 0.0866 wR2= 0.1045 wR2= 0.0695 wR2=0.1228
Rindices R1=0.0663 R1=0.0417 R1=0.0692 R1=0.1542 R1=0.0344 R1=0.0886
(all data) wR2=0.0759 wR2=0.0761 wR2=0.0934 wR2=0.1221 wR2=0.0714 wR2=0.1378
CCDC no. 616215 616220 616217 616216 616218 616219
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solvent was removed under vacuum and the resulting solid extracted

with 5 mL of CH,Cl,. Removal of the ChCl, under reduced
pressure afforded 25 mg (0.04 mmol, 88% yield) of the ruthenium
hydride7 as a pale yellow powder. Alternativelymay be obtained

by washing the residue with deoxygenated water to remove the
sodium salts!H NMR (400 MHz, DMSO¢g): 6 7.34-7.19 (m,
15H, Ph), 4.39 (S, 5H Cp), 4.05, 3.82 (AB quarf’d(HAHB) =124

Hz, 6H, NCH,N); 3.13 (s, 6H, PE;N); —13.16 ppm (dd2Jpy =

35.2 Hz (PTA), 32.4 Hz (PRl 1H, RWH). 3P NMR (162 MHz,
DMSO-dg): 6 68.80 ppm (t, PPf 2Jpp = 36.8 Hz,2Jpy = 32.4
Hz); —23.69 ppm (t, PTA2Jkp = 36.8 Hz,2Jpy = 35.2 Hz). IR
(KBr): v(Ru—H) 1925 cn1? (br). Yellow crystals of CpRUu(PTA)-
(PPh)H suitable for X-ray diffraction were obtained by slow
evaporation of the solvent from a concentrated methanol solution
of 7 at room temperature fdl h (see Table 1 for details).

Synthesis of {%-CoH;)Ru(PTA)(PPhg)H (8). A mixture of
IndRu(PTA)(PPBCI (134 mg, 0.2 mmol) and Ci®Na (0.2 mmol)
was refluxed under nitrogen ifdd h in 40 mL of MeOH. The
resulting yellow solution was cooled to room temperature and
filtered, and the solvent was removed under vacuum, resulting in
118 mg of 8 as a pale yellow solid (92% vyieldH NMR
(400 MHz, CQ,OD) 0 —16.3 (dd,zJpTAfH =32.0 HZ,Z\]pph}H =
29.2 Hz, 1H, Ri); 4.30 (d,2Jmane) = 12.5 Hz, 3H, NCG1:N),
4.06 (d,2Jpane) = 12.5 Hz, 3H, NG1:N); 4.66 (s, 6H, PEI,N); &
7.58-7.13 (m, PPhindenyl, 19H)31P{1H} NMR (162 MHz, CDy-
OD): 0 62.7 ppm(d, PP 2Jpp = 29.0 Hz),—23.3 ppm (d, PTA,
2Jpp=29.0 Hz). IR (KBr): »(Ru—H) 1977 cm! (br). X-ray-quality
crystals of §>-CgH7;)Ru(PTA)(PPB)H were grown by slow diffu-
sion of diethyl ether into a methanol solution &f

Transfer Hydrogenation Procedure. The transfer hydrogena-
tion reactions were carried out in a 20 mL Schlenk tube with a
Teflon valve. The reactions were conducted in acidic or basic
conditions using HCOOH (formic acid), HCOONa (sodium for-
mate), or NaCOy/isopropanol as the hydrogen source. Each
catalytic run was repeated at least twice to ensure reproducibility.

Method A (Acidic Medium). In a typical catalytic run 5 mol
% catalyst and the substrate were treated withudOof 88%
HCOOH in 2 mL of water. The resultant solution was stirred at
80°C in an oil bath. The solution was cooled to room temperature
and the product(s) extracted with hexanes(3 mL). The hexanes
layer was analyzed by GC-MS ariti NMR spectroscopy, and
the peaks were identified by comparison with authentic samples.
Yields were determined byH NMR integrations of all products
and remaining starting material.

Method B (Basic Medium). In a typical run, the ruthenium
complex, unsaturated carbonyl, and HCOONa in mole ratio of
1:20:500 were dissolved in 2 mL of water or a mixture of water/
methanol (2:3 mL). Alternatively the catalyst, substrate, angt Na
COs in 1:20:212 mole ratio were dissolved in 7 mL of water/
isopropanol (4:3 mL). The reaction temperature, workup, and
analysis are the same as in method A.

Results and Discussion

Preparation of Cp’Ru(PTA)(PR3)Cl Complexes, Cp =
Cp, Dp, Ind; PR3 = PTA or PPhs. The synthesis of a series
of half-sandwich Ru(ll) complexes, of the type '‘®p(PTA)-
(PRy)CI, Cg = Cp, Dp, Ind; PR = PTA or PPh, was
accomplished in good to excellent yields. The complexes CpRu-
(PTA)CI**16and CpRu(PTA)(PPJCIZ> have been previously
synthesized by addition of PTA to CpRu(RRI in toluene.
In our hands, the reaction of PTA with CpRu(RRBEI in
refluxing toluene afforded the monosubstituted complex CpRu-
(PTA)(PPR)CI (1) in low yield and the disubstituted complex
CpRu(PTAXCI (2) in high yield as a precipitate irrespective of
the stoichiometric proportions of the reactants. This observation
is consistent with that described for the reaction of CpRugPh
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Table 2. 31P{1H} Chemical Shifts and Coupling Constants
for the Series of CHRU(PTA)(PR3)Cl Complexes (Cp = Cp,
Dp, Ind; PR3 = PTA or PPhs) in CDCl3

complex 31p{1H} NMR 2Jpp, Hz

CpRu(PPB):Cl 40.15

CpRu(PTA)(PPHCI (1) 48.4 (PPb) 45.0
—34.5 (PTA)

CpRU(PTA)CI (2)a14.16 —25.65

DpRu(PPB),CIP18 41.4

DpRu(PTA)(PPBCI (3) 43.2 (PPb) 45.2
—39.6 (PTA)

DpRu(PTA)CI (4) -27.3

IndRu(PPB),CI23 47.4

IndRu(PTA)(PPBCI (5) 50.8 (PPb) 42.8
—22.6 (PTA)

[INdRu(PTAX(PPH)]CI (6) 48.9 (PPh) 30.1
—34.1 (PTA)

aln CD2C|2 bn CsDes.

Cl with aminophosphines, BANHR (R= Ph, GHz).26 We
have obtained CpRu(PTA)(PREI cleanly in modest yield
(62%) by stirring equimolar amounts of PTA and CpRu(g#h
Clin CH,ClI; at room temperature for 14 h. GQu(PTA)(PPBh)-
Cl, Cp = 5°>CgHg (3) or >-CgH7 (5), complexes were prepared
by refluxing equimolar amounts of PTA and ‘Gu(PPh).Cl
in toluene, affording3 in 50% yield and5 in 72% vyield. The
bis—PTA complex DpRu(PTAXI (4) was obtained as a yellow
precipitate in>98% vyield by refluxing a toluene solution of
PTA (0.5 mmol) and DpRu(PR)CI (0.23 mmol) for 3 h,
Scheme 1. Attempts to synthesize IndRu(PZA)in an
analogous manner resulted in the formation of the cationic
species [IndRu(PTA{PPH)]CI (6) in 89% yield, Scheme 2.
The spectroscopic data for compoun8s6 support the
formulation of the complex@%and were confirmed by X-ray
crystallography fide infra). The3'P{1H} NMR spectra of the
CpPpRu(PTA)(PPB)CI complexes each consist of two doublets
due to coupling of the inequivalent phosphorus nuctd, =
45.0 Hz,1; 45.2 Hz,3; 42.8 Hz,5; Table 2. The indenyl complex
[IndRu(PTAX(PPH)]CI also exhibits two sets of resonances in

(26) Priya, S.; Balakrishna, M. A.; Mobin, S. M.; McDonald, B.
Organomet. ChenR003 688 227—235.
(27) See Supporting Information for details.
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(a) (c)

(b) (d)

—2;5.5 -2é.O -2%.5 -2é,5 -2‘7.0 -2‘7.5
Figure 1. 3P{*H} NMR spectra of2 and 4 in D,O: (a)
CpRu(PTA)CI (—25.50 ppm) and [CpRU(PTAOH,)]* (—26.05
ppm); (b) in 0.027 M KCI only CpRu(PTALI is observed; (c)
DpRuU(PTAXCI (—26.76 ppm) and [DpRu(PTAIOH,)]+ (—27.15
ppm); (d) in 0.027 M KCI only DpRu(PTAXLI is observed.

Scheme 3
cp C
wa 7P H,0 w1
TP Rug & TPTRuS + CI
N~ [ O Ky N~ OH,
PTA PTA

the3P{*H} NMR spectrum; 48.9 (t, PRJpp= 30.1 Hz) and
—34.1 ppm (d, PTA2Jpp = 30.1 Hz). The3P{H} NMR
spectrum of DpRu(PTALI (4) in CDCl; contains a single
resonance at27.3 ppm corresponding to ar2 ppm downfield
shift from CpRu(PTA)CI**16and an~7 ppm upfield shift from
the Cp* analogue, Cp*Ru(PTACQI (—34.23 ppm}) The H
NMR spectrum oft exhibits a classic AB pattern for the MGN
protons of PTA centered at 4.51 and 4.59 ppm; thélfpCand
CsH3 resonances overlap between 48017 ppm. A set of
broad multiplets were observed for the Cpl£); protons
between 2.50 and 1.96 ppm.

The bis-PTA complexes, CpRu(PTA) (2) and DpRu-
(PTA)CI (4), are soluble in aqueous solutioBisc = 40 mg/
mL andSsc = 43 mg/mL, respectivelyH and3P{1H} NMR
spectra oR and4 in aqueous solution both contain two sets of

2, 2083
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Figure 2. Thermal ellipsoid (50% probability) representation of
DpRu(PTA)(PPBCI (3) with the atomic numbering scheme.

Figure 3. Thermal ellipsoid (50% probability) representation of
INndRu(PTA)(PPBCI (5) with the atomic numbering scheme.

consistent with protonation of a PTA ligang-10.59 ppm, d,
PTAH, 2Jpp = 16 Hz,1H*; —7.77 ppm, br, PTAH3H") and
a very small shift in the PRiresonance (55.34 ppm, d, BPh
2Jpp = 16 Hz, 1H™; 59.60 ppm, br, PRh 3H™). The mixed
phosphine indenyl compleX is essentially insoluble even in
acidic solution. As observed for compoud® DpRu(PTA)CI

resonances (Figure 1), the relative heights of which are can be protonated at a PTA nitrogen to afford [DpRu-

concentration-dependen#’P NMR (D,0): 2, 6 —25.50 and
—26.05 ppm#4, 6 —26.76 and-27.15 ppm. The two resonances

(PTAH),CI)?" or [DpRu(PTAH)(PTA)CI}". Protonation results
in a shift in the 3!P{'H} NMR spectrum of 9.6 ppm to

observed in aqueous solution indicate the existence of two —17.71 ppm, similar in magnitude to the chemical shift

species presumably due to the partial hydrolysis of the ruthe- difference between CpRu(PTA)! and [CpRu(PTAH)CI]2t (A
nium—chloride bond and the formation of the corresponding = 10.05 ppm):3

aqua complex, Scheme 3. The solid-state structures of two  Structure of Cp’'Ru(PTA)(PR3)Cl Complexes, Cp = Dp,

[CPRU(PR)2(OH)]t cations have been reported: a water-
soluble silver containing polymer of [CpRu(PTADH,)]* 28
and an alkyne hydration catalyst [CpRu(BRHo(OH,)]*
(where Ar= 4-tert-butyl-N-methylimidazole}° As depicted in

Ind; PR3 = PTA or PPhs. Thermal ellipsoid representations

of the solid-state structures of DpRu(PTA)(RRI (3) and
INdRu(PTA)(PPBCI (5), along with the atomic numbering
schemes, are depicted in Figures 2 and 3, respectively. The

Scheme 3, the chloride and aqua complexes are in equilibrium; structure of CpRu(PTA)(PRJCI was recently reportetf, how-

addition of CI” shifts the equilibrium to the left, decreasing the
concentration of the aqua compleief = 6.18 x 1074 for 2
and 5.08x 1074 for 4).

The mixed phosphine compléxis insoluble in water &5
= 1.5 mg/mL)?® as are compoundsand5. In acidic solutions;
however, complexesl and 3 become soluble in aqueous

solution, presumably due to protonation of the PTA ligand,

affording the cationic species [GRu(PTAH)(PPR)CI]*, Cp
= Cp (AH"), Dp (BH™). The formation of [CHRU(PTAH)-
(PPR)CI]™ was observed, by'P{IH} NMR spectroscopy.
Treatment of CiRu(PTA)(PPB)CI with HCO,H in water (pH
< 3) resulted in a substantial shift in tA&{H} NMR spectrum

(28) Lidrissi, C.; Romerosa, A.; Saoud, M.; Serrano-Ruiz, M.; Gonsalvi,
L.; Peruzzini, M.Angew. Chem., Int. EQ005 44, 2568-2572.

(29) Grotjahn, D. B.; Incarvito, C. D.; Rheingold, A. Angew. Chem.,
Int. Ed. 2001, 40, 3884-3887.

ever, we report here a different crystal morphology resulting in
slightly different bond lengths and angEsOrange plates of
DpRu(PTA)(PPBCI suitable for X-ray diffraction were ob-
tained by slow evaporation of a toluene solution. X-ray-quality
crystals of IndRu(PTA)(PR)CI were obtained as orange-red
rods by slow diffusion of diethyl ether into a dichloromethane
solution of the complex. All three piano stool complexesRtp
(PTA)(PPR)CI (Cp = Cp, Dp, Ind), consist of ap>-Cp ligand
bound to ruthenium along with one PTA, one BRind a chlor-
ide ligand. The RuCl distances are comparable and observed
to be between 2.445 and 2.466 A, Table 3. The-Rulistances
vary between 2.247 and 2.314 A for the series depending on
the phosphine and ancillary Cligand. A slight increase in the
P1-Ru—P2 bond angle is observed as the @gand changes:
Cp 95.39(4); Dp 97.80(3); Ind 98.19(4). The €HIL, angle
between the plane defined by the 'Gjgand and the plane
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Table 3. Selected Bond Lengths [A] and Angles [deg] for a Series of (Ru(PTA)(PR3)Cl Complexes; Cg = Cp, Dp, or Ind;
and PR; = PTA or PPh3

CpRu(PTA)(PPECI2 CpRU(PTAYCI4 DpRu(PTA)(PPB)CI DpRu(PTA)CI IndRu(PTA)(PPB)CI
(1) 2 ©) (4) (5)

Ru—Cl 2.4664(10) 2.445(2) 2.4529(8) 2.4523(7) 2.4465(9)
Ru—P1 2.3139(11) 2.258(3) 2.2923(9) 2.2645(7) 2.2931(10)
Ru—P2 2.3041(11) 2.247(3) 2.3089(9) 2.2571(7) 2.2697(10)
RU—Cplcent 1.861 1.846 1.842 1.855 1.890
P1-Ru—P2 95.39(4) 96.85(5) 97.80(3) 93.20(2) 98.19(4)
P1-Ru—Cl 90.27(3) 91.61(7) 88.06(3) 89.83(2) 90.03(3)
P2-Ru—Cl 91.68(3) 86.46(7) 93.57(3) 87.03(2) 91.99(3)
Cp—ML> 51.9 55.3 54.3 54.2 51.4

aSee Supporting Information for the crystallographic details and ref 25 for a different polymorph of this compound.

Figure 4. Thermal ellipsoid (50% probability) representation of
DpRu(PTA)CI (4) with the atomic numbering scheme.

defined by P+Rul—P2 varies slightly between the Cp, Dp,

Figure 5. Thermal ellipsoid (50% probability) representation of

the cation of [IndRu(PTA)YPPR)](SnCk) along with the atomic

numbering scheme. Selected bond lengths (A) and angles (deg):
Rul-P1=2.3076(19); Ru+P2= 2.2576(18); Ru+P3= 2.3456-

and Ind complexes (Table 3). The distance between the Ru and19); RUE-INdeen = 1.936; PI-Rul—P2 = 92.99(7); P+Rul-

the Cp plane (Cpen) is observed between 1.84 and 1.89
consistent with standard RCp distances.

Yellow needles of4 suitable for X-ray diffraction were
obtained by slow diffusion of diethyl ether into a dichlo-
romethane solution of DpRu(PTAJl. A thermal ellipsoid

representation is depicted in Figure 4 showing the piano stool

geometry of4 with two PTA ligands, a chloride, and ay-
coordinated @Hg~ ancillary ligand. The PTA ligands are bound
through the phosphorus as expected, with-&B—P bond angle
of 93.20(2), slightly smaller than that reported for the Cp
analogue (96.85(8)'“ and similar to that reported for Cp*Ru-
(PTA).CI (93.30(5%).16 This suggests that Cp* and Dp ligands

A P3=97.47(7); P2Rul-P3= 95.56(7).

Scheme 4
N N '
NC prnRu, - HCOONa NC~prir Ry
N~ Cl “MeOH N~ / K
PhsP PhsP

A
HCOON:
-NaCl
Qp' o}

a
\‘N—\
Ne~prrnn.
L(N_/Pv /Ru \OJKH

may have similar stereoelectronic influence on the metal center. a triplet at 48.9 ppmZJpp = 30.1 Hz) for the PPfiligand and

The Ru-P (2.264, 2.257 A), RuCl (2.452 A), and Rt Cpeent
(1.855 A) distances fo# are comparable to those of the Cp
and Cp* analogues, Table!816 The saturated portion of the
7°-CgHg (Dp) ligand of 4 has an endo-conformation with an
envelope angle of 2824defined as the dihedral angle between
the GHs plane and that of C18C19-C20, slightly larger than
that reported for DpRu(PRRCI (26.4).1° The envelope angle
in DpRu(PTA)(PPB)CIl was found to be 29% larger than that
observed for either DpRu(PE)BCI or 4. The (N)C-N distances
for the triazacyclohexane ring of the PTA ligands in complexes
1-5 are consistent with nonprotonated PTA ligands-@®{N)
= 1.447-1.480 A)30

Structure of [INndRu(PTA) 2(PPhg)](SnCls). Due to difficul-
ties related to crystal growth of [IndRu(PTAPPH)]CI (6),
[INdRu(PTA)X(PPR)](SnCk) was synthesized by stirring a
mixture of [INdRu(PTAYPPH)]CI with an excess of SngPH,0.
Spectroscopically, boté and [IndRu(PTA)(PPh)](SnCk) are
identical; the’’P{H} NMR spectra of both compounds contain

(30) Darensbourg, D. J.; Decuir, T. J.; Reibenspies, JAHueous
Organometallic Chemistry and Catalysislorvath, I. T., Jéo F., Eds.;
NATO ASI Ser., Ser. 3; High Technology; Kluwer: Dordrecht, The
Netherlands, 1995; pp 610.

a doublet at—34.1 ppm {Jpp = 30.1 Hz) for the two PTA
ligands. A thermal ellipsoid representation of the structure of
[INdRu(PTAR(PPR)](SnCk) may be found in Figure 5 along
with the atomic numbering scheme and selected bond lengths
and angles. The structure is not unusual, with the indenyl ligand
bound to ruthenium in g°-fashion and the two PTA ligands
and one PPhbound in a classic piano stool fashion about the
metal. It is interesting that the two PTA ligands are not
equivalent, with one RuPe1a distance significantly shorter:
Ru—Ppra = 2.3076(19) and 2.2576(18) A. The triphenylphos-
phine ligand exhibits the longest R& bond length at 2.3456-
(19) A, Ru—P3. A complete listing of bond lengths and angles
may be found in the Supporting Information.
Cp'Ru(PTA)(PPhg)H Complexes (Cp = Cp, Dp, Ind):
Synthesis and Reactivity.The air-sensitive ruthenium hydrides,
CPRu(PTA)(PPRH (Cp = Cp, In), were obtained in good
yield by the reaction of CRu(PTA)(PPB)CI with sodium
formate or sodium methoxide in refluxing methanol, Scheme
4. TheH NMR spectra show characteristic RH resonances
at—13.2 ppm %JPTAfH = 36.0 HZ,ZJPPh}H = 33.0 HZ) for7
and at—16.3 ppm {Jpta—n = 32.0 Hz,2Jppnz-n = 29.2 Hz)
for 8. Table 4 contains detailetP{'H} data on the series of
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Table 4. 31P{1H} NMR Chemical Shifts and Coupling
Constants for a Series of ClRu(PTA)(PPhz)H and
Cp'Ru(PTA),H Complexes (Cp = Cp, Dp, Ind)

chemical shift,
complex ppm 2Jpp, Hz 2Jpm, HZ
CpRu(PTAYH42 -12.0 36.6
CpRu(PTA)(PPHH (7)°  68.80 (PPh) 36.8 32.4 (PPY)
—23.69 (PTA) 35.2 (PTA)
CpRu(PPE)HP 67.76 33.2
IndRu(PTA)(PPRH (8)°  62.7 (PPh) 29.0 29.2 (PPY)
—23.3 (PTA) 32.0 (PTA)
IndRu(PPh),H23 64.5 33.9
DpRu(PTA}H® -17.8 36.0
DpRu(PTA)(PPEHP 68.39 (PP 37.0 32.0 (PPY)
—25.90 (PTA) 36.0 (PTA)

2In D20. PIn DMSO-dg. €In CD3OD.

Scheme 5. H/D Exchange between CRu(PTA)(PR3)H and
CDgOD, Cp' = 1]5-((:5H5), 1]5-(C9H7), or 1]5-((:8H9) and PR3

= PTA or PPh;
N op' N Cp'
My, 020D, N,
LN_J SH —~ LN_/ / D
RsP RsP

Ru—H complexes. The3'P{H} spectrum of CpRu(PTA)-
(PPR)H recorded in DMSQds contained resonances at
68.80 ppm (d, PP)ZJpp= 36.8 Hz) and-23.69 ppm (d, PTA,
2Jpp = 36.8 Hz). The’P{*H} NMR spectrum of IndRu(PTA)-
(PPR)H in CD3OD contained signals at 62.7 ppm (d, BPh
and—23.3 ppm (d, PTA)2Jpp = 29.0 Hz. The preparation of
DpRu(PTA)(PRH (PRs = PTA or PPRh) via analogous
methods leads to the formation of the respective-Riwcomplex
along with an unidentified species and is still under investigation.
PreliminaryH NMR spectroscopic results in DMS@y-reveal
the Ru—H resonances for DpRu(PT4J) ato —14.13 ppm (t,
2Jpn = 36.0 Hz) and ath —12.88 ppm (t2Jppnz-n = 32.0 Hz,
2Jpta—n = 36.0 Hz) for DpRuU(PTA)(PPHH.

We have previously reported that CpRu(P7A)undergoes
H/D exchange with BO, ty, = 127 min at 25°C; in CD;OD

no H/D exchange was observed over the course of weeks at

room temperaturé? Interestingly, CoRu(PTA)(PRJH under-
goes rapid H/D exchangg 4 < 10 min) with CDyOD, affording
CpRu(PTA)(PPED; however, much slower H/D exchandggA

~ 5.5 dayskops~ 0.12 day!) was observed for IndRu(PTA)-
(PPh)H in CD30OD at 25°C (Scheme 5). Electronic differences
alone between CpRu(PTA)(PBHH and IndRu(PTA)(PPHH are
not likely responsible for this differené&.The formation of
CpPRu(PTA)(PPB)D was confirmed by the disappearance of
the hydride resonance in thid NMR spectrum, a slight isotopic
shift, and a change in the splitting of tHéP{*H} NMR
resonances, and by IR spectroscopy. 7(fRu—H) of IndRu-
(PTA)(PPR)H, CpRu(PTA)(PPEH, and DpRu(PTA)(PPHH
varies a great deal with the electronic nature of théligand
(Ind > Cp > Dp): v(Ru—H) = 1977, 1925, and 1898 crh
respectively. Isotopic labeling has been used to identify the IR
bands a¥(Ru—H); deuteration of results in the disappearance
of the absorption band at 1925 chand appearance of a new
absorbance at 1385 cthfor CpRu(PTA)(PPED assigned to
the v(Ru—D) stretch. The observed isotopic shift (540 ©m
for 7) is close to the calculated value based on Hooke's law
(554 cnr1).32

(31) The details of this unexpectedly large variation in the rate of H/D
exchange in the Cp and Ind complexes are currently under further
investigation; a change in mechanism or possibly an acidic impurity may
be involved.

(32) Drago, R. SPhysical Methods for Chemist&nd ed.; Saunders:
Philadelphia, 1992.
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Figure 6. Thermal ellipsoid (50% probability) representation of
CpRu(PTA)(PPKH (7) with the atomic numbering scheme.

Figure 7. Thermal ellipsoid (50% probability) representation of
IndRu(PTA)(PPBH (8) with the atomic numbering scheme.

Table 5. Selected Bond Lengths [A] and Angles [deg] for
CpRu(PTA)(PPhg)H (7) and IndRu(PTA)(PPh3)H (8)

IndRu(PTA)(PPEH CpRU(PTA)(PPHH
Ru—H 1.52(4) 1.53(2)
Ru-P1 2.2564(8) 2.2543(4)
Ru—P2 2.2539(8) 2.2449(4)
RU—CpP cent 1.929 1.894
P1-Ru—P2 97.59(3) 97.703(16)
P1-Ru-H 83.1(15) 81.4(8)
P2-Ru—H 82.7(15) 81.6(8)
Cp-ML; 69.9 72.7

Solid-State Structure of CpRu(PTA)(PPR)H (7) and
INndRu(PTA)(PPh3)H (8). Single-crystal X-ray diffraction was
performed on suitable crystals of CpRu(PTA)(BPh(7) and
INndRu(PTA)(PPBH (8), Table 1. Both sets of crystals were
grown by slow evaporation of a concentrated methanol solution
of the Ru-H. Thermal ellipsoid plots of and8 are presented
in Figures 6 and 7, respectively; along with the atomic
numbering scheme, selected bond lengths and angles may be
found in Table 5. The structures of the '‘@u(PTA)(PPB)H
complexes are similar to those of the parentfl complexes
with the notable difference of a significant increase in the-Cp
ML, angle as the chloride ligand is replaced by the much smaller
and electronically different hydride. The €ML, angle was
found to be 72.7 and 69.9, respectively, for7 and 8, which
compares favorably with the value of 67.&ported by us for
the CpRu(PTAJH complex!4 This is ~20° larger than the
values reported for compoundsand5 and consistent with the
mean value of 67% reported for a series of Qd(L).H
complexes?® The change in CpML; angle from the RuCl
to the Ru-H complexes can be ascribed to both an electronic
effect and the smaller steric requirement of ¥#ersus Ct.

Transfer Hydrogenation of a,#-Unsaturated Substrates.
Selective transfer hydrogenation @f-unsaturated carbonyls

(33) Lemke, F. R.; Brammer, [Organometallicsl995 14, 3980-3987.



436 Organometallics, Vol. 26, No. 2, 2007 Mebi et al.

Table 6. Selective Transfer Hydrogenation of Cinnamaldehyde by Complexes-6 and 7 with HCOOH or HCOONA as
Hydrogen Donorf

% Selectivity

TO

Entry Catalyst. %Con. ! ¢} OH OH
0 g~y S A e~ Ay

1 CpRu(PTA)(PPh;)Cl  >99.0 3.3 0.0 0.3 19.7

2° CpRu(PTA)(PPh;)Cl >99.0 33 0.0 <1.0 >99.0

3 CpRu(PTA)PPhy)H  >99.0 3.3 0.0 0.0 >99.0

4 CpRu(PTA),Cl 89.5 2.8 0.0 <1.0 >99.0

5 CpRu(PTA),CI 69.6 2.3 48.1 0.0 51.9

6 CpRu(PTA),Cl 11.1 1.5 85.6 72 72

7 DpRu(PTA)(PPh;)Cl1 >99.0 3.5 0.0 78.2 21.8

8 DpRu(PTA),Cl1 >99.0 35 0.0 100.0 0.0

9° DpRu(PTA),Cl >99.0 3.5 0.0 0.0 100.0

10° IndRu(PTA)(PPhs)CI  >99.0  0.83 0.0 54.8 452

1 e 0.0 0.0 - - -

2100 uL of 88% HCOOH.P0.9 mmol (61.2 mg) of HCgNa used in lieu of HCGH, pH &~ 9. 2 mmol of cinnamaldehyde, 0.03 mmol of catalyst,
22 mmol of HCQNa, 6 mL of KO, 80°C, 5 h1> 95 mol % of catalyst, 3.74.0 uL of cinnamaldehyde, 150L of 88% HCOOH, 2 mL of HO, 1 mL of
MeOH, 24 h.tNo catalyst, 4.QiL of cinnamaldehyde, 68L of HCO,H, 80°C, 12 h.f General conditions: 5 mol % of catalyst, 4.8.5uL of cinnamaldehyde,
40 uL of 88% HCQH, 2 mL of H;0, 6 h, 80°C, pH ~ 3.

Table 7. Selective Transfer Hydrogenation of Benzylidene Acetone by-5 and 7 Using HCOOH or HCOONa as the Reducing

Agent?
o % Selectivity
Entry Catalyst Cfn ?}?1]; ¢ OH OH
P~ e P ™~ e
1 CpRu(PTA)(PPh;)C1 794 0.7 559 0.0 347
2 CpRu(PTA),Cl 667 0.6 100.0 0.0 0.0
3*®  CpRu(PTA).Cl 789 0.6 >99.0 <1.0 0.0
44 CpRu(PTA),Cl1 36.1 6.0 93.9 6.1 0.0
5 DpRu(PTA)(PPh;)Cl  51.1 1.7 100 0.0 0.0
6 DpRu(PTA),Cl 814 0.8 58.7 41.3 0.0
7° DpRu(PTA),Cl 837 0.8 100.0 0.0 0.0
8 IndRu(PTA)(PPh;)Cl  48.9 041 100.0 0.0 0.0
of CpRu(PTA)PPh)H  38.5 0.64 100.0 0.0 0.0

20.9 mmol (61.2 mg) of HCgNa in lieu of HCQH, pH ~ 9. P25 h.€ 6 h. 90.75 mmol of substrate, 7.5 10~3 mmol of catalyst, 7.5 mmol of HCfa,
3 mL of MeOH, 3 mL of HO, 90°C, 6 h15 €150uL of HCOOH, 2 mL of KO, 1 mL of MeOH.f100uL of HCOOH, 12 h.9 General conditions: 5 mol
% of catalyst; 4.3 mg of benzylidene acetone;i400f 88% HCQH; 2 mL of H,O; 24 h at 80°C; pH ~ 3.

Table 8. Selective Transfer Hydrogenation of Chalcone by Compounds 1, 2, 4, 5, and 7 Using HCOOH, HCOONA, or
CH3CH(CH3)OH as Reducing Agent

% Selectivity

TOF
Entry Catalyst %Con. bl 0 OH OH
® Ph/\)LPh Ph/v\Ph Ph/\)\Ph
1 CpRu(PTA)(PPh,)Cl  47.9 0.7 100 0.0 0.0
20 CpRu(PTA)(PPh;)Cl  39.8 0.6 65.1 0.0 349
3b CpRu(PTA),CI 813 27 100 0.0 0.0
4> CpRu(PTA),CI 140 05 73.5 0.0 26.5
5 DpRu(PTA),Cl 93.6 14 100 0.0 0.0
6" DpRu(PTA),Cl 89.5 14 100 0.0 0.0
7 DpRu(PTA),CI 381 0.6 88.8 0.0 112
8¢ DpRu(PTA),Cl 415 06 100 0.0 0.0
9° IndRu(PTA)(PPh;)Cl1  43.5  0.36 100 0.0 0.0
10°  CpRu(PTAYPPh)H 324 12 91.7 8.3 0.0

261.2 mg of HCGQNa (0.9 mmol) used in place of HGB. b6 h. ‘HCO;Na 61.2 mg (0.9 mmol); 5.3 mg of PTA adde®38.2 mg of NaCOs, 4 mL of
H»0, 3 mL of isopropanol in place of HG8. ¢ 150uL of 88% HCOOH, 2 mL of HO, 1 mL of MeOH, 24 hf General conditions: 5 mol % of catalyst,
7.6 mg of chalcone, 40L of 88% HCQH, 2 mL of HO, 3 mL of MeOH, 80°C, 13 h.

(cinnamaldehyde, benzylidene acetone, and chalcone) has been Scheme 6. Hydrogenation Pathway for the Unsaturated

accomplished using compounds-5 and 7 under acidic and Substrates (R= H, Me, Ph)
basic conditions with various hydrogen donors. The results are o o
contained in Tables-68. The hydrogenation products of these @/\)LR o ©/\)LR
substrates are presented in Scheme 6. Cinnamaldehyde and

benzylidene acetone were hydrogenated in aqueous solution, l“ﬁ l“ﬁ
while chalcone was reduced utilizing a mixture of water and OH OH
methanol for solubility reasons. @/\)\R B, @MR

Transfer Hydrogenation of Cinnamaldehyde. Cinnamal-

dehyde was reduced under aqueous conditions utilizinR&p
(PTA)(PR)CI (Cpg = Cp, Dp, Ind; PR = PTA or PPh) agent (Table 6). Entries 1, 2, 7, and 10 in Table 6 describe results
compounds with formic acid or sodium formate as the reducing of the transfer hydrogenation of cinnamaldehyde with the mixed
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phosphine complexes Gu(PTA)(PPB)CI (Cg = Cp, Dp, Ind)
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replacement of HCOOH for HCOONa, only the olefin reduction

using HCOOH as hydrogen donor. The complexes selectively product was obtained in 83.7% yield (entry 7).

reduce the &0 bond prior to reduction of the=€C bond.
However, increasing the [HCOOH] afforded hydrocinnamyl
alcohol as the only detectable produet99% selectivity, entry
2). Replacing CpRu(PTA)(PBYCI with CpRu(PTA)(PPHH
had little effect on catalysis, indicating it is a competent reaction

Transfer Hydrogenation of 1,3-Diphenylpropenone.The
reduction of chalcone (1,3-diphenylpropenone) usingROp
(PTA)LCI (Cp = Cp or Dp), CpRu(PTA)(PPB)CI (Cp= Cp
or Ind), or CpRu(PTA)(PP)H is presented in Table 8. Formic
acid, sodium formate, or N&Os/isopropanol were employed

intermediate, entry 3. A decrease in catalyst loading led to as reducing agents. All the complexes selectively hydrogenate
decreased formation of hydrocinnamyl alcohol but no change the CG=C bond ¢&65% selectivity) irrespective of the reducing

in the total conversion (see Supporting Information). A signifi-

agent with the percent conversion ranging from 14 to 93%. The

cant dependence of hydrocinnamaldehyde selectivity on catalysttotal conversion and selectivity for=6C bond reduction were

concentration has been reported for [Ir(COD)GHabilized by
hydro(pyrazolyl)borate ligandd. Compared to CpRu(PTA)-
(PPhR)Cl and DpRu(PTA)(PPCI, IndRu(PTA)(PPHCl is less

active for the reduction of cinnamaldehyde; Table 6, entries 1,

highest in acidic solution (HCOOH, entries 1, 3, 5, 9, 10). In
basic media, hydrogenation continues onto the double hydro-
genation product, 1,3-diphenylpropan-1-ol, thus lowering the
selectivity for the G=C bond reduction product, 1,3-diphenyl-

7, and 10. CpRu(PTALI in the presence of formic acid reduced propan-1-one (entries 2, 4, 6, 8). The presence of free PTA
cinnamaldehyde all the way down to hydrocinnamyl alcohol dramatically lowers the % conversion for the hydrogenation of
with high conversion (89.5%), Table 6, entry 4. Under basic chalcone, suggesting that dissociation of PTA from DpRu-

conditions (HCOONa used in lieu of HCOOH) a different

product distribution was obtained: 48.1% hydrocinnamaldehyde

and 51.9% hydrocinnamyl alcohol at slightly lower total
conversion (69.6%), Table 6, entry 5. Under different catalytic
conditions, specifically a higher sodium formate concentration,
Peruzzini et al. reported 85.6% selective olefin reduction with
CpRu(PTAXCI at low conversion (11.1%), as shown in entry
6.1> DpRU(PTAYCI selectively reduces cinnamaldehyde to
cinnamyl alcohol in>99% conversion with formic acid as
hydrogen source (entry 8); replacing HCOOH with HCOONa
results in exclusive formation of the double hydrogenation
product, dihydrocinnamyl alcohol (entry 9). In the absence of

catalyst, no formation of hydrogenation products was detected

by GC-MS or'H NMR spectroscopy (entry 11).

The difference in product distribution observed between
CpRu(PTAXCI and DpRu(PTAYCI (Table 6, entry 4 and 8)
can be attributed to the influence of the different ancillary ligand;

(PTA),CI may be involved in the mechanism (entry 7).
Hydride complexes have often been implicated as the active
catalyst in hydrogenation reactions. Indeed, we have shown
previously, with CpRu(PTAXI, that under the catalytic condi-
tions described the generation of CpRu(P3A)s possible*
As a consequence, CpRu(PTA)(Rhwas tested as a catalyst
for the reduction of chalcone, resulting in selective=C
hydrogenation with small amounts of 1,3-diphenylprop-2-enol
(8.3%) detected, entry 10. The use of CpRu(PTA)@Rtas
the catalyst resulted in improved selectivity and higher activity
relative to CpRu(PTA)(PRICI (Table 8 entry 2), indicating
that the hydride may, in fact, be the active catalyst.

Conclusions

We have presented here the synthesis, characterization, and
reactivity of a series of ruthenium(ll) PTA complexes bearing the

that is, Dp is a more sterically hindered and electron-donating cyclopentadienyl (Cp), 1,2-dihydropentalenyl (Dp), and indenyl
ligand than Cp. Karam et al. recently observed a remarkable (Ind) ancillary ligands. DpRu(PTALI and CpRu(PTAXCI are

effect of steric and electronic properties of ancillary ligands on
selective hydrogenation of cinnamaldehyd&hey reported a

water-soluble and exhibit significant R&Cl bond hydrolysis in
aqueous solution, while the mixed phosphine complexefR&p

change in the selectivity toward the unsaturated alcohol using (PTA)(PPR)CI, are somewhat soluble in acidic solution due to
the more sterically demanding and electron-donating ligand Tp* Protonation of a PTA nitrogen, forming [GRu(PTAH)(PP)-

in lieu of Tp.

Transfer Hydrogenation of Benzylidene Acetone.The
results of hydrogenation of benzylidene acetone byROp
(PTA)(PR)CI (Cp = Cp, Dp, Ind; PR = PTA or PPh) with

HCOOH or HCOONa as the hydrogen donor are presented in

Table 7. In the presence of formic acid, CpRu(PTA)(BEh

catalyzed the transfer hydrogenation of benzylidene acetone,(PP

Cl]*. The CPRu(PTA)(PPB)H complexes have been prepared

and undergo an H/D exchange reaction withsOD with t1/,

< 10 min when Cp= Cp andty;; ~ 5.5 days when Cp= Ind.
Compoundsl—5 and 7 were tested as catalysts for the

selective transfer hydrogenation of unsaturated substrates in

aqueous media. The mixed phosphine complexe RGP TA)-

R)Cl, selectively reduced the=€0 bond of cinnamaldehyde,

affording 55.9% 4-phenylbutan-2-one and 34.7% 1,3-diphenyl- and the G=C bonds of benzylidene acetone and chalcone in

propan-1-ol (entry 1). Under the same conditions, DpRu(PTA)-
(PPh)CI (entry 5) and IndRu(PTA)(PRJCI (entry 8) selectively
reduced the &C bond of benzylidene acetone, with IndRu-
(PTA)(PPR)CI demonstrating lower activity. In the presence
of either formic acid (entry 2) or sodium formate (entry 3),
CpRu(PTAXCI selectively reduces the=6C bond of ben-

zylidene acetone, affording 4-phenylbutan-2-one. Similar regi-
oselectivity has been reported for the reduction of benzylidene

acetone using Cp*Ru(PTACQI as the catalyst and sodium
formate as the reducing agéftdydrogenation of benzylidene
acetone with DpRu(PTALI as the catalyst resulted in 58.7%
C=C reduction and 41.3%=€0 hydrogenation in 81.4% total
yield (entry 6) with HCOOH as the hydrogen donor. Upon

(34) Lopez-Linares, F.; Agrifoglio, G.; Labrador,.AKaram, A.J. Mol.
Catal. 2004 207, 115-120.

the presence of formic acid (pH 3). The indenyl comple®

was less active than either the p ér Dp (3) analogues. Under
acidic conditions (HC@H) DpRu(PTA}CI was selective toward
hydrogenation of the €C bond in chalcone and the<€© bond

in cinnamaldehyde and was not selective with benzylidene
acetone as the substrate. In the presence of HCOONa, DpRu-
(PTA).CI selectively reduced the=€C bond of benzylidene
acetone. In the presence of either formic acid or sodium formate
CpRu(PTAXCI afforded the saturated carbonyl or saturated
alcohol, consistent with results previously repoftedhe results

of this study indicate that the regioselectivity of reduction of
unsaturated substrate depends on the ancillary ligand of the
catalyst, the substrate, and the pH of the solution.
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