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Ruthenium complexes of the general formula [R(PIPR)(PNN)] have been obtained from tridentate
PNN' ligands containing phosphine (P), amine or imine (N), and pyridyl donor groupsThe imino
ligand PhP(0,0'-CeH4,CH=NCH,CsH4N) (a) has been synthesized from P(2-GH,CHO) and 2-(ami-
nomethyl)pyridine, whereas amino #,0'-CsHsCH.NHCH,CsHsN) (b) is prepared by the reduction
of a with NaBH,. The complexesrans[RuCL(PPR)(PNN)] [PNN' = b, (1); a, (2)] containing a five-
membered NNcycle have been isolated in high yield by the reaction of R{REh); with b anda,
respectively. By the same route and using the ligangP®@to'-CeH,CH=NCH,CH,CsH4N)] (¢), the
complexcis[RuCly(PPh)(c)] (3) was isolated, and it displays a different stereochemistry as a result of
the different size of the tridentate ligand. For the amino derivativan X-ray diffraction experiment
was carried out. Treatment of [RUHCI(Pdhwith the ligandsa or b leads to the monohydride complexes
trans[RuUHCI(PPR)(PNN)] [PNN' = b, (4); a, (5)]. Complexesl—5 have been proven to catalyze the
transfer hydrogenation of linear, cyclic, and aromatic ketones to secondary alcohols in 2-propanol at
reflux and in the presence of (GHCHONa with a very high rate (TOF values up to 250 000)hThe
trans derivatived and?2 containing the amino and imino functions catalyze the reduction of acetophenone
with the same activity (TOR= 190 000 and 185 000, respectively), suggesting that the=® group
is reduced during catalysis. A lower activity has been observed for compBexes

Introduction phine)3 [RuCl(PN)y],324 [RuCl(p-cymene)(PN)][BE] (PN =

phosphole-pyridine) [RuCl(p-cymene)(NN)][BR],® [RuClx(P)-

The catalytic transfer hydrogenation of polarized unsaturated (NPN)],” [RuCL(NPN)]8 [RuCl(P)(NNN)J° (NPN and NNN

compounds using 2-propanol or formic acid as the hydrogen = oxazoline based ligands), and [RU@NNP)] (PNNP=
source is a widely investigated reaction that is promoted by diphosphine/diamine ligandy.A particularly active complex
different transition metal complexésEmployment of highly
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[RuCl(PPhs)(PNN)] Complexes as Efficient Catalysts

is [RUCkL(P)(PNO)]}! which contains a mixed tridentate ligand

with a labile oxygen donor atom. In addition, enantioselective p, o,
catalytic systems have been obtained by the in situ reaction of

ruthenium precursors (i.e., [RuPPh)3], [RuCly(r8-arene)j,
or [RUCKL(DMSO)]) with the NNN 2 NPN 13 PNP14 PNN 15
and PNGE ligands.

The complexes Ryf-arene) containing diamines or ami-
noalcohols, discovered by Noyori and co-workers, are highly
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enantioselective and show a high rate of reaction due to theFigure 1.

presence of primary amine ligantfsRecently, we have found
that highly active ruthenium catalysts are obtained using
2-(aminomethyl)pyridine (ampy) as the bidentate 'Nigand
(ligand acceleration effect}. Particularly attractive are the
complexes of the general formula [Ru@P)(ampy)], which
are active for both transfer hydrogenation and hydrogenation.

7\ 7\
PhyR —N/_(N:> Ph,R N(_(N:> PhyR _N/_ZiN)
o5 0 0 0 v
a b c

As an extension of this chemistry with ampy, we have prepared Figure 2

terdentate complexes [RUCI(CNN)(PP)] (HCNNG6-(aryl)-2-
pyridinemethanamines), which display the highest rate in the
transfer hydrogenation of ketones (turnover frequency (TOF)
up to 1¢ h=1).2%|n all these systems containing amine ligands,
the presence of the NHunction has been proven to be crucial
for achieving a highly efficient transfer hydrogenation of ketones
(bifunctional catalysis). According to the studies of Noyori and
co-workers on the [Ru@PNNP)] systems, the imino derivatives
display a very low activity as compared to the amino
analogued®c21 By contrast, catalytic studies performed by
Gimeno and co-workers on [RufP)(PN)F? show that amino
and imino derivatives have the same activity.

Furthermore, under analogous experimental conditions, the
imine and amine derivatives display the same catalytic activity.

Results and Discussion

Synthesis and Characterization of Ligands and Com-
plexes.The tridentate PNNigands (N= imine or amine donor
and N = pyridine) employed in this work show a combination
of triphenylphosphine and ortho substituted pyridines with a
C; or G, chain and linked through an imine or amine moiety
(Figure 2).

We describe here the synthesis and characterization of the Similar to the synthesis af,?? the liganda was prepared by

complexesl—5 of the general formula [RuCIX(PRJ{PNN)]

(X = CI, H), bearing tridentate ligands showing phosphine,
imino versus amino and pyridine donors, obtained froPP2+
CsH4CHO) and ampy or 2-(aminoethyl)pyridine (Figure 1).
These complexes in a basic 2-propanol solution at reflux
efficiently catalyze the transfer hydrogenation of numerous
ketones with a very high rate (TOF up to 250 000Y)h

(11) (@) Yang, H.; Lugan, N.; Mathieu, FC. R. Acad. Sci., Ser. lic:
Chim.1999 2, 251. (b) Yang, H.; Alvarez-Gressier, M.; Lugan, N.; Mathieu,
R. Organometallicsl997 16, 1401. (c) Yang, H.; Alvarez, M.; Lugan, N.;
Mathieu, R.J. Chem. Soc., Chem. Commu®95 1721.

(12) (a) Enthaler, S.; Hagemann, B.; Bohr, S.; Anilkumar, G.; Tse, M.
K.; Bitterlich, B.; Junge, K.; Erre, G.; Beller, MAdv. Synth. Catal2007,
349 853. (b) Jiang, Y.; Jiang, Q.; Zhang, X.Am. Chem. S0d.998 120,
3817.

(13) Jiang, Y.; Jiang, Q.; Zhu, G.; Zhang, Xetrahedron Lett1997,

38, 215.

(14) Jiang, Q.; Van Plew, D.; Murtuza, S.; Zhang, Détrahedron Lett.
1996 37, 797.

(15) Flores-Lpez, C. Z.; Flores-Lpez, G. A.; Aguirre, G.; Heelberg,
L. H.; Parra-Hake, M.; Somanathan, R. Mol. Catal. A: Chem2004
215 73.

(16) Dai, H.; Hu, X.; Chen, H.; Bai, C.; Zheng, Zletrahedron:
Asymmetrn2003 14, 1467.

(17) (a) Yamakawa, M.; Ito, H.; Noyori, RI. Am. Chem. So200Q
122 1466. (b) Haack, K. J.; Hashiguchi, S.; Fuijii, A.; lkariya, T.; Noyori,
R. Angew. Chem., Int. Ed. Endl997, 36, 285. (c) Takehara, J.; Hashiguchi,
S.; Fujii, A.; Inoue, S.; Ikariya, T.; Noyori, RChem. Commurl996 233.

(18) (a) Baratta, W.; Sctim, J.; Herdtweck, E.; Herrmann, W. A.; Rigo,
P.J. Organomet. Chen2005 690, 5570. (b) Baratta, W.; Del Zotto, A.;
Esposito, G.; Sechi, A.; Toniutti, M.; Zangrando, E.; Rigoganome-
tallics 2004 23, 6264. (c) Baratta, W.; Da Ros, P.; Del Zotto, A.; Sechi,
A.; Zangrando, E.; Rigo, PAngew. Chem.nt. Ed. 2004 43, 3584.

(19) (a) Baratta, W.; Herdtweck, E.; Siega, K.; Toniutti, M.; Rigo, P.
Organometallics2005 24, 1660. (b) Ohkuma, T.; Sandoval, C. A.;
Srinivasan, R.; Lin, Q.; Wei, Y.; Muag, K.; Noyori, R.J. Am. Chem. Soc.
2005 127, 8288.

(20) (a) Baratta, W.; Bosco, M.; Chelucci, G.; Del Zotto, A.; Siega, K.;
Toniutti, M.; Zangrando, E.; Rigo, ®rganometallic2006 25, 4611. (b)
Baratta, W.; Chelucci, G.; Gladiali, S.; Siega, K.; Toniutti, M.; Zanette,
M.; Zangrando, E.; Rigo, PAngew. Chem.nt. Ed. 2005 44, 6214.

(21) Noyori, R.; Hashiguchi, SAcc. Chem. Red997, 30, 97.

treatment of 2-(diphenylphosphino)benzaldehyde with ampy in
toluene at reflux (Scheme 1).

It should be noted that few rhodium complexes have been
described witha, but this compound was not characteriZéd.
The amino PNN ligand b was isolated in good vyield by
reduction of the in situ formed, prepared in methanol in
the presence of N80, with NaBH; at room temperature
(Scheme 1).

The thermally stable compléxans[RuCk(PPh)(a)] (1) was
easily synthesized by treatment of [Ru@P3)3] with 1.1 equiv
of a in dichloromethane at room temperature foh (eq 1).

N N= PhaP////,.,,RI wnN
()
PhaP? | WNH

H
Cl

Ph,R L
RuCl(PPhg); + 6

b

CHyCl,
—_— 1)
RT,1h

1

The 31P{IH} NMR spectrum ofl in the CD:Cl, solution
shows two doublets at 46.6 and 41.8 witBJ(PP)= 29.6 Hz,
indicating a cis arrangement of the two phosphorus atyms.
ThelH NMR signals for the methylene groups appeab 4t61,
4.46, 4.09, and 3.77, whereas in fR€{'H} spectrum, the two
CH, groups are at 60.2 and 53.8 (dJ(CP) = 5.1 Hz), the
latter attributable to the carbon bound to the phenyl ring. The
IR spectrum of compleX shows a single’r,—c) band at 321
cm~1, which supports a trans arrangement of the Cl atoms. The
molecular structure df was definitively confirmed by an X-ray

(22) Ruke, R. E., Kasjager, V. E., Wehman, P.; Elsevier, C. J.; van
Leeuwen, P. W. N. M.; Vrieze, K.; Faanje, J.; Goubitz, K.; Spek, A. L.
Organometallics1996 15, 3022.

(23) Masson, J. P.; Bahsoun, A. A.; Youinou, M. T.; Osborn, JCA.

R. Chim.2002 5, 303.

(24) Pregosin, P. S.; Kunz, R. \R*P and*3C NMR of Transition Metal

Phosphine ComplexgSpringer: New York, 1979; p 89.
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Figure 3. Ball-and-stick modéP-260of 1 in the solid state. Selected
bond lengths (A): RuCl1 2.413(2), Rt-ClI2 2.391(2), Re-P1
2.297(2), Ru-P2 2.321(2), RuN1 2.170(5), Ru-N8 2.148(5),
N8—C7 1.478(9), and N8C9 1.480(9) and bond angles (deg):
Cl1-Ru—CI2 169.18(6), CI+Ru—P1 88.24(6), ClI+Ru—P2
101.19(6), C+Ru—N1 85.3(2), Cl:-Ru—N8 81.9(1), Cl2-Ru—
P1 93.90(6), CI2Ru—P2 89.04(6), C2Ru—N1 89.8(2), Cl2-
Ru—N8 87.5(1), P+-Ru—P2 97.79(6), PtRu—N1 163.7(1), P+
Ru—N8 88.7(1), P2Ru—N1 98.1(1), P2Ru—N8 172.9(1), N1
Ru—N8 75.7(2), and CZN8—C9 111.7(5).

analysis carried out on a single crystal. The ruthenium center

of 1is in a pseudo-octahedral environment with the tridentate
PNN ligand adopting a mer arrangement with two cis phos-
phorus atoms and two trans chlorides (Figure 3). The-Rl
and the Ru-N8 distances are similar (2.170(5) and 2.148(5)
A) and relatively long, due to the phosphine trans influence.
The Cl1-Ru—CI2 angle is 169.18(8) while the PE-Ru—N1
angle is 163.7(T)with a short N--Ru—N8 angle (75.7(2).

The two phosphorus and two nitrogen atoms are displaced by

+0.074(3) and—0.079(3) A from the best-fit plane. The
arrangement of the PNN ligand leads one-i bond to be
almost parallel to the RuCI1 bond (H8-N8—Ru—ClI1 dihedral
angle of about—10° with a H&--Cl1 distance of 2.46 A),

suggesting a possible intramolecular hydrogen bond interac-

tion.2” This structure resembles that of relatedns[RuCly-
(PPh)(PNN)] andtrans[RuChL(PPR)(PNNP*)] complexes (P*

denotes an uncoordinated phosphorus atom) bearing ligands withg

amino or imino group$®

(25) Data collection was aborted due to low crystal quality. The quick

Del Zotto et al.

The reaction between [RusPPh)s] and appropriate imino
PNN' ligand in toluene at 90C afforded the six-coordinate
complexegrans[RuCl(PPR)(PNN)] [PNN' = &, (2); ¢, (3)],
isolated in high yield (Scheme 2).

The 3P{H} NMR spectra of2 in CD,Cl, solution shows
two doublets at) 33.2 and 53.2%)(PP) = 28.3 Hz], whereas
the resonances f&are atd 31.5 and 49.47)(PP)= 29.1 Hz],
indicating a cis P-Ru—P arrangement. In th#d NMR spectra
of complexe2 and3, the signal of the HEN proton ato ca.

8.8 shows'J(P,H) of 8.2 and 7.1 Hz, respectively, as established
by heteronucleaP—!H correlation. These values are in accord
with a mutual trans arrangement of the imine nitrogen and
PPh.2° As a matter of fact, in the related square-planar
complexes [MCI¢)]PFs (M = Pd or Pt), in which the imine
moiety is cis to the phosphorus atom, almost negligtd(®,H)
values for the HEN proton (1.7 and 0.5 Hz, respectively) have
been observedf. The IR spectrum of exhibits a single Rt

Cl stretching mode at 320 crh indicating that this species is
isostructural withl. On the contrary, two bands of comparable
intensity at 312 and 320 cth are observed foB, in agreement
with a cis CHRu—CI arrangement. Therefore, while in com-
plexesl and2 the shorter tridentate ligand is mer coordinated,
complex3 shows a different stereochemistry with the longer
ligand ¢ displaying a fac arrangement. The vinylidene
derivativestrans[RuCIl(CCHR)()] (R = Ph, 'Bu) recently
reported by Spivak and co-workers show a trans Rl—Cl
arrangement!

Complexe® and3 are stable in the solid state but decompose
slowly in solution.!H and3P NMR spectra indicate a fluxional
behavior in the whole range of 29383 K. IH spectra of2
and3, as well as thé3C{H} spectrum of the former complex,
were recorded at 193 K, while even at low temperatusded
to poor quality’3C{H} NMR spectra. Thé'P NMR monitoring
of CDCl; solutions of both2 and 3 evidenced complicated
patterns after a few hours, consistent with the formation of two
derivatives bearing PBhand PNN ligands as well as three
species arising from the dissociation of BPBecause of the
formation of equilibrium mixtures, isolation of a single species
was not possible. By contrast, the amino comdlés stable in
solution, and the!H and 3P spectra show sharp signals,
suggesting that i2 and3, the imino donor ligand exerts a trans-
labilizing effect on triphenylphosphine, leading to the labile
pecies.

The monohydride completxansmer[RUHCI(PPh)(b)] (4)
was isolated following the procedure adopted for the preparation

solution revealed non-resolvable disordered solvent molecules. CompoundOf transcis-[RUHCI(PPh),(ampy)]°2 The reaction between

1: [(CagHzsCloN2PRu), n(CH2Cly), light brown fragment (0.38 mm 0.45

mm x 0.48 mm), monoclinicC2/c (No. 15),a = 37.2956(10) Ab =
9.9079(3) A,c = 24.8352(5) A8 = 90.938(2}, V = 9175.9(4) B, Z =

8. Preliminary examination and data collection were carried out on
ak-CCD device (Oxford Diffraction, Xcalibur) with an Oxford Cryosystems
cooling system at the window of a sealed tube (Enhance X-ray Source,
Spellman, DF3) with graphite monochromated Ma Kadiation ¢ =
0.71073 A). Data collection was performed at 153 K. Full-matrix least-
squares refinements were aborted at-RD.0686 (6984 intensitied, >
20(lo)) and wR2= 0.1693 (8431 intensities, all data).

(26) Brandenburg, KDiamond version 3.1¢ Crystal Impact GbR:
Bonn, Germany, 2006.

(27) (a) Brammer, LDalton Trans.2003 3145. (b) Steiner, TAngew.
Chem, Int. Ed. 2002 41, 48. (b) Aullon, G.; Bellamy, D.; Brammer, L.;
Bruton, E. A.; Orpen, A. GChem. Commurl998 653. (c) Peris, E.; Lee,
G. C.; Rambo, J. R.; Eisenstein, O.; Crabtree, RJHAm. Chem. Soc.
1995 117, 3485. (d) Yap, G. P. A.; Rheingold, A. L.; Das, P.; Crabtree, R.
H. Inorg. Chem.1995 34, 3474.

(28) (a) Boubekeur, L.; Ulmer, S.; Ricard, L.; Mezailles, N.; Le Floch,
P.Organometallic2006 25, 315. (b) Wong, W. K.; Chen, X. P.; Pan, W.
X.; Guo, J. P.; Wong, W. YEur. J. Inorg. Chem2002 231.(c) Wong,

W. K.; Chen, X. P.; Guo, J. P.; Chi, Y. G.; Pan, W. X.; Wong, W. Y.
Dalton Trans.2002 1139. (d) Stoop, R. M.; Bachmann, S.; Valentini, M.;
Mezzetti, A. Organometallic200Q 19, 4117.

equimolar amounts of [RuHCI(PB] and b in refluxing
heptane afforded a 3:1 mixture & and a closely related
monohydride isomerd NMR for RuH até —16.91 withJ(HP)
= 21.6, 28.2 Hz;3 P NMR: ¢ 66.5 and 62.7 withl(PP) =
32.8 Hz), which in dichloromethane converts idtcSimilar to
4, the complextransmer[RuHCI(PPh)(a)] (5) was prepared
from [RuHCI(PPR)3] and a in heptane (Scheme 3).
The3P{1H} NMR spectra o4 and5 show two doublets at
0 64.3 and 66.5J(PP)= 33.0 Hz] and 57.8 and 67.4J(PP)
= 29.8 Hz], respectively, indicating a cis arrangement of the
two phosphorus atoms. In the high field region of theNMR
spectra, a doublet of doublets is present atéca.17, and the

(29) Pelagatti, P.; Bacchi, A.; Balordi, M.; BdlanS.; Calbiani, F.; Eviri,
L.; Gonsalvi, L.; Pelizzi, C.; Peruzzini, M.; Rogolino, Eur. J. Inorg.
Chem.2006 2422.

(30) Del Zotto, A.; Zangrando, E.; Baratta, W.; Felluga, A.; Martinuzzi,
P.; Rigo, P.Eur. J. Inorg. Chem2005 4707.

(31) Beach, N. J.; Walker, J. M.; Jenkins, H. A.; Spivak, G.JJ.
Organomet. Chen2006 691, 4147
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size of the N,N bound rings, show a remarkable different
activity. As a matter of fact, compleXresulted in being much
more active thal, as inferred from the TOF value2:(185 000
h=1, 3: 21000 h%; Table 1). This is also consistent with our
previous finding, which shows that the substitution of ampy
with 2-(aminoethyl)pyridine, in the complexes [RuPh),-
(NN")], resulted in lower catalytic performanc&sMost prob-
ably, the presence of a five-membered chelate rirggives a
higher stability to the six-coordinate complex with a neat

in agreement with the presence of two P atoms both cis to increase of its catalytic efficiency. On the basis of the high

hydride, as fotranscis-[RuHCI(PPRh),(ampy)]1°It should be
noted that a trans HRu—Cl arrangement characterizes other
Ru(ll) complexes with a HCIfN, donor set, namely, [RuHCI-
(PX(NN)],%2 [RUHCI(PP)(NN)]22 [RUHCI(PN)],3* and [RuUHCI-
(PNNP)]3 reported by Morris and co-workers.

Catalytic Transfer Hydrogenation. The reduction of ac-

activity shown by comple® in the transfer hydrogenation of
acetophenone, we decided to further explore its catalytic
potential in the reduction of other ketones. The results are listed
in Table 2. Generally, a good efficiency of compl@xas a
precatalyst has been observed for all substrates employed. The
higher TOFs £250 000 h1) were obtained for the acetophe-

etophenone to 1-phenylethanol by 2-propanol has been chosemone derivatives showing a chloro atom in the meta or para
as a model reaction to explore the catalytic behavior of position (Table 2, entries 3 and 4). Conversely, the chloro atom
complexesl—3 in transfer hydrogenation. The catalytic trials in the ortho position leads to a much lower TOF (70 008)h
were carried out using a 0.1 M solution of the substrate, 0.1 (Table 2, entry 2). The whole trend can be rationalized in terms
mol % of catalyst, and 4 mol % of (GHHCHONa freshly of steric hindrance, which is kinetically relevant when the chloro
prepared from elemental sodium (eq 2). A 2-propanol solution atom is in the ortho position. Lower TOFs with respect to that
containing the catalyst and base was added to a 2-propanolobserved for acetophenone (Table 2, entry 1) were found for
solution of the substrate kept at reflux. During the dissolution cyclic and linear aliphatic ketones (Table 2, entries7%. Using

of the Ru(ll) complex into the alcohol, which was accomplished complex?2 as the catalyst, 1-phenylethanol was prepared on a

within few minutes, the color of the solution changed from-red

brown to greenish yellow.
o} OH

OH o}
)‘\Q . )\ /K@ . )k )

The amino complexl has been found to catalyze the

[Ru]

—_—

(CH3),CHONa

gram-scale in nearly quantitative yield and 96% purity.

It is noteworthy that the amino and imino complexXeand
2 display the same activity for the reduction of acetophenone
under these conditions. Similar catalytic activity for phosphine/
imine versus phosphine/amine complexes [R(FPH)(PN)]
has been reported by Gimeno and co-worki®n the basis
of these results, we were stimulated to investigate the catalytic
behavior of the tetradentate diimino versus diamino complexes

quantitative reduction of acetophenone to 1-phenylethanol in 2 [RUCL(PNNPY}] 6 and7, respectively (Figure 4). Complek

min, affording a turnover frequency number of 190 000 at

has been described by Gao et al. and Noyori é22#lto be an

50% conversion. which is a value of the same order to that €Xcellent precatalyst for the transfer hydrogenation of ketones,

reported for the related complexeis,cis-[RuCly(diphosphine)-
(ampy)]*®@ The imino derivative2 and 3, displaying a trans
and cis C+Ru—Cl arrangement, respectively, and a different

(32) (a) Abdur-Rashid, K.; Abbel, R.; Hadzovic, A.; Lough, A. J.; Morris,
R. H. Inorg. Chem.2005 44, 2483. (b) Abdur-Rashid, K.; Lough, A. J.;
Morris, R. H. Organometallic200Q 19, 2655.

(33) Abdur-Rashid, K.; Lough, A. J.; Morris, R. HDrganometallics
2001 20, 1047.

(34) Guo, R.; Lough, A. J.; Morris, R. H.; Song, @rganometallics
2004 23, 5524.

(35) Rautenstrauch, V.; Hoang-Cong, X.; Churlaud, R.; Abdur-Rashid,
K.; Morris, R. H. Chem—Eur. J. 2003 9, 4954.

while 6 showed a poor activity in the presence of a low base
amount (base/Rer 0.5).

In the catalytic conditions adopted by us (i.e., in the presence
of an excess of base and under reflux), interestingly, complexes
6 and7 showed substantially the same catalytic activity (TOF:
6, 27 000 h'l; 7, 26 000 hl, Table 1), thus confirming that
there is no difference between the catalytic performances of
complexes with phosphine/imine or phosphine/amine ligands.
These results may suggest that during catalysis, the imino

(36) Baratta, W. et al., unpublished results.
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Table 1. Catalytic Transfer Hydrogenation of Acetophenone
with Complexes 1-72

complex yield % (mir¥) TOF (hbe
1 98 (2) 190 000
2 98 (2) 185 000
2d 97 (12) 125 000
3 98 (15) 21 000
4 96 (15) 16 000
5 96 (15) 15 000
6 97 (20) 27 000
7 96 (20) 26 000

a Experimental conditions: reactions carried out af@2acetophenone
0.1 M in 2-propanol, acetophenone/complex/gz@HONa= 1000:1:40.
b Determined by GC analysi8 Turnover frequency (mol of substrate per
mol of complex per hour) at 50% conversichAcetophenon&/
(CHg),CHONa= 5000:1:40.

Table 2. Catalytic Transfer Hydrogenation of Ketones with
Complex 2

Entry Substrate Product Yield % (min)® | TOF (h")°
o OH
1 )k© /KQ 98(2) 185000
o OH
2 )‘I) )j@ 97(5) 70000
Cr Cr
o OH
s |0 0 (1) 250000
a (e}
o OH
4 )‘\Q /n 99(1) 240000
cl cl
[ OH
5 é é 98(10) 33000
o OH
6 é @ 99(4) 54000

a Experimental conditions: reactions carried out af82acetophenone
0.1 M in 2-propanol, acetophenone/complex/gzBHONa= 1000:1:40.
b Determined by GC or GC-MS analysisTurnover frequency (mol of
substrate per mol of complex per hour) at 50% conversion.

f CI f f E
R Lt Iy, '||I|
N0 SIS

th Cl  Phy Ph CI th

Figure 4.

complex precursors are converted to amino species for which

the presence of the NH moiety is responsible for the high
rate. The reduction of the=EN function of the coordinated
ligand into a CH-NH bond is therefore favored by the excess

Del Zotto et al.

of the ampy moiety that, as we previously reported, enables
fast hydrogen transfer reactions (i.e., a ligand acceleration
effect)18

The monohydride complexe$ and 5 do not catalyze the
reduction of acetophenone in the absence of base, suggesting
that a dihydride species should be involved in the catalysis.
Under the catalytic conditions adopted with completes3,
also4 and5 induce the reduction of acetophenone but at lower
rates (TOF= 16 000 h* 4; 15 000 h! 5), which can be ascribed
to the formation of different isomer dihydride species. A lower
performance of hydride versus chloride Ru(ll) precatalysts has
also been reported by other auth&t#s regards the catalytic
cycle, the precursors—5 undergo different rapid transforma-
tions to give the catalytically active species. With the imino
ligands, the formation of Ruhydride complexes leads to
concomitant reduction of the €N bond, affording amino
ligands. According to our study ocis-[RuCl(PP)(ampy)[2
it is likely that with 15, the transfer hydrogenation occurs via
the amino [RUHX(PP§(PNN)] (X = H, OR) species, involv-
ing S-hydrogen elimination versus ketone insertion reactib#ts.

Conclusion

In summary, we have described the ruthenium complexes
[RuCL(PPH)(PNN)] with tridentate PNN ligands containing
phosphine (P), amine or imine (N), and pyridyl donor groups
(N"), which are efficient catalytic precursors for the transfer
hydrogenation of ketones. In the trans complekesd?2, the
PNN' ligands containing a five-membered Nblycle adopt a
mer arrangement, while a fac geometry has been observed for
the cis3, characterized by a six-membered Ndycle. Interest-
ingly, in the catalytic transfer hydrogenation, the trans complexes
1 and2 are the most active and show similar rates, suggesting
that during the catalysis, the=€N group is reduced, affording
the amine N-H moiety, which is a prerequisite to achieve high
activity. Work is in progress to extend the chemistry of imino
ruthenium complexes in asymmetric transfer hydrogenation.

Experimental Procedures

General Remarks and Instrumentation. All reagents were
purchased from Aldrich and used without further purification.
Commercial reagent grade solvents were dried according to standard
methods and freshly distilled under argon before use. All syntheses
and manipulations were carried out in an atmosphere of argon using
standard Schlenk techniques. The ligah(2-(diphenylphosphino)-
benzylidene)(2-(2-pyridyl)ethyl)amine)g? and complexes [Rugl
(PPh)3]#° and [RuHCI(PPk3]** were synthesized according to
literature procedures.

ThelH, 13C, and®!P NMR spectra (at 200.13, 50.32, and 81.02
MHz, respectively) were recorded on a Bruker AC 200 F QNP
spectrometer. ThéH and13C chemical shifts were referenced to
SiMey, while positive3P chemical shifts were downfield from 85%
H3PQO, as the external standard. The GC-MS analyses, run to control
the identity of the compounds obtained in the catalytic trials, were
carried out with a Fisons TRIO 2000 gas chromatograph-mass

of a strong base and at high temperature. Ruthenium complexespectrometer working in the positive ion 70 eV electron impact

have been found to catalyze the transfer hydrogenation of

aldimines in basic alcohol media at high temperatdféekhe
higher activity found for the tridentate PNKompoundsl and
2, as compared to the tetra- or bidentate [R@ENNP)] and
[RuCL(PPHR)(PN)] complexes, is certainly due to the presence

(37) (@) Vi, C. S.; He, Z.; Guzei, |. AOrganometallic2001, 20, 3641.
(b) Mizushima, E.; Yamaguchi, M.; Yamagishi, I..Mol. Catal. A: Chem.
1999 148 69. (c) Wang, G. Z.; Bekvall, J. E.Chem. Commun1992
980.

(38) (a) Gagliardo, M.; Chase, P. A.; Brouwer, S.; van Link, G. P. M.;
van Koten, G.Organometallics2007, 26, 2219. (b) Amoroso, D.; Jabri,
A.; Yap, G. P. A,; Gusev, D. G.; dos Santos, E. N.; Fogg, D. E.
Organometallic2004 23, 4047.

(39) Aranyos, A.; Csjernyik, G.; Szab&. J.; Bakvall, J. E.Chem.
Commun.1999 351.

(40) Stephenson, T. A.; Wilkinson, @. Inorg. Nucl. Chem1966 28,
945.

(41) Amoroso, D.; Snelgrove, J. L.; Conrad, J. C.; Drouin, S. D.; Yap,
G. P. A;; Fogg, D. EAdv. Synth. Catal2002 344, 757.
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mode. The injector temperature was kept at 250and the column
(Supelco SE-54, 30 m long, 0.25 mm i.d., coated with a/0b
phenyl methyl silicone film) temperature was programmed from
50 to 280°C with a gradient of 10C/min. The GC analyses of

the catalytic mixtures were run on a Fisons GC 8000 Series gasc 4ioms

chromatograph equipped with a Supelco PTA-5 column (30 m long,
0.53 mm i.d., coated with a 3.@m poly(5% diphenyl-95%
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dried under reduced pressure. Yield: 269 mg, 82%. Anal. calcd
for C43H33C|2N2P2RU (81672) C, 63.24%; H, 4.69%; N, 3.43%.
Found: C, 62.93%; H, 4.68%; N, 3.38%. IR (polyethene): 321
cm (Vry—c))- 3P NMR (CD,Cly, 295 K): 6 46.6 (d,J(PP)= 29.6
Hz), 41.8 (d J(PP)= 29.6 Hz).*H NMR (CD.Cl,, 295 K): ¢ 8.27

(d, J(HH) = 4.0 Hz, 1H, pyridine), 7.86.9 (m, 27H, aromatic
and pyridine), 6.61 (tJ(HH) = 7.1 Hz, 1H, pyridine), 6.55 (tJ(HH)

= 7.1 Hz, 1H, pyridine), 5.94 (J(HH) = 8.2 Hz, 2H, aromatic),
5.55 (t,J(HH) = 12.4 Hz, 1H, aromatic), 4.61 @(HH) = 8.4 Hz,
1H, CH,), 4.46 (t,J(HH) = 8.4 Hz, 1H, CH), 4.09 (dt,J(HH) =
13.4, 3.2 Hz, 1H, CH), 3.77 (m, 1H, CH), 0.50 (br s, 1H, NH).
13C{1H} NMR (CD,Cl,, 295 K, see Figure 5 for the numbering of
13C—31p coupling constants (in Hz) are reported in
brackets):6 161.0 (G), 157.7 (G9), 139.7 [13.8] (§), 136.7 (C),
135.9 (@Y, 135.1 [5.7] (G), 134.2 [8.9] (C), 132.6 (C), 131.2

dimethylsiloxane) film). The injector and column temperatures were [7.9] (C9), 130.2 [54.7] (@), 129.2 [25.0] (©), 128.0 [4.2] (@)
as indicated previously. The elemental analyses (C, H, and N) Werelz'7l1 (@5 121'3 (GE’) 121’.1 (G.Z) 60.-2 @) ’56.7l[5.1j ©. '

carried out in the Microanalytical Laboratory of the Dipartimento
di Scienze e Tecnologie Chimiche, UniversitdJdine, with a Carlo
Erba 1106 elemental analyzer.

Synthesis of Ligand a.2-(Diphenylphosphino)benzaldehyde
(580 mg, 2.0 mmol) and 2-(aminomethyl)pyridine (238 mg, 2.2
mmol) were stirred in toluene (20 mL), and the mixture was
refluxed for 1 h. A yellow oil was obtained upon elimination of
the solvent under reduced pressure. Twice, the treatment witl
dichloromethane (10 mL)/cola-hexane (50 mL) resulted in a
purification of the product, which, however, did not crystallize.
Yield: 657 mg, 86%3P{*H} NMR (CDCls, 295 K): 6 —13.0.
1H NMR (CDClg, 295 K): 6 9.05 (dt,J(HH) = 1.3 Hz,Juyp = 4.8
Hz, 1H, HG=N), 8.48 (ddd,J(HH) = 2.0, 0.7, 0.5 Hz, 1H,
pyridine), 8.04 (dddJ(HH) = 1.6, 0.6 Hz,J4p = 3.9 Hz, 1H,
aromatic), 7.47 (dtJ(HH) = 3.0, 0.7 Hz, 1H, pyridine), 747.0
(m, 12H, aromatic), 7.06 (dddj(HH) = 3.0, 2.0, 0.5 Hz, 1H,
pyridine), 7.6-6.8 (m, 2H, pyridine and aromatic), 4.83 (s, 2H,
CH,). 3C{*H} NMR (CDCl;, 295 K, see Figure 5 for the numbering
of C atoms,13C—31P coupling constants (in Hz) are reported in
brackets):6 162.0 [20.2] (C), 159.1 (G), 148.8 (C%), 139.3 [17.7]
(CY, 136.5 [9.8] (C), 136.5 (G, 137.6 [19.5] (©), 133.9 [20.1]
(C°), 133.4[9.5] (©), 130.4 [1.2] (C), 128.9 (C), 128.8 (®), 128.5
[8.5] (CM), 128.1 (C), 122.1 (CY), 121.7 (C?, 66.5 (O).

Synthesis of Ligand b. 2-(Diphenylphosphino)benzaldehyde
(580 mg, 2.0 mmol) and 2-(aminomethyl)pyridine (238 mg, 2.2
mmol) were stirred at room temperature in methanol (20 mL) in
the presence of an excess of 88, (710 mg, 5.0 mmol) for 3 h.
Then, after elimination of the solid by filtration, NaBH76 mg,

Synthesis oftrans-[RuCl(PPhg)(a)] (2). A mixture of [RUCh-
(PPh)3] (815 mg, 0.85 mmol)a (358 mg, 0.94 mmol), and toluene
(20 mL) was stirred at 90C for 20 min. The resulting purptered
mixture was cooled, anathexane (20 mL) was added to complete
the precipitation of the product. The pirburple solid was filtered
off, washed witm-hexane and ethyl ether, and dried under reduced

jPressure. Yield: 610 mg, 88%. Anal. calcd fox3B3¢Cl.N,P,Ru

(814.70): C, 63.39%; H, 4.45%; N, 3.44%. Found: C, 63.15%;
H, 4.48%; N, 3.33%. IR (polyethene): 320 ch{vgryc). 3'P NMR
(CD,Cly, 295 K): ¢ 53.2 (d,J(PP)= 28.3 Hz), 33.2 (dJ(PP)=
28.3 Hz).'H NMR (CD.Cl,, 193 K): ¢ 8.84 (m, 1H, HG=N),
8.17 (m, 3H, aromatic and pyridine), #8.2 (m, 28H, aromatic
and pyridine), 5.52 (m, 2H, aromatic), 5.16 (m, 1H, {H1.46
(m, 1H, CH). B3C{H} NMR (CD.Cl,, 193 K, see Figure 5 for the
numbering of C atomsi3C—3'P coupling constants (in Hz) are
reported in brackets)d 166.3 (C), 156.4 (G3), 136.9 [14.5] (®),
136.5 (C), 135.5 (GY), 135.4 [4.7] (@), 134.7 [7.3] (C), 133.7
(C9), 132.0 [2.6] (G), 130.1 [49.3] (@), 129.6 [22.1] (®), 129.2
(C?), 127.4 [5.0] (@), 125.5 (G9), 122.4 (G?), 74.5 (C), 55.1
[3.9] (C").

Synthesis ofcis-[RUCI,(PPh)(c)] (3). To [RUCKL(PPh)3] (575
mg, 0.60 mmol) ana (260 mg, 0.66 mmol) was added 20 mL of
toluene, and the slurry was stirred at@for 20 min. The resulting
deep red mixture was cooled, andhexane (30 mL) was added to
complete the precipitation of the product. The brick-red solid was
filtered off, washed witm-hexane and ethyl ether, and dried under
reduced pressure. Yield: 453 mg, 91%. Anal. calcd foiHgs

2.0 mmol) was added, and the mixture was gently warmed for 30 Cl2N2P,Ru (828.72): C, 63.77%; H, 4.62%; N, 3.38%. Found: C,

min at 45°C. The solvent was eliminated under reduced pressure,

and after the addition of water (10 mL), the organic material was
extracted with ethyl ether (X 10 mL). The desired product was
obtained as a yellow oil by pumping off the solvent under reduced
pressure. Yield: 536 mg, 70%P{*H} NMR (CDCl;, 295 K): 6

= —15.3.'H NMR (CDCl;, 295 K): 8.40 (d,J(HH) = 4.1 Hz,

1H, pyridine), 7.6-6.9 (m, 16H, aromatic and pyridine), 6.82 (dd,
JHH) = 4.1, 2.1 Hz, 1H, pyridine), 3.95 (s, 2H, GK 3.73 (s,
2H, CH,), 2.06 (br s, 1H, NH)*3C{'H} NMR (CDCl;, 295 K, see
Figure 5 for the numbering of C atom8C—31P coupling constants
(in Hz) are reported in brackets}i 159.9 (C), 149.1 (G9), 144.3
[23.8] (CY), 136.8 [10.2] (®), 136.3 (GY), 135.7 [14.1] (C), 133.8
[19.6] (C°), 131.9 [9.6] (©), 129.1 [5.4] (C), 129.0 (C), 128.8
(CP), 128.6 [7.0] (), 127.21 (C), 122.0 (C9), 121.7 (G?, 54.5
(C®), 51.9 [21.0] (C).

Synthesis oftrans-[RuCl»(PPhg)(b)] (1). [RuCkL(PPh)] (383
mg, 0.40 mmol) was dissolved in dichloromethane (5 mL), and to
the solution was addet (168 mg, 0.44 mmol) dissolved in
dichloromethane (1 mL). The solution was stirred at room tem-
perature fo 1 h and then concentrated to ca. 3 mL. The addition
of ethyl ether (15 mL) afforded a light brown precipitate. The
product was isolated by filtration, washed with ethyl ether, and

63.04%; H, 4.60%; N, 3.29%. IR (polyethene): 320, 312&m
(VrRu-c1). 3P NMR (CD,Cly, 295 K): 6 49.4 (d,J(PP)= 29.1 Hz),
31.5 (d,J(PP)= 29.1 Hz).'H NMR (CD.Cl,, 193 K): 6 8.82 (m,
1H, HC=N), 8.58 (m, 1H, pyridine), 8.33 (m, 3H, aromatic and
pyridine), 7.76.1 (m, 26H, aromatic and pyridine), 5.57 (m, 3H,
aromatic), 4.03 (m, 2H, CH), 2.74 (m, 2H, CH).

Synthesis oftrans-[RUHCI(PPh3)(b)] (4). [RuUHCI(PPh);] (185
mg, 0.20 mmol) and (84 mg, 0.22 mmol) were suspended in
n-heptane (10 mL), and the slurry was refluxed for 2 h. The solid
was filtered off, washed with ethyl ether, and dried under reduced
pressure. The product was then dissolved in dichloromethane (5
mL), and the solution was stirred for 30 min. Concentration and
addition ofn-pentane afforded a redbrown precipitate, which was
filtered, washed witm-pentane, and dried under reduced pressure.
Yield: 92 mg, 59%. Anal. calcd for £gH3sCIN,P,Ru (782.28): C,
66.02%; H, 5.03%; N, 3.58%. Found: C, 65.93%; H, 4.98%; N,
3.51%.31P NMR (CDxCl,, 295 K): ¢ 66.5 (d,J(PP)= 33.0 Hz),
64.3 (d,J(PP)= 33.0 Hz).1H NMR (CD,Cl,, 295 K): & 7.96 (d,
1H, pyridine), 7.8-6.7 (m, 30H, aromatic and pyridine protons),
6.70 (t, 1H, aromatic), 6.46 (t, 1H, aromatic), 4.59 (t, 1H,ALH
4.30 (dt, 1H, CH), 3.89 (m, 2H, CH), 3.73 (m, 1H, NH),—17.72
(dd, J(HP) = 24.5, 31.6 Hz, 1H, RttH). 13C{H} NMR (CD.Cl,,
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295 K, see Figure 5 for the numbering of C atof6;—31P coupling
constants (in Hz) are reported in brackets):162.7 (C), 156.6
(C13), 138.9 [14.2] (©), 137.1[42.6] (C), 135.0 (C), 134.2 [8.2]
(C?), 134.8 (GY, 134.3 [9.8] (@), 132.3 (C), 131.4 [7.2] (©),
129.2 [17.8] (@), 128.6 [2.3] (@), 127.4 [8.5] (C), 122.8 (CO),
119.8 (G?, 63.2 (@), 59.6 [7.1] (C).

Synthesis oftrans-[RUHCI(PPh3)(a)] (5). [RUHCI(PPh);] (232
mg, 0.25 mmol) and (107 mg, 0.28 mmol) were suspended in
n-heptane (15 mL), and the slurry was refluxed for 2 h. The brown
solid was filtered off, washed with ethyl ether, and dried under
reduced pressure. Yield: 134 mg, 68%. Anal. calcd fosHg-
CIN,P;Ru (780.26): C, 66.19%; H, 4.78%; N, 3.59%. Found: C,
66.01%; H, 4.71%; N, 3.50%6P NMR (CD.Cl,, 295 K): 6 67.4
(d, J(PP)= 29.8 Hz), 57.8 (dJ(PP)= 29.8 Hz).!H NMR (CD,-
Cl,, 193 K): ¢ 8.59 (m, 1H, H&G=N), 7.87 (m, 1H, pyridine), 7.7
6.4 (m, 31H, aromatic and pyridine), 5.51 (m, 1H, aromatic), 4.96
(m, 1H, CH), 4.29 (m, 1H, CH), —16.38 (dd J(HP) = 24.6, 30.5
Hz, 1H, Ru-H). 13C{1H} NMR (CD.Cl,, 193 K, see Figure 5 for
the numbering of C atom&3C—31P coupling constants (in Hz) are
reported in brackets)d 158.1 (@), 149.7 (G3), 139.1 [13.5] (®),
136.0 (C), 135.1 [44.3] (@), 134.9 (CY), 134.6 [8.0] (C), 134.0
[6.7] (C%, 132.9 (C), 131.4 [6.1] (C), 130.2 [12.9] (®), 128.4
[2.1] (C?), 128.1 [8.8] (), 124.2 (CY), 121.8 (C?, 65.3 (C),
58.9 [6.3] (C).

General Procedure for the Catalytic Transfer Hydrogenation.

Solutions containing the substrate (a) and the catalyst (b) were
prepared as follows: (a) the organic substrate (1 mmol) was

dissolved into 9 mL of 2-propanol, and (b) the ruthenium complex
(2.5 umol) was suspended into 1.5 mL of 2-propanol, and to the
mixture was added 1 mL of a 0.1 M solution of (5CHONa in

2-propanol. Then, the slurry was gently warmed until complete
dissolution of the complex was achieved. Finally, solution b (1 mL)
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was added to solution a kept at reflux, with immediate starting of
the reaction. For the gas chromatographic analysis of the reaction
mixture, 0.2 mL of solution was extracted by means of a syringe,
cooled, and mixed with 1 mL of ethyl ether. The resulting solution
was passed through a microcolumn filled with silica gel to eliminate
any inorganic material.

Synthesis of {)-1-Phenylethanol. A 500 mL three-necked
round-bottomed flask, equipped with a magnetic stirrer and a
condenser, was charged with compx40.9 mg, 50umol) and
200 mL of a sodium isopropoxide solution in 2-propanol prepared
from Na (46 mg, 2 mmol). The mixture was gently warmed until
a clear solution was obtained. Then, acetophenone (6.00 g, 0.05
mol) in 2-propanol (200 mL) was added, and the solution was
refluxed for 30 min. After cooling, the solvent was pumped off,
and the orangebrown residue was purified by column chroma-
tography using silica gel and ethyl ether as the eluent. Elimination
of the solvent afforded 5.92 g (97%) of the desired product, whose
purity (96%) was checked by GC afH NMR.

Acknowledgment. This research was financially supported
by the Ministero Italiano dell’'Universita della Ricerca (MIUR),
Rome, Italy (COFIN 2005/07 fund). We thank Johnson-Matthey/
Alfa Aesar for a generous loan of ruthenium(lll) chloride hydrate
and P. Polese for carrying out elemental analyses.

Supporting Information Available: Tables of crystal and
data collection parameters, bond lengths, and bond anglek for
This material is available free of charge via the Internet at
http://pubs.acs.org.

OM700647K



