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Summary: Bis-phosphine rutheniumtgrene complexes ha
been found to be highly act and chemoseleet catalysts for

the hydrogenation of aldehydes in the presence of olefinic bonds.
Mechanistic studies, including comparisons with a structural

analogue, reactions of an isolated hydride complex, base
poisoning experiments, and a computational analysis, help

rationalize the preferential hydrogenation of<© bonds, which
is suggested to proceada an ionic outer-sphere mechanism.

Introduction

reduction of aldehydes together with a mechanistic and com-
putational study.

Results and Discussion

Initial experiments, with styrene, benzaldehyde, and 3-phe-
nylpropionaldehyde as substrates, demonstratedlté an
active precatalyst, with comparable conversions, for the hydro-
genation of both €&C and G=0O bonds in toluene at 50C
under 50 bar of K (Table 1). Competition experiments with
laindicated, however, a high preference for the hydrogenation
of benzaldehyde over styrene (82%=0 selectivity). This

~ The catalytic chemoselective reduction of carbonyl groups selectivity was further confirmed by experiments usiragfor
in the presence of olefinic bonds is a particularly challenging the hydrogenation dfans-cinnamaldehyde, with €0 selectiv-
task, since most common catalysts are selective for the reductionity approaching 100%. Similar selectivity was observeddfor

of C=C bonds! and the discovery of active catalysts for this

and1c, with the activity increasing in the ordéb > 1a > 1c.

process is of ongoing importance. The most successful catalystyn pase poisoning experiments using WHtarried out to aid

for this process are arguably ruthenium-based diambis-

mechanistic investigations, benzaldehyde hydrogenation was

phosphine (or diphosphine) complexes, selective for the reduc-dramatically reduced, whereas styrene hydrogenation was

tion of ketone and aldehyde group3With these catalysts,€

enhanced. Large decreases in activity and changes in selectivity

O bonds i, -unsaturated carbonyl compounds can be reduced were also observed for the competition experiment and hydro-

with a selectivity of>99% with TONs up to 10 000. Other
notable examples are ruthenium-RRlH,-3-SQNa) or P(GH4-

genation oftrans-cinnamaldehyde usingja. Furthermore, ad-
dition of mercury, a selective poison for heterogeneous catalysis,

3-SONa); systems, which show pH-tunable selectivity for the did not inhibit catalytic activity significantly (Table T).

hydrogenation of unsaturated aldehydes under biphasic condi-

tions>34although other catalysts are also knoWwrfollowing
earlier work in our group involving the investigation of

In addition to the bis-phosphine complexgsthe catalytic
activity of a structural analogue, [ReFPPhCsH40)(OCMey)-
(p-cymene)]PE (2),2 containing instead a more strongly bound

phosphine dissociation characteristics and prescreening forgnignic chelating P,O ligand and a labile acetone ligand, was

catalytic activity® we report here the activity of the air- and
moisture-stable bis-phosphine rutheniumtidrene complexes,
[RuCI(PRy)(PR3)(p-cymene)]PE (1a, R = Ph, P = p-tol; 1b,

R = R = Ph;1c, R = R = p-tol), for the chemoselective

* Corresponding author. E-mail: paul.dyson@epfl.ch.

(1) (@) Handbook of Homogeneous Hydrogenatiate Vries, J. G.,
Elsevier, C. J., Eds.; Wiley-VCH: Weinheim 2007; Vol 1. (b) Noyori, R.;
Ohkuma, T.Angew. Chem., Ind. E2001, 40, 40.

(2) (&) Wu, J.; Ji, J.-X.; Guo, R.; Yeung, C.-H.; Chan, A. SGbem--
Eur. J.2003 9, 2963. (b) Ohkuma, T.; Koizumi, M.; Doucet, H.; Pham,
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(3) (@) Joo F. Acc. Chem. Re®002 35, 738. (b) J6oF.; Kovas, J.;
Bényei, A. C.; Katho A. Angew. Chem., Int. EA.998 37, 969.

determined in an attempt to assess the role of the chloride ligand
during catalysis. CompleXwas prepared by chloride abstraction
from [RuCl(2-PPhCeH40)(p-cymene)f in CH,Cl,—acetone
with AgPF; (solid-state structure in Figure 1) and showed similar
activity for the hydrogenation of benzaldehyde and 3-phenyl-
propionaldehyde, but much reduced activity for the hydrogena-
tion of styrene (although in the presence of BBttivity is
comparabley. Correspondingly, a high €0 selectivity was
found for the reduction ofrans-cinnamaldehyde using.

The reactivity of complex.b with H, was examined in situ
using a high-pressure sapphire NMR tube under similar condi-
tions (i.e., THF, 50C, 50 bar of H). Formation of the hydride
complex, [RUHCI(PP¥)(p-cymene)] 8), presumably following

(4) These systems have also been the subject of a number of theoreticalphosphine dissociation and dihydrogen coordination, is observed

investigations: (a) Rossin, A.; Kées, G.; Ujaque, G.; Lledn A.; Jog F.
Organometallics2006 25, 5010. (b) Kovas, J.; Ujaque, G.; Lledg A;
Jog F. Organometallics2006 25, 862. (c) Joubert, J.; Delbecq, F.
Organometallic2006 25, 854.

(5) Further examples include: (a) Mebi, C. A.; Nair, R. P.; Frost, B. J.
Organometallic007, 26, 429. (b) Li, R.-X.; Wong, N.-B.; Li, H.-J.; Mak,
E. C. W.; Yang, Q.-C.; Tin, K.-CJ. Organomet. Chenl998 571, 223
(c) Bianchini, C.; Farnetti, E.; Graziani, M.; Peruzzini, M.; Polo, A.
Organometallics1993 12, 3753.

(6) Chaplin, A. B.; Dyson, P. JOrganometallic2007, 26, 2447.

10.1021/0m7005112 CCC: $37.00

together with anion hydrolysis and other minor products.
Following optimization,3 was prepared in 66% isolated yield

(7) Anton, D. R.; Crabtree, R. HOrganometallics1983 2, 855.

(8) Although [Ru(PPE)(k3-PPh2C6H40){-cymene)|PE would be a
better model, dissociation of triphenylphosphine is not facile (see ref 6)
and instead a labile acetone ligand was used.

(9) In comparison to the bis-phosphine complexs, significantly air-
sensitive and the preparation of catalyst solutions in a glovebox was required.
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Table 1. Catalytic Activity of 1 and 22
selectivity/%

substrate TON €0 C=C
la styrene 560
lalHgP styrene 400
1a/NEts® styrene 950
1a/NEt/HgPe  styrene 890
la benzaldehyde 650
lalHgP benzaldehyde 630
1a/NEts® benzaldehyde 20
1ad 3-phenylpropionaldehyde 800
la 1:1 styrene-benzaldehyde 600 82 18
1a/NEts® 1:1 styrene-benzaldehyde 140 10 90
la trans-cinnamaldehyde 740 >99 <1
la/HgP trans-cinnamaldehyde 640 >99 <1
1a/NEts© trans-cinnamaldehyde 50 46 54
1b trans-cinnamaldehyde 8i0 >99 <1
1c trans-cinnamaldehyde 500 98 2
2d styrene 120
2/NEtged styrene 820
2d benzaldehyde 760
2d 3-phenylpropionaldehyde 870
2d trans-cinnamaldehyde 1000 >99 <1

aConditions: 5.0x 107® mol of precatalyst, sub:cat 1000:1, 2 mL of
toluene, 100 mg of octane (internal standard), 50 bar §f30 °C, 2 h.
Conversion determined by GC. Values averaged over duplicate iQuds.
mL of Hg. 5 equiv of NE$. 9Prepared under Ne€Total sub:cat= 2000:1.
Ph(CH):OH < 0.01%.

Figure 1. Ball-and-stick representations @ (left, counterion
omitted for clarity) ancB (right, selected molecule from asymmetric
cell). Key bond lengths (A) and angles (de@):Rul—P1, 2.3463-
(9); Rul-01, 2.056(2); Rut+02, 2.126(2); RutC,,, 2.21(3); P+
Rul-01, 81.89(7); PtRul-02, 82.84(6); OtRul-02, 84.07-
(9); 3, Rul—Cl1, 2.4226(6); RutP1, 2.2919(7); RutH1, 1.48(3);
Rul-C,, 2.26(6), CI*--Rul—-P1, 87.48(2); CI+Rul-H1, 75.2-
(11); PI-Rul—H1, 86.2(11).

from [RuCI(PPR),(p-cymene)|BPh using the aforementioned
conditions, with PP¥ CgHs, and BPR as side products. The

structure of3 has been confirmed by NMR spectroscopy and
X-ray diffraction (Figure 1). The hydride resonance is located

at —7.44 ppm (CRCl,, 293 K, 2Jpy = 53 Hz, T, = 1.75 s).
Analogous GMes and PCy complexes have been reporféd,

although this appears to be the first hydride complex of this
type to be characterized in the solid state by X-ray diffraction.

Both at ambient temperature and at*&) 3 showed no reaction
with either styrene or benzaldehyde insBg (Scheme 1).
However, the olefir-hydride complex (and its conformational
isomer}-12may be prepared in good yield (82%) frodnby

reaction with styrene and Agkn CD.Cl,. 4 and its confor-

(10) (a) Bennett, M. A.; Latten, J. Lnorg. Synth.1989 26, 180, and
references therein (b) Demerseman, B.; Mbaye, M. Dmé&é, D.; Toupet,
L.; Bruneau, C.; Dixneuf, P. Eur. J. Inorg. Chem2006 1174

(11) Faller, J. W.; Chase, K. Organometallics1995 14, 1592.

(12) The conformational isomer ¢f, 4', differs by the orientation of

the styrene ligand; the phenyl group instead points toward the methyl group

of the p-cymene ligand4 is the major isomer4:4’ = 8.2:1 (ref 11); 8.3:1
(this work)).

Notes
Scheme 1
ﬂ» No reaction
] 50 C, CBDS
Ru—ppp, | > < - 1%
Cl \H 3 styrene, AgPFg |
S CDLCLRT  H—Ri~ppn,
y HCI(g), CeDe ~82% Ph—2* 4 (+ isomer)
2 RT, quant. benzaldehyde .
——————— No reaction
>_@ 50 C, CoDe
éu benzaldehyde
Iy, PP HCl(g) 5 + ~7:3 Hy-PhCH,OH
Cl s CeDs, RT

mational isomer are proposed to equilibrate through a 16 VE
phenethyl complex via A-hydride eliminatior-olefin insertion
process! Other precedents for this process are known for
ruthenium(lly-arene complexe’s. Addition of HCI(g) to a
solution of3 and benzaldehyde ingDgs at ambient temperature
resulted in the formation of [RugPPh)(p-cymene)], 5,1
together with H and benzyl alcohol in a ca. 7:3 ratio. Thus,
HCI acts as a Lewis acid, activating the aldehyde to hydride
transfer from the metal. Formation ofldccurs as a side product
by protonation of3 and is quantitative in the absence of
benzaldehyde.

Catalytic cycles for the hydrogenation of aldehydes and
alkenes, depicted in Figure 2, are proposed on the basis of the
above experimental observations and supported by a computa-
tional analysis (see Experimental Section). Both mechanisms
involve initial phosphine dissociation, a key process identified
in an earlier study,and coordination of dihydrogen. An ionic
outer-sphere mechanism is proposed for the hydrogenation of
aldehydeg?15i.e., proton transfer to the aldehyde from a dihy-
drogen complex followed by hydride transfer from the resulting
hydride complex (e.g3). Similar ionic mechanisms have been
established for the hydrogenation of imminium salts with CpRu-
(P—P)H (P—P = diphosphinelf and ketones with [CpM(CQ)
(PR3)(OCER)]* (M = Mo, W).X7 The protonation of the
aldehyde is a key step in the proposed cycle, enhancing the
electrophilicity of the carbonyl carbon and thus promoting
hydride transfer from the metal (cf. reactions®fn Scheme
1); calculated Lowdin atomic charges illustrate the activation
of the carbonyl carbon, whose charge increases ff@h09 in
benzaldehyde tet-0.21 in intermediateD (Figure 2)!® This
mechanism accounts for the dramatic inhibition of the catalytic
activity on addition of NE4, which acts as a competitive base.

In the case of alkenes, heterolytic cleavage of the dihydrogen
complex,C, and loss of HCl is suggested, leading to an olefin
hydride complex (e.g4), consistent with the increased activity
on addition of NE4.1° 8-Hydride elimination from the olefir

(13) (a) Faller, J. W.; Fontaine, P. Brganometallic2007, 26, 1738.
(b) Umezawa-Vizzini, K.; Lee, T. ROrganometallic2004 23, 1448.

(14) Bennett, M. A.; Smith, A. KJ. Chem. Soc., Dalton Tran§974
233

(15) (a) Clapham, S. E.; Hadzovic, A.; Morris, R. Boord. Chem. Re
2004 248 2201. (b) Bullock, R. MChem=—Eur. J.2004 10, 2366.

(16) (a) Guan, H.; limura, M.; Magee, M. P.; Norton, J. R.; ZhuJG.
Am. Chem. So@005 127, 7805. (b) Guan, H.; limura, M.; Magee, M. P.;
Norton, J. R.; Janak, K. EDrganometallic2003 22, 4084. (c) Magee, M.

P.; Norton, J. RJ. Am. Chem. So@001, 123 1778.

(17) (a) Kimmich, B. F. M.; Fagan, P. J.; Hauptman, E.; Bullock, R. M
Chem. Commur2004 1014. (b) Voges, M. H.; Bullock, R. MJ. Chem.
Soc., Dalton Trans2002 7509. (c) Bullock, R. M.; Voges, M. Hl. Am.
Chem. Soc2000 122, 12594.

(18) Additional Lowdin atomic charges (carbonyl carbon):c$St+0.17;
TSps, +0.18; benzyl alcohol-0.04.

(19) Consistent with the base poisoning experiments, using the more basic
solvent THF, instead of toluene, higher activities for the hydrogenation of
styrene are observed under equivalent conditions ukrajso (see ref 6).
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Figure 2. Proposed catalytic cycles for the hydrogenation of aldehydes (left) and alkenes (center) with calculated energies (right). Calculations
were carried out using a model system, where [RIRu(PPR)(CsHg) and R= R’ = Ph. 2E is a (computed) intermediate in the heterolytic
cleavage of dihydrogen i@.

hydride complex followed by dihydrogen coordination and h. The solution was then filtered through dry Celite, washing with
o-bond metathesis close the catalytic cycle. A related mechanismCH:Cl, (4 x 5 mL). Acetone (20 mL) was then added to the filtrate,
has been established for Ry(EIPh)s, whose catalytic activity =~ which was then concentrated to ca. 10 mL. Addition of pentane
is similarly increased by addition of bases such assNEhich (50 mL) gave the product as a microcrystalline orange solid, which
promote heterolytic cleavage of dihydrogen, leading to the active Was filtered, washed with pentane 310 mL), and dried under a
catalyst RUHCI(PP$)3.12° This pathway should be less signifi- st.ream.of nitrogen. Yield: 0.27 g (86%). Crystals suitable for X-ray
cant for the chelating comple, and correspondingly lower diffraction were grown by layering a Gil,—acetone t1:1 v/v)
activity is observed for the hydrogenation of styrene (without SOUtion of the complex with pentant NM4R (CDLCL): 67.45-
NEt3). Furthermore, the calculated energy barrier for the 7'179 (m, 10H, Phy), 7.20-7.28 (m, 1H, HY), 7.13-7.20 (m, 1H,
heterolytic cleavage in the alkene cycfe {~ E) is 3.5 times H™), 6.93-6.99 (m, 1H, 1Y), 6.64-6.71 (m, 1H, %), 5.96 (br,

S 1H, H®), 5.75 (br, 1H, H), 5.34 (br, 1H, H), 4.97 (br, 1H, H),
Ia.rt?]etrhthag proto; tr?nstfert to the aldehyd® <> D), in line 2.60 (septilm = 6.9, 1H, H), 2.16 (s, 6H, H¥), 2.11 (s, 3H, H).
With the OBSErved Selectivity. . 1.28 (broad d3Jus ~ 7, 3H, H), 1.10 (br d 3y ~ 7, 3H, HO).
To conclude, bis-phosphine ruthenium{tgrene complexes 13G{1H} NMR (CD,Cl,): o 229 (C7), 177.6 (d,2Jpc = 20, Ci9),

exhibit both high activity and chemoselectivity for the catalytic 157135 (m, Phy), 133.5 (s, &), 132.7 (s, @), 119.1 (d Jpc =
hydrogenation of aldehydes. From the evidence presented hereiry 15 116.6 (d,2Jpc = 8, C19), 112.4 (d,Jpc = 56, C11), 106.0
an ionic outer-sphere mechanism is proposed for this processp; ), 97.6 (s, @), 88.7 (br, G), 88 (G + C5), 81.4 (br, ©), 31
(C8+ C9), 22.3 (br, @), 21.2 (br, @9, 17.7 (s, €). 3P{*H} NMR

Experimental Section (CD,Cly): 0 56.2 (s, 1P, RBPhs), —144.3 (septiJpr = 711, 1P,

PFe). 31P{1H} NMR (OC(CDs),): 6 55.7 (s, 1P, RBPhy), —144.1

General Methods All organometallic manipulations were 11 =
carried out under a nitrogen atmosphere using standard Schlenl{iigtégpg mOT?f))_S,ClF;,ZPOFg).. : nf I%QCa'llgSngqr g 1';%426792&51%5

techniques or in a dry-nitrogen glovebox. &b, toluene, pentane, : : .
diethyl ether, and THF were dried catalytically under nitrogen using of Féﬁré?r(a;gg)g_gﬁgrgzg rzg)zég(? émg ges)]nfmi)Ap?@p;?? |gn
a solvent purification system, manufactured by Innovative Technol- 1.06 mrrzlol) and NaBRN(0 22.g 0 6,4 rﬁmol) in MeOH '(30 mL)
ogy Inc. Octane and acetone were distilled from gahtl CaSQ was stirred at 35C for 2 h. The resulting precipitate was then

respectively, and stored over molecular sieves under nitroges. CD g, 5ra by filtration, washed with EtOH (2 15 mL), and extracted
Clz and GD; were distilled from Cakd and K, respectively, and i cpy,Cl, (60 mL) through Celite. Addition of MeOH (50 mL)
stored unde_r nltrpgen. Al _other solvents were p.a. quality and and slow concentration gave the product as a microcrystalline
saturated with nitrogen prior to use. [RUCI(RRR(p-tol)s)(p- orange solid. Yield: 0.51 g (86%). NMR data were in agreement
cymene)]PE;° [RUCI(PPR).(p-cymene)]PE,° [RUCI(P-tol)3)q(p- with analogous compoundg? selected data are included for
cymene)|PE° [RUCI-(*-PPhCeH.O)(p-cymene)l and [RuCk- \oforancel NMR (CDCh): & 6.74-7.48 (m, 50H,Ph), 5.06-
(PPh)(p-cymene)}* were prepared as described elsewhere. Styrene, 512 (m 2'H H), 4.82 (d 3JI:|H _ 6 > 1|'_| H) 2 67 (’sep£3J,.4H _
benzaldehyde, 3-phenylpropionaldehyde, Badscinnamaldehyde "o ;)" H) '1.23 kd SJHI-’l —70. 6H H’) 0 ’50'(3 3H FI) 3ip.
were saturated with nitrogen and stored over molecular sieves. Alld{ iH’} NMR (bbCIg): 5208 (s,- F\;lE)PI"'G)- 1iB{I1H} NMR l(CD.CI3):

other chemicals are commercial products and were used as receive
0 86.7 (s,BPhy). Anal. Calcd for GoHesBCIFsP,RuU (1114.56 g
NMR spectra were recorded on a Bruker Avance 400 spectrometermol,l): C. 75.44: H. 5.79. Found: C, 75.62: H, 5.76.

at room temperature (293 K), unless otherwise stated (see Sup- Preparation of [RUHCI(PPhs)(p-cymene)] (3).In a glovebox,

porting Information for NMR labelling schemes). Tlﬁerelaxatlor_] a 300 mL capacity autoclave, containing a Teflon liner and glass
measurement was preformed at 400 MHz by the standard inver-\ ocsel. was charged with [RUCI(P{piip-cymene)]BPR (0.70 g
sion—recovery method. High-pressure in situ NMR measurements 0.22 m’mol) THF (30 mL), and a magnetic stirrer bar. The autoé:lave
were performed in sapphire NMR tub8<Chemical shifts are given W'as remov’ed from the élovebox flushed with €3 >< 15 bar)
in ppm and coupling constants)(in Hz. Microanalyses were and pressurized with H50 bar). T,he system was heated at°

performed at the EPFL. for 90 min and cooled and the i
. 2 i pressure partially released (to ca. 5
Preparation of [Ru(k*-PPh,CsH,0)(OCMe)(p-cymene)|Pk bar) before being placed back into the glovebox. The remaining

(2). A suspension of [RuCH-PPhCgH,0)(p-cymene)] (0.238 g, . "
X . pressure was released, the solution transferred into a round-bottom
?:|4§ mmtol) ang'lAg/P(F(;)éQng, 0.48 t(nmgl) 'nﬂf n:j'XtEretoé_l(_:z';' 1 flask, and the solvent removed in vacuo. The residue was then
2—acetone (5:1 viv, mL) was stirred in the dark & Or L extracted with diethyl ether (20 mL) and the filtered solution

(20) (a) Crabtree, R. HThe Organometallic Chemistry of the Transition reduced to dryness. The residue was then suspended in a mixture
Metals Wiley-Interscience: Hoboken, 2005. (b) Chaloner, P. A.: Esteruelas, Of Pentane (50 mL) and diethyl ether (2 mL), stirred briefly, filtered,

M. A.; Joo, F.; Oro, L. A. Homogenous Hydrogenatiprkluwer Aca- and washed with pentane (20 mL) to afford the product as a bright
demic: Dordrecht, 1994.
(21) Cusanelli, A.; Frey, U.; Richens, D. T.; Merbach, AJEAmM. Chem. (22) Lalrempuia, R.; Carroll, R. J.; Kollipara, M. R. Coord. Chem

So0c.1996 118 5265. 2003 56, 1499.
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yellow, air-sensitive powder. Yield: 0.23 g (66%). Crystals suitable
for X-ray diffraction were grown by layering a diethyl ether solution
of the complex with pentane in a glovebdkl NMR (CD.Cl,): ¢
7.30-7.77 (m, 15H, Phg), 5.68 (2,3Jyn = 6.2, 1H, H), 5.12 (d,
3Jun = 5.5, 1H, H), 4.89 (d,23yy = 6.1, 1H, H), 4.10 (d,%Jun =
5.5, 1H, H), 2.17 (septidun = 6.9, 1H, H), 2.03 (s, 3H, H),
1.26 (d,3Jyy = 6.8, 3H, H), 1.15 (d,3Jyy = 6.8, 3H, H9), —7.44
(d, 2Jpy = 53, 1H, RuH, T-; = 1.75 s).13C{*H} NMR (CD.Cl,):
0 136.8 (d,%Jpc = 46, FPhy), 133.8 (d,2Jpc = 11, APhg), 129.6 (d,
4\]PC: 2, H3h3), 127.8 (d,SJpC: 10, H:’hg,), 109.3 (d,ZJPC:,2 C4),
104.0 (s, @), 91.9 (d,2pc = 5, @), 89.4 (d,2Jpc = 2, C), 87.3
(d,23pc=17,C, 80.1 (d,2Jpc= 1, C), 31.2 (s, ©), 24.0 (s, €9,
22.6 (s, @), 18.5 (s, C). 3P{*H} NMR (CDXCl,) 6 52.5 (s,
RUPPH). 31P NMR (CD,Cly): 6 52.5 (d,2Jpny = 54, RUPPh). Anal.
Calcd for GgH3CIPRu (534.04 g mol): C, 62.97; H, 5.66.
Found: C, 63.03; H, 5.67.

Reactions of [RUHCI(PPHh)(18-p-cymene)] (3).Reactions of
3 were carried out in a screw-cap NMR tube, with the samples
prepared in a glovebox. Yields were calculated from integration of
NMR spectroscopic data. (a) Attempted reaction with styrene: A
solution of 3 (4 mg) and styrene (LL, 1.2 equiv) in GDg (0.5
mL) was heated at 50C for 15 min. (b) Reaction with styrene
and AgPFk: A suspension 08 (7.0 mg), styrene (2L, 1.3 equiv),
and AgPFE (5.3 mg, 1.6 equiv) in CECl, (0.5 mL) was stirred in
the absence of light at RT for 20 min and then filtered through
Celite into a screw-cap NMR tube and analyzed by NMR
spectroscopy. (c) Reaction with benzaldehyde: A solutidh(@D.0
mg) and benzaldehyde (2, 1.1 equiv) in GDs (0.5 mL) was
heated at 50C for 15 min. No reaction was observed by NMR
spectroscopy. HCI(g) (10 mL, excess) was bubbled through the
cooled solution, resulting in the solution turning red instantly. The
solution contained [Ru@|PPh)(p-cymene)] b, verified further by
31p{1H} NMR), H,, PACHOH (5:PhCHOH ~ 7:3), and PhCHO
as identified by!H NMR spectroscopy. Bubbling Nthrough the
solution removed the peak corresponding to (d) Reaction with
HCI(g): HCI(g) (10 mL, excess) was bubbled through a solution
of 3 (5.0 mg) in GDe (0.5 mL), which turned red immediately.

Catalytic Procedures.All catalytic experiments were conducted
using a home-built multicell autoclave containing an internal

Notes

samples using a Varian chrompack CP-3380 gas chromatograph,
with species verified by comparison to authentic samples.

Computational Methods. All geometry optimizations and
frequency calculations were carried out using the Gaussian03 suite
of programg? Geometries were optimized and verified by harmonic
analysis using the ONIOM approaghwith the phenyl groups
constituting the low layer; all other atoms where included in the
high layer. The model chemistry of the low layer was HF, and the
LanL2MB basis set was used for all atoms; LanL2MB pseudopo-
tentials were used for Ru, P, and Cl. B3LYP was used for the high
layer, with the 6-31G(d,p) basis set used for all atoms except Ru,
for which the LanL2DZ basis set was used; LanL2DZ pseudopo-
tentials were used for Ru, P, and Cl. Energies were calculated by
single-point SCF calculation on the full optimized geometry at the
B3LYP level using the high-layer basis sets, with the LanL2DZ
pseudopotential for Ru, and are not zero-point-corrected. A pruned
grid consisting of 75 radial shells and 302 angular points was used
for all calculations. Energies for the small molecules used in this
study are compiled in Table S1, with the optimized geometries and
energies ofA—F listed in Table S2.
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