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Heating of [[COD)M(?-3-P'Pr,-2-NMey-indene)f X~ (M = Rh or Ir; X = BF,;, PR;; COD = 5*-1,5-
cyclooctadiene) in a mixture of water and THF (48 h, @) afforded the neutral (COD)M{-P,0)
complexes (M= Rh, 53, 80%; M = Ir, 5b, 74%). Similarly, thermolysis of [(COD)M£-3-P©)'Pr,-2-
NMez-indene)fBF,~ (M = Rh or Ir) in a mixture of water and Gi€l, (14 h, 60°C) produced the
neutral (COD)Mg?-P(S),0) complexes (M= Rh, 13a 91%; M= Ir, 13b, 90%). Subsequent preparation
of 1-PPr-2-indanone &, 91%) enabled the non-hydrolytic synthesis&if in 70% isolated yield via
treatment with 0.5[(COD)IrC}] in the presence of NEt Lithiation of (o-PPr)phenol followed by
quenching with 0.5[(COD)IrC}afforded the neutral (COD)leg-P,O) complex10 (91%). Single-crystal
X-ray diffraction data are provided fdsb, 10, 133 and 13b. Whereasba, 133 and 13b performed
poorly as catalysts for the hydrogenation of alkenes, the known complex (COD)Ir(OPR)@P&s/well
as5b and10 proved to be excellent catalysts for hydrogenation of mono-, di-, and trisubstituted alkene
substrates under mild conditions (22, ~1 atm H,). Complexesl3a,bwere also shown to be competent
catalysts for addition of triethylsilane to styrene.

Introduction relatives ofl, including chiral variant&.> While cationic chelate
o ) complexes of this type have proven to be less susceptible to
Cationic square-planar complexes of the heavier group 9 ,arma| decomposition and/or bimolecular deactivation than

meta?ls arfe an"clj%ng thefmost'; eff(fCt'Ve classes of holmogeneou§uch salts are rarely soluble in aliphatic hydrocarbons and are
catalysts for addition of EH bonds (E= main-group element) commonly deactivated in polar, coordinating solvents. Although

EI% u)?fggiatf_dgggsgaﬂf_%C;ibggiit;z?zhlgt gg??;&i% tuning of the accompanying counteranion can provide a means
o y_ 'd', ’ — yt woical ' | 3; h Yo of improving the solubility profile of such group 9 salts, it has
ar)lld_rgz:;i;nse;;ec:xestk?;r?qgg?;cﬁs:acgaf;lag:g E)?hsg(r;O Sepne:t'i(;?]been demonstrated that such modifications can impact negatively
t substituted alk ge?sH | byl't i y Ig i the catalytic behavior of the cationic complek.Given the
0 s(;'. stitu detha enl - Otwt()a'\ll'?r’ ploor slc_) Y tl ity trc])W-po er:y potential for increased catalytic activity and/or altered substrate
med a arr:. hlermda |rllstad| : yt.p ace imi sgon i Ie c;on ! 'OES selectivity that might be achieved by carrying out Ir-mediated
gnmpelg;;dlzcln l?ur;ldi:lzau%onczé)osrgfvgtrigtrj\z m;geag; ?Zrcai)r;re: alkene hydrogenations in low-coordinating media, development
and co-wc;rkers that a formally cationic Ir center and a mixed of more lipophilic neutral Ir catalysts that are thermally stable,
Iyet suitably reactive, represents a worthwhile pursuit. Surpris-

P,N ancillary ligand set were needed in order to achieve optimal : . .
A . . ingly, the study of neutral Ir hydrogenation catalysts has received
catalytic performance in alkene hydrogenattdiconsiderable . I . .
very little attention] possibly due in part to early reports

effort has been directed toward development of heterobidentate . .
documenting the poor catalytic performance of complexes
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Scheme 1. Synthesis af2-P,0 Rh and Ir Complexest

H PiPr,
NMe, —>
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[4a]*X", M = Rh
[4b]* X, M =1Ir
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5a, M = Rh
S5b,M=1Ir

aReagents: (i) 0.5 [(COD)MCJ] AgX (X = Bf4, PFR); (ii) excess HO in THF (1:5 volume ratio) (COB= 5*-1,5-cyclooctadiene).

13a

13b

Figure 1. Crystallographically determined structuressf 10, 133 and13b shown with 50% displacement ellipsoids and atomic numbering
scheme indicated; only one of the two crystallographically independent molecuBessoghown, and selected H atoms have been omitted

for clarity.

including (PPh)slIrCl,2 relative to neutral Rh species such as
Wilkinson’s catalyst ((PP);RhCI)?

In this context, we initiated a research program targeting new
classes of neutral Rh and Ir complexes that exhibit the desirable
reactivity properties of cationic catalysts suchlamnd function
effectively in low-polarity solvent3? In consideration of the
hard (N) and soft (P) donor ligands featuredliand given the
beneficial reactivity properties imparted by P,O-ligands on
alternative classes of metal catalystsye became interested
in evaluating neutral Rh and Ir complexes supported®ly,O

Results and Discussion

Synthesis and Characterization of Neutral«?-P,0 Com-
plexes.We reported that the P,N-substituted indéhean be
employed in the preparation of Rh andcP,N salts Ba] "X~
and Bb]™X~ (Scheme 1) as well as structurally related
zwitterionic complexed® In the course of examining the
reactivity properties of thes&?P,N species, we became
interested in assessing the stability 4a[]* X~ in a mixture
of water and THF (1:5 volume ratio). After 48 h at 80 each
of these salts was transformed cleanly into the corresponding

phosphinoenolates as catalysts for alkene hydrogenation and€utralc®-P,O complex5aor 5b, which in turn was isolated in

other E-H bond additions to unsaturated substrates. Related
complexes featuring?-P(S),0 phosphine sulfide ligands also
represented appealing targets from a practical perspective sinc
phosphine sulfides typically exhibit increased oxygen stability
relative to the parent phosphines while at the same time
providing a relatively soft sulfur donor atom for binding to the
heavier group 9 metalé. Although a few isolated reports

examining (?-P,O)Rh catalysts of this type have appeatéd,

(~]

analytically pure form (80% and 74%, respectively) and
characterized spectroscopically. One of the two crystallographi-
cally independent molecules bb is presented as an ORTEP
diagram in Figure 1, while X-ray experimental data and selected
metrical parameters for each of the crystallographically char-
acterized complexes reported herein are collected in Tables 1
and 2, respectively. The structural feature$lncompare well

with those observed in alternative donor-substituted indene

the catalytic abilities of related neutrat’(P,O)Ir complexes

as well as £2-P(9,0)M (M = Rh, Ir) species in EH bond
addition chemistry have yet to be documented systematically.
Herein we report the synthesis and characterization of neutral
Rh and Ir complexes featuring?-P,0 and «2-P(S),0 ligands

and the application of these new group 9 complexes, as well as
the related complex (COD)Ir(OPh)(P§y2,1* as catalysts for

the hydrogenation or hydrosilylation of alkenes. Despite the
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K.; Brookhart, M.Chem. Re. 200Q 100, 1169. (d) Bader, A.; Lindner, E.
Coord. Chem. Re 1991, 108 27.

(12) (a) Baym, J. C.; Claver, C.; Masdeu-BUlté\. M. Coord. Chem.
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planar Ir complexes should be formally cationic in order to
function effectively as catalysts for alkene hydrogenation, the
thermally robust (COD)IR,0) derivatives featured herein are
capable of mediating the reduction of substituted alkenes under
mild conditions (1 atm H, 22 °C) in a range of solvents
including aliphatic hydrocarbons and without the need for

rigorous inert-atmosphere techniques. A portion of these results?®

have been communicated previou&ly.

495.
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Table 1. Crystallographic Data for 5b, 10, 13a, and 13b
5b 10 13a 13b

empirical formula G3H30PIr GooH300PIr GsH320PSRh G3H3,0PSIr

fw 547.66 509.61 490.43 579.72

cryst dimens 0.5k 0.46x 0.20 0.20x 0.20x 0.11 0.31x 0.08 x 0.04 0.56x 0.08 x 0.03

cryst syst monoclinic monoclinic monoclinic monoclinic

space group P2,/c P2;/c P2;/c P2;/c

a(h) 23.180(2) 9.5940(2) 11.5449(8) 11.238(1)

b (A) 7.4095(8) 13.7660(3) 16.358(1) 16.826(2)

c(A) 26.823(3) 15.0380(3) 12.4929(9) 12.621(1)

p (deg) 113.899(2) 103.801(1) 111.797(1) 112.260(1)

V (A3) 4211.8(8) 1928.73(7) 2190.6(3) 2208.7(3)

z 8 4 4 4

pealcd (g c13) 1.727 1.755 1.487 1.743

u (mm-1) 6.425 7.008 0.958 6.222

26 limit (deg) 52.90 60.02 52.80 52.78
—29=<h=<28 —13=<h=<13 —1l4=<h=<14 —1l4=<h=<14
—-8=<k=9 —16=<k=19 —20=k=20 —20=<k=21
—33=<1=30 —21=<1=20 —15=<1=<15 —15=<1=<15

total data collected 23833 9280 16 430 17 208

independent refins 8649 5627 4490 4512

Rint 0.0473 0.0283 0.0759 0.0406

obs reflns 7504 4716 3296 3840

range of transmission 0.3598.1381 0.48680.3346 0.96270.7554 0.83530.1283

data/restraints/params 8649/0/469 5627/0/213 4490/0/244 4512/0/244

Ri [Fo? = 20(F2)] 0.0345 0.0339 0.0375 0.0243

WR; [Fo? = —30( Fo?)] 0.0744 0.0871 0.0796 0.0564

goodness-of-fit 1.060 1.052 0.992 1.038

Table 2. Selected Interatomic Distances (A) for 5b, 10, 13a,

and 13b
5bh2 5bP 10 13a 13b

M—P 2.320(1) 2.318(1) 2.289(1)

M-S 2.3571(9) 2.335(1)
M-0 2.058(3) 2.059(3) 2.028(3) 2.057(2) 2.053(3)
M—Cakenef 2.181(5) 2.172(5) 2.168(4) 2.112(3)  2.111(4)
M—Cakenes 2.164(5) 2.184(5) 2.195(4) 2.119(4) 2.111(4)
M—Cakened 2.117(5) 2.105(5) 2.100(4) 2.103(3) 2.102(4)
M—Cakened  2.099(6) 2.122(5) 2.113(4) 2.104(4)  2.094(4)
iPRLP—C 1.779(5) 1.779(5) 1.807(4) 1.763(3)  1.766(4)
P-S 2.020(1)  2.027(1)
o-C 1.302(6) 1.311(6) 1.339(5) 1.277(4)  1.290(5)
c1-C2 1.514(7) 1.518(7) 1.396(6) 1.513(4)  1.509(5)
C2-C3 1.380(7) 1.369(7) 1.386(6) 1.397(5)  1.378(5)

abwithin the first and second crystallographically independent molecules
of 5b, respectively® The metat-cyclooctadiene distances trans to P or S.
dThe metat-cyclooctadiene distances trans to O.

Scheme 2. Rational Synthesis of 3b

H PPr, H_PiPr,

H
(i) (ii) (iii
OSiMe3 — OSiMe3 — ©j?=o 5b
H 6 HH7 H HS

2Reagents: (in-BuLi, then CIPPr; (i) HCl (ag, then NHOH gy
(iii) NEts, 0.5 [(COD)IrCIL (COD = 5*-1,5-cyclooctadiene).

complexes and related k?-P,0O specied?1718 The C2-C3
distances in the two crystallographically independent molecules
of 5b (1.380(7) and 1.369(7) A) each are in keeping with a
C=C double bond, and the ©C2 linkages (1.302(6) and
1.311(6) A) are elongated relative to the=G bond typically
found in ketones € 1.23 A)1° While these structural data
suggest thabb can be described as a phosphinoenolate complex,
the contractedPrLP—Cing distances insb (both 1.779(5) A)
indicate that alternativg-ketophosphine-type resonance con-
tributors, including those featuring' BRr,P=C3 linkage and a

(17) For example, see: Empsall, H. D.; Heys, P. N.; McDonald, W. S.;
Norton, M. C.; Shaw, B. LJ. Chem. Soc., Dalton Tran978 1119.

(18) Cipot, J.; Ferguson, M. J.; Stradiotto, Morg. Chim. Acta2006
359 2780.

(19) In CRC Handbook of Chemistry and Physibéth ed.; Weast, R.
C., Ed.; CRC Press: Ohio, 1975; F 211.

formal anionic charge on phosphorus, may also figure promi-
nently in 5b.2° In addition, the Ir-alkene distances trans to P
are elongated relative to the-alkene distances trans to O, in
keeping with the greater trans influence anticipated for a
phosphine fragment relative to an alkoxy donor on Ir. Although
the direct insertion of Rh and Ir into NC bonds is prece-
dentec?! we propose that the NCi,q cleavage process leading
to formation of5a and5b proceeds by an enamine hydrolysis
reaction involving a coordinated 3M,-2-NMe-indene ligand
in [4a]tX~ and Bb]™X~ in which the bound [(COD)Mj
fragment functions as a Lewis acid activat®interestingly,
the uncoordinated enamirgis not hydrolyzed under similar
experimental conditions. In contrast to the cationic Ir complexes
12 and Bb]™X~,19 the neutral Ir specieSb is soluble in high-
polarity (THF, CHCIl,, CHsCN) and low-polarity (hexanes,
benzene) solvents. Moreover, no decomposition was detected
spectroscopically3{P NMR) for either2 or 5b upon heating in
toluene for a minimum of 1 week at 10C.23

Given the desirable catalytic properties exhibitedsby(vide
infra), we sought to develop an alternative, non-hydrolytic
synthetic route to this Ir complex (Scheme 2). Treatment of
2-indanone with CISiMgin the presence of NE&fforded the
known silyl ether6.24 Subsequent lithiation of followed by
quenching with CIFPr, provided the intermediafg which was
converted to thé-ketophosphin® in 91% isolated yield upon
exposure to aqueous HCI followed by workup with agueous
NH4OH. Treatment oB with 0.5[(COD)IrCl}; in the presence
of NEt; afforded5b in 70% isolated yield.

An alternative neutral (COD)Ikg-P,0) complex 10 was
prepared in 90% isolated yield via lithiation of the known ortho-

(20) Izod, K.Coord. Chem. Re 2002 227, 153.

(21) Ozerov, O. V.; Guo, C.; Papkov, V. A.; Foxman, B. Nl. Am.
Chem. Soc2004 126, 4792.

(22) For discussions of enamine hydrolysis, see: (a) Sollenberger, P.
Y; Martin, R. B.J. Am. Chem. Sod.97Q 92, 4261. (b) Stamhuis, E. J. In
Enamines: Synthesis, Structure, and Reacti@wok, A. G., Ed.; Marcel
Dekker: New York, 1969; Chapter 3.

(23) By comparison, complexp] PR~ decomposes in THF or toluene
over the course of 72 h at 6C, see: Cipot, J.; Vogels, C. M.; McDonald,
R.; Westcott, S. A.; Stradiotto, MOrganometallics2006 25, 5965.

(24) Keeffe, J. R.; Kresge, A. J.; Yin, Y. Am. Chem. S0d.988 110,
8201.
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Scheme 3. Preparation of 18

PP PP "grz
r . Pry \
SUEHS GRS -
OH oLi R\
9 9-Li 10

aReagents: (i)n-BuLi; (i) 0.5 [(COD)IrCl], (COD = 5*1,5-
cyclooctadiene).

Table 3. Ir-Catalyzed Styrene Hydrogenation Result3

entry catalyst (mol %) solvent t (h)° %P°
3-1 5b (1.0) CHCl» 4 68
3-2 5b (1.0) THF 4 >99
3-3 5b (1.0) benzene 4 >99
3-4 5b (0.5) hexanes 0.25 >99
3-5 5b (0.05) hexanes 4 >99
3-6 10(0.5) hexanes 0.5 >99
3-7 10(0.05) hexanes 4 41
3-8 2(0.5) CHCIH 4 >99

aConditions: 22°C; ~1 atm H. P Percent conversion at timé) (of

styrene to ethylbenzene, determined on the basis of GC-MS and GC-FID

data rounded to the nearest percent. For reactions employing 5.0 &l %
as a catalyst<10% styrene conversion was achieved rafteh in either
CH.Cl,, THF, or hexanes:No reduction in catalyst performance was

observed when the reagents, catalyst, and solvent were handled in the ope

air, and no efforts were made to purify the hexanes prior to YiSelvent
chosen due to the poor solubility &fin THF or hexanes.

substituted phend,?® followed by quenching of the intermedi-
ate9-Li with 0.5[(COD)IrClI], (Scheme 3). The connectivity in
10 was established by use of NMR spectroscopic and X-ray
crystallographic techniques (Figure 1). While in general the
structural features observedi0 mirror those obb, the former
exhibits an elongated-€C linkage (1.339(5) A) and somewhat
shorter 1P (2.289(1) A) and KO (2.028(3) A) distances
relative to the latter. In keeping with the thermal stability
exhibited by2 and5b, complex10 proved stable upon heating
in toluene for a minimum of 1 week at 10C (3P NMR).
Alkene Hydrogenation Studies. The hydrogenation of
styrene (22°C, ~1 atm H) was selected as an initial test
reaction with which to evaluate the catalytic abilities of
complexe2, 5a, 5b, and10 (Table 3). In contrast to the poor
catalytic performance exhibited Ba (<10% conversion, 4 h,
5.0 mol %5a), each of the neutral Ir complexes under similar
conditions was found to be a competent catalyst for this
transformation at relatively low catalyst loadings1(.0 mol %).
In evaluating the influence of solvent on the catalytic perfor-
mance ofbb (1.0 mol %), incomplete styrene conversion was
observed for reactions conducted in £&Hp (68%, 4 h; entry
3-1), while clean reductions were achieved afteh in both
THF (entry 3-2) and benzene (entry 3-3). In contrast,téor
which chlorocarbons such as @El;, are the solvents of choice
for alkene hydrogenatior?8,optimal catalytic performance for

Organometallics, Vol. 26, No. 22, 200433

Table 4. Ir-Catalyzed Hydrogenation of Cyclohexene (C)
and 1-Methylcyclohexene (M}

entry  catalyst (mol %)  substrate solvent t (h)° %P
4-1 5b (1.0) C hexanes 20 87
4-2 5b (5.0) C hexanes 4 97
4-3 10(1.0) C hexanes 20 >99
4-4 10(5.0) C hexanes 4 98
4-5 2(1.0) c CHCI® 4 >99
4-6 5b (5.0) M hexanes 20 41
4-7 10(5.0) M hexanes 20 81
4-8 2(5.0) M CH,Cl 20 39

aConditions: 22°C; ~1 atm H.  Percent conversion at timé ©f the
alkene to the corresponding saturated hydrocarbon, determined on the basis
of GC-MS and GC-FID data rounded to the nearest perédteater than
99% conversion is achieved after 209Solvent chosen due to the poor
solubility of 2in THF or hexanes? 91% conversion is achieved after 36 h.

h using 0.05 mol %10 as a catalyst (entry 3-7). The
nonchelating specie? exhibited poor solubility in hexanes
despite the structural similarities that exist between this complex
and the hydrocarbon-soluble bidentate complexesnd 10.
While the low solubility of2 in hexanes precluded an investiga-
tion of the catalytic abilities of this complex in aliphatic
rP1ydrocarbons, compleX was observed to out-perforfb as a
catalyst in CHCI,, providing ethylbenzene quantitatively after
4 h by use of 0.5 mol 92 (entry 3-8).

Cationic square-planar Ir complexes includifigare note-
worthy for their ability to reduce polysubstituted alkenes lacking
adjacent polar functionalities!> In this regard, we became
interested in assessing the catalytic utility of the neutral Ir
complexe<, 5b, and10 for the hydrogenation of cyclohexene
and 1-methylcyclohexene under mild experimental conditions
(22 °C, ~1 atm H; Table 4). Building on the results of our
styrene hydrogenation reactivity survey, hexanes was selected
as the solvent of choice when using eitbéror 10 as a catalyst,
while reactions employin@ as a catalyst were conducted in
CH.Cl,. Use of 1.0 mol %6b as a catalyst enabled the reduction
of cyclohexene to a significant extent (87%; entry 4-1) after 20
h, while under similar conditions employing 1.0 mol %6,
guantitative conversion to cyclohexane was achieved (entry 4-3).
Upon increasing the catalyst loading to 5.0 molSk or 10,
nearly quantitative reductions were realized lafteh (entries
4-2 and 4-4, respectively). Compléxproved more effective
than either5b or 10, providing quantitative cyclohexene
reductionsm 4 h at the 1.0 mol %atalyst loading level (entry
4-5). Other differences in the catalytic abilitiesbb, and10
emerged when employing 5.0 mol % catalyst for the reduction
of 1-methylcyclohexene over 20 h; whereas 81% conversion
to 1-methylcyclohexane was achieved by usd@fentry 4-7;
91% after 36 h), lower conversions were obtained either using
5b (41%; entry 4-6) or2 (39%; entry 4-8). Whilel0 was

5b was achieved by use of hexanes as the reaction mediumobserved to out-perform the prototypical neutral group 9 catalyst

with quantitative conversions achieved after only 0.25 h by use
of 0.5 mol %5b (entry 3-4) or afte4 h by use 0f0.05 mol %

5b (entry 3-5). Notably, the catalytic performance %ib in
hexanes rivals that of the benchmark complér CH,Cl,,210

and no significant reduction in catalytic performance was noted
when employing 0.5 mol %b (entry 3-4) on the benchtop
without the rigorous exclusion of oxygen and using hexanes
that had not been dried. Comple&0 also proved to be an

effective styrene hydrogenation catalyst in hexanes at the 0.5

mol % loading level £ 99%, 0.5 h; entry 3-6). However, unlike

5b, incomplete styrene conversion (41%) was achieved after 4

(25) Heinicke, J.; Kaler, M.; Peulecke, N.; He, M.; Kindermann, M.
K.; Keim, W.; Fink, G.Chem. Eur. J2003 9, 6093.

(PPh)3RNCI in the reduction of 1-methylcyclohexeffeit is
important to recognize that the activity exhibited 1is vastly
inferior to that of 1; under similar experimental conditions
employing 0.5 mol %1 in CH,CI,, the near quantitative
reduction (97%) of this trisubstituted alkene was achieved after
only 4 h??

Synthesis and Characterization of Neutral «?-P(S),0
Complexes.We have described previously the conversios of

(26) Under similar conditions employing 5.0 mol% (BRRhCI (22°C,
~1 atm H, THF, 20 h), 59 % conversion to 1-methylcyclohexane was
achieved. In attempting to employ hexanes in place of THF as the reaction
medium, <5 % conversion was achieved as a result of the poor solubility
of (PPh)sRhCI in aliphatic hydrocarbons.

(27) Cipot, J.; McDonald, R.; Stradiotto, hem. Commur2005 4932.
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Scheme 4. Synthesis af2-P(S),0 Rh and Ir Complexest

S ip
H \\P’Prz (I) %
O O
H M H

[12a]'BF4, M =Rh

[12b]'BF 4, M =

&r,
P=S. \
@ (i)
O
Me,

13a, M =Rh
13b,M=1Ir

Ir

2Reagents: (i) 0.5 [(COD)MCJ] AgBF;; (ii) excess HO in dichloromethane (1:8 volume ratio) (COD 5*1,5-cyclooctadiene).

Table 5. Addition of Triethylsilane to Styrene?

entry catalyst  solvent % 14& 14 14¢  othef
5-1 13a DCE >99 14 84 2 <1
5-2 13a benzene 94 12 79 3 <1
5-3 13b DCE 95 29 53 5 8
5-4 13b benzene 6 2 4 <1 <1

aConditions: 60°C, 5.0 mol % catalyst; styrene-to-silane ratio of 5:1;
DCE = 1,2-dichloroethane? Percent conversion based on the consumption
of triethylsilane at 24 h¢ Product distribution determined on the basis of
GC-MS and GC-FID data, rounded to the nearest percent; other silicon-
containing products including4d and 14e

into 11 and use of this phosphine sulfide as a ligand in the
preparation of the cationic complexek2p,j "BF,~ (Scheme

4) 28 |n keeping with the clean hydrolysis ofd,b]*X~ leading

to 5a,b (vide supra), in solution the?-P(S),N complexes
[12a,4+BF4~ were transformed cleanly into the corresponding
k2-P(S),0 speciesl3a,bupon heating in the presence of water.
Complexesl3a,bwere isolated in analytically pure form (91%
and 90%, respectively) and in turn characterized by use of NMR
spectroscopic and X-ray crystallographic techniques (Figure 1).
The overall structural features foundiBa,bcan be compared
with those observed iba,b as well as in some other inde-
nylphosphine sulfide complexes of Rh and@?8 While the
iPry(S)P—Cing distances in bothl3a (1.763(3) A) and13b
(1.766(4) A) are contracted relative 1d (1.873(2) A)28 the
corresponding PS linkages in13a (2.020(1) A) and13b
(2.027(1) A) are elongated relative fd (1.9665(6) A)28.2
These metrical data, when considered along with the relatively
short O-C2 distances observed ¥8a,b(1.277(4) and 1.290(5)

A, respectively), indicate that a resonance structure featuring
iPr,(S)P=C3 andO=C2 linkages and a formal anionic charge
on sulfur contributes significantly in thes&-P(S),0 complexes.

In addition, the equidistant MCOD linkages point to a similar
trans influence for the O and S donors 183a,b Notably,
complexes13a,b proved stable to heating in toluene for a
minimum of 1 week at 100C.

Alkene Hydrosilylation Mediated by 13a and 13b.In stark
contrast to the desirable catalytic properties exhibite@,iBb,
and10in the hydrogenation of alkenes, for reactions employing
5.0 mol % 13aor 13b as a catalyst, less than 10% styrene
conversion was achieved afté¢ h in CHCl,, THF, or hexanes.

In a preliminary effort to assess the catalytic utilityd#a,bin
alternative E-H addition reactions, addition of triethylsilane
to styrene was examined (6C, 5.0 mol %13aor 13b, 24 h;

(28) Wechsler, D.; Myers, A.; McDonald, R.; Ferguson, M. J.; Stradiotto,
M. Inorg. Chem.2006 45, 4562.

(29) Similar structural characteristics have been observed in other
complexes featuring anionic phosphine sulfide ligands. For selected
examples, see: (a) Browning, J.; Dixon, K. R.; Meanwell, N. J.; Wang, F.
J. Organomet. Chen1993 460, 117. (b) Browning, J.; Bushnell, G. W.;
Dixon, K. R.; Hilts, R. W.J. Organomet. Chem1993 452 205. (c)
Browning, J.; Bushnell, G. W.; Dixon, K. R.; Hilts, R. W. Organomet.
Chem.1992 434, 241.

Table 5); the predominant products typically formed in this
transformation {4a—e) are depicted in eq ¥ The Rh complex

P ~oSiEts 4 o A SiEts
HSIEt 14a 14b
PN —— 3t ()
catalys SiEt; —\ iEt;
+ + PH SiEt3 + L
Ph Ph
14c 14d 14e

13aproved to be an effective catalyst for this transformation,
affording quantitative substrate conversion and good selectivity
(84% 14b; entry 5-1) for reactions conducted in 1,2-dichloro-
ethane. The activity and selectivity BBawas diminished only
modestly in changing the solvent to benzene (entry 5-2). By
comparison, the Ir complek3b proved inferior tol3aboth in
terms of activity and selectivity, especially for reactions
conducted in benzene (entries 5-3 and 5-4).

Summary and Conclusions

In contrast to the many neutral Rh complexes (e.g., Wilkin-
son’s catalyst) that have proven capable of mediating the
hydrogenation of alkene substrates, analogous neutral Ir catalysts
are still very rare. In this context the results presented herein
establish neutral (COD)IR,O) complexes, including, 5b, and
10, as a highly active class of catalysts for the hydrogenation
of substituted alkenes under mild conditions (22 ~1 atm
H>). In the case of styrene hydrogenation, the catalytic perfor-
mance of5b was found to be competitive with Crabtree’s
prototypical cationic Ir catalystl§, and no significant reduction
in catalytic performance was noted for reactions mediated by
5b when employing benchtop experimental protocols. In
contrast, the neutral (COD)RI¢P,0) speciesba as well as
the (COD)M?3-P(S),0) complexes (M= Rh,13a M = Ir, 13b)
functioned poorly as catalysts for styrene hydrogenation under
similar conditions. Complexe® 5b, and10 also proved to be
effective catalysts for reduction of cyclohexene and 1-methyl-
cyclohexene, in some cases out-performing Wilkinson’s catalyst
under similar conditions. Whereas the noteworthy catalytic
activity exhibited by 2, 5b, and 10 in the reduction of
polysubstituted alkenes was found to be less than thatibfs
evident that the solubility and stability profiles of these neutral
(COD)Ir(P,0) complexes can offer some practical advantages
over traditionally employed cationic Ir complexes. Whilés
temperature sensitive and functions almost exclusively in
chlorocarbons, the neutral complex@$b, and10 are thermally
robust and in the case &b and 10 exhibit optimal catalytic
performance in aliphatic hydrocarbons while remaining active

(30) For selected reviews on metal-catalyzed hydrosilylation, see: (a)
Marciniec, B.Coord. Chem. Re 2005 249 2374. (b) Ojima, |.; Li, Z.;
Zhu, J. InChemistry of Organic Silicon Compound&appoport, Z., Apeloig,

Y., Eds.; Wiley: New York, 1998; Vol. 2, p 1687. (c) Marciniec, B.;
Gulihski, J.J. Organomet. Chen1993 446, 15. (d) Hiyama, T.; Kusumoto,

T. In Comprehensie Organic SynthesisTrost, B. M., Fleming, I., Eds.;

Pergamon Press: Oxford, 1991; Vol. 8, p 763.
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in other polar and nonpolar media. Encouraged by the experi- Preparation of 5a. Complex fa]*BF,~ (0.065 g, 0.12 mmol)
mental results detailed herein, our current research efforts arewas dissolved in THF (5 mL). The resulting orange solution was
directed toward development of increasingly active neutral Ir transferred to a resealable reaction flask that was sealed under
catalyst complexes for use in hydrogenation reactions as well hitrogen with a PTFE valve. The reaction flask was transferred to
as other conceptually related catalytic transformations involving the Schlenk line, and distilled water (1 mL; previously sparged 30
addition of E-H bonds to unsaturated substrates with an Min with nitrogen) was added to the mixture via syringe. The
emphasis on identification of active catalysts that are comple- Néadspace of the reaction flask was partially evacuated, and the
mentary to more traditional cationic group 9 catalysts. Our Vessel was sealed and placed into a’60oil bath. After 48 h of

progress in these areas will be the subject of future reports. heating, the flask was removed from the oil bath and cooled to
room temperature, at which time all solvent and other volatile

materials were removed in vacuo. The flask was transferred to the
glovebox, and the solid yellow residue was extracted with pentane
General Considerations. Except where noted, all manipulations (3 x 5 mL). The pentane fractions were combined and filtered
were conducted in the absence of oxygen and water under anthrough a Celite column to remove any insoluble material. Removal
atmosphere of dinitrogen either by use of standard Schlenk methodsof the pentane solvent and other volatile materials in vacuo yielded
or within an mBraun glovebox apparatus, utilizing glassware that 5aas an analytically pure, yellow solid (0.045 g, 0.098 mmol, 80%).
was oven dried (136C) and evacuated while hot prior to use. Celite  Anal. Calcd for GsHs,PORh: C, 60.27; H, 7.04; N, 0.00. Found:

Experimental Section

(Aldrich) was oven dried for 5 days and then evacuated for 24 h
prior to use. The non-deuterated solvents tetrahydrofuran, diethyl

C, 59.98; H, 6.98; N<0.1.?H NMR (CeDe): 0 7.20 (m, 1H, Ar
H), 7.01 (m, 1H, Ar-H), 6.95-6.90 (m, 2H, Ar-Hs), 5.37-5.36

ether, dichloromethane, benzene, hexanes, and pentane werém, 2H, COD), 3.76-3.73 (m, 2H, COD), 3.39 (s, 2H, C1(b)

deoxygenated and dried by sparging with dinitrogen gas followed
by passage through a double-column solvent purification system
purchased from mBraun Inc. Tetrahydrofuran, diethyl ether, and
dichloromethane were purified over two alumina-packed columns,

while benzene, hexanes, and pentane were purified over one?Jec = 7.8 Hz, C3a), 126.4, 124.3, 120.1, 116.5 (C4, C5, C6,

alumina-packed column and one column packed with copper-Q5
reactant. CDGl (Aldrich) was degassed using three repeated
freeze-pump-thaw cycles, dried over CaHor 7 days, distilled

in vacuo, and stored ovet A molecular sieves for 24 h prior to
use. Purification of NEtwas achieved by stirring over KOH for 7
days, followed by distillation; the distilled NEtvas then refluxed
over CaH for 3 days under dinitrogen, followed by distillation.
The solvents used within the glovebox were stored over activated
4 A molecular sieves. Hydrogen (99.999%, UHP Grade) was
obtained from Air Liquide and used as received. Compouhts
[4a,h*X~,196,24and [L2a,d "BF,;~,?8 were prepared using literature
methods and dried in vacuo for 24 h prior to use. Compo@nd

2.25-2.15 (m, 4H, P(€EIMe,), and COD), 2.142.05 (m, 2H,
COD), 1.82-1.75 (m, 2H, COD), 1.671.59 (m, 2H, COD), 1.2%

1.15 (m, 12H, P(CMeMey), and P(CHMgMa,),). 13C{tH} NMR
(CsDg): 6 202.7 (d,2Jpc = 24.2 Hz,C2), 145.8 (s, C7a), 140.1 (d,
and
C7), 101.1 (COD), 94.3 (d&Jpc = 44.6 Hz, C3), 66.5 (dJpc =
13.1 Hz, COD), 38.4 (BJpc = 12.1 Hz, C1), 33.5 (COD), 28.
(COD), 23.9 (d,3Jpc = 24.4 Hz, PCHMe,),), 19.2 (P(CHMe;-
Mey)2), 18.6 (P(CHM@Ve,)y). 31P{H} NMR (CgDg): 0 38.1 (d,
Jprn = 153.0 Hz).

Preparation of 5b (Method A). A procedure analogous to that
described for the synthesis 6& was employed usingdp] "PRs~
(0.067 g, 0.093 mmol) in place ofif]*BF,~ and a larger amount
of pentane (3x 10 mL) for the extraction step. Compl&b was
isolated as an analytically pure, yellow solid (0.038 g, 0.067 mmol,
74%). Anal. Calcd for ggH3,POIr: C, 50.44; H, 5.89; N, 0.00.
Found: C, 50.22; H, 6.11; N50.1.1H NMR (CgDg): 6 7.19 (m,

1

was prepared using a modification to the synthesis described by1H, Ar—H), 7.00-6.97 (m, 2H, Ar-Hs), 6.93 (m, 1H, ArH),

Heinicke et al2® wherebyN,N,N',N'-tetramethylethylenediamine
was not used in the lithiation of phenyl methoxymethyl ether and
2-(diisopropylphosphino)phenyl methoxymethyl ether was con-
verted into9 using a deprotection protocol similar to that described
by Long et aB! Compound9-Li was prepared via addition of
n-BuLi to a pentane solution &; the precipitate®-Li was washed
with pentane, dried in vacuo for 24 h, and used without further
purification. All other liquid solvents or reagents (Aldrich) were
degassed using three repeated freguemp—thaw cycles and then
dried ove 4 A molecular sieves for 24 h prior to use (with the
exception of 1.6 Mh-BuLi in hexanes, which was used as received),
while solid reagents were dried in vacuo for 24 h prior to use. All
1H, 13C, and3P NMR characterization data were collected at 300
K on a Bruker AV-500 spectrometer operating at 500.1, 125.8, and
202.5 MHz (respectively) with chemical shifts reported in parts
per million downfield of SiMe (for IH and*3C) or 85% HPQ, in

D,0 (for 3'P). IH and 13C NMR chemical shift assignments are
made on the basis of data obtained fr6d-DEPT,'H—1H COSY,
IH-18C HSQC, *H-'C HMBC, and/or 1D'H NOE NMR
experiments. GC-FID analyses were performed on a Perkin-Elmer
Autosystem Gas Chromatograph, while GC-MS analyses were
performed on a Varian Saturn-2000 system. All GC analyses were
carried out using a 30 nx 0.53 mm J&W DB5 column, with

helium as the carrier gas. Elemental analyses were performed by

Canadian Microanalytical Service Ltd., Delta, British Columbia

(Canada). The atomic numbering scheme employed herein is that

featured in Figure 1.

(31) Long, R. J.; Gibson, V. C.; White, A. J. P.; Williams, D.Idorg.
Chem.2006 45, 511.

5.09-5.04 (m, 2H, COD), 3.753.52 (m, 2H, COD), 3.42 (s, 2H,
C1(H)), 2.36 (m, 2H, P(EIMey),), 2.20-2.11 (m, 2H, COD),
2.05-1.95 (m, 2H, COD), 1.761.64 (m, 2H, COD), 1.5%1.47
(m, 2H, COD), 1.16-1.11 (m, 12H, P(CMeMey), and P(CH-
MeMey),). 13C{H} NMR (CgDg): 6 205.4 (d,2Jpc = 22.0 Hz,
C2), 144.9 (s, C7a), 141.2 (&)pc = 8.2 Hz, C3a), 127.2 (C4 or
C7), 125.6 (C5 or C6), 121.3 (C7 or C4), 117.7 (C6 or C5), 97.9
(d,Jpc=51.7 Hz, C3), 89.6 (dJpc = 12.3 Hz, COD), 50.8 (COD),
38.5 (d,3Jpc = 10.2 Hz, C1), 35.2 (COD), 29.4 (COD), 25.0 (d,
LJpc = 30.3 Hz, PCHMey),), 19.9 (P(CHVeMey),), 18.9 (P(CH-
MeMey),). 3T1P{H} NMR (CgDg): 0 31.7. Crystals obb suitable
for single-crystal X-ray diffraction analysis were obtained from a
concentrated pentane solution s stored at—35 °C.

Preparation of 5b (Method B). To a glass vial containing a
magnetically stirred solution & (0.065 g, 0.26 mmol) in THF (3
mL) was added NEt(36.6uL, 0.26 mmol), followed by addition
of a solution of [(COD)IrCl} (0.087 g, 0.13 mmol) in THF (2 mL).
Addition was accompanied by a color change of the solution from
light brown to bright orange. The vial was then sealed with a PTFE-
lined cap, and the solution was stirred magnetically for 2 h, at which
point 3P NMR data collected on an aliquot of the crude reaction
indicated quantitative formation &hb. After removing all volatiles
in vacuo the product was extracted from the residue by treatment
with pentane (3x 2 mL). Filtration of the combined pentane
olutions through Celite followed by removal of the solvent in vacuo
afforded 5b as an analytically pure orange solid (0.101 g, 0.18
mmol, 70%).

Preparation of 7. A solution of6 (0.807 g, 3.96 mmol) in diethyl
ether (5 mL) was cooled te-35 °C, and magnetic stirring was

S



5436 Organometallics, Vol. 26, No. 22, 2007

initiated. To this cooled solution was addedBuLi (2.7 mL of a

1.6 M solution in hexanes, 4.32 mmol). The resulting solution was
allowed to warm to ambient temperature over the course of 2 h
under the influence of magnetic stirring. The vial was cooled to
—35 °C followed by addition of PL,PCI (0.63 mL, 3.96 mmol),
which effected the precipitation of a white solid. The resulting
solution was allowed to warm to ambient temperature over the
course of 18 h under the influence of magnetic stirring. The reaction
mixture was then filtered through Celite to remove the white
precipitate. The diethyl ether was removed in vacuo, affording a
dark brown oil (1.19 g) that was characterized spectroscopically
as7 (>95% pure) and used without further purification in the
preparation o8. *H NMR (CeDg): 6 7.79 (m, 1H, C4-H or C7-
H), 7.28 (m, 1H, C5-H or C6-H), 7.18 (m, 1H, C7-H or C4-H),
7.09 (m, 1H, C6-H or C5-H), 3.14 (s, 2H, GKl 2.54 (m, 2H,
P(CHMeMey)y), 1.23 (d of d2Jpy = 16.0 Hz,2Jyy = 7.0 Hz, 6H,
P(CHVIe;Mey),), 1.16 (d of d2Jpyy = 11.5 Hz,2Jyy = 7.0 Hz, 6H,
P(CHMeMey),), 0.13 (s, 9H, SiMg). 13C{H} NMR (C¢Dg): O
166.5 (d,2Jpc = 2.3 Hz, C2), 148.8 (d) = 17.0 Hz, C3a or C7a),
136.0 (d,J = 4.3 Hz, C7a or C3a), 126.7 (C5 or C6), 122.8 {d,

= 0.9 Hz, C6 or C5), 122.7 (d] = 0.6 Hz, C4 or C7), 120.5 (d,

J = 8.7 Hz, C7 or C4), 112.2 (dJpc = 23.5 Hz, C3), 39.8 (d,
8Jpc = 1.4 Hz, C1), 22.8 (d'Jpc = 9.9 Hz, PCHMe Mey)), 21.2

(d, 2pc = 22.0 Hz, P(CHWeMey)), 20.2 (d,2Jpc = 9.3 Hz,
P(CHMeMe,)), 0.33 (SiMg). 31P{H} NMR (C¢D¢): 0 —10.5.

Preparation of 8. To a Schlenk flask containing a magnetically
stirred solution of7 (0.176 g, 0.55 mmol) in THF (5 mL) was added
5 M aqueous HCI (5 mL). The resulting solution was placed in a
temperature-controlled 6 oil bath for 18 h followed by removal
of all volatiles in vacuo. The light yellow residue was suspended
in diethyl ether (5 mL), treated with 7.5 M aqueous XHH solution
(5 mL), and stirred at ambient temperature for 1 h. All volatiles
were then removed in vacuo to afford a dark brown residue. The
residue was treated with diethyl ether £33 mL), the resultant
mixture was filtered through Celite, and the filtrate was collected.
Removal of the solvent afforde8 as an analytically pure, dark
brown oil (0.124 g, 0.50 mmol, 91%). Anal. Calcd fogs8,,0P:

C, 72.56; H, 8.52; N, 0.00. Found: C, 72.61; H, 8.44;90.1.'H

NMR (CgDg): 0 7.39 (d,3Jyn = 7.0 Hz, 1H, Ar-H), 7.08 (t,%Jun

= 7.5 Hz, 1H, Ar-H), 7.00 (t,3J4y = 7.0 Hz, 1H, Ar-H), 6.90
(d,33yn = 7.5 Hz, 1H, Ar-H), 3.56 (s, 1H, C-H), 3.27-3.13 (m,
2H, CH, (AB pattern)), 2.34 (m, 1H, P(@MeMey)), 1.70 (m, 1H,
P(CHMeMey)), 1.24 (d of d,2Jpy = 11.5 Hz,3Jy4y = 7.0 Hz, 3H,
P(CHVIe;Mey)), 1.02 (d of d,2Jpy = 15.5 Hz,3Jyy = 7.0 Hz, 3H,
P(CHMeMey)), 0.84 (d of d,3Jpy = 11.0 Hz,3Jyy = 7.0 Hz, 3H,
P(CHVie;Mey)), 0.74 (d of d,3Jpy = 14.0 Hz,3Jyy = 7.0 Hz, 3H,
P(CHMeMey)). BC{*H} NMR (CgDg): ¢ 212.8 (d,2Jpc= 3.8 Hz,
C=0), 142.4 (d,J = 10.6 Hz, quat.-C), 137.0 (dl = 3.1 Hz,
quat.-C), 127.6 (ArCH), 126.9 (A-CH), 125.7 (dJ = 8.6 Hz,
Ar—CH), 124.6 (A—CH), 48.6 (d,2Jpc = 33.0 Hz, C-H), 44.4
(CHz), 22.2 (d,lJpC = 24.2 Hz, PCHMecMed)), 22.0 (d,lJpC =

3.6 Hz, PCHMeMey)), 21.6 (d,2Jpc = 18.0 Hz, P(CHMgMey)),

20.7 (d,2Jpc = 13.0 Hz, P(CHMgMey)), 20.5 (d,2Jpc = 2.3 Hz,
P(CHVie;Mey)), 19.8 (d,2Jpc = 10.1 Hz, P(CHe;Mey)). 31P{1H}

NMR (CGDG)Z 0 33.5.

Preparation of 10. To a glass vial containing a magnetically
stirred solution of-Li (0.041 g, 0.19 mmol) in THF (2 mL) was
added a solution of [(COD)IrC{](0.063 g, 0.094 mmol) in THF
(2 mL). The vial was then sealed with a PTFE-lined cap, and the
solution was stirred magnetically for 1 h, at which pcilR NMR
data collected on an aliquot of the reaction mixture indicated
guantitative formation 010. The volatiles were removed in vacuo,
and the residue was extracted into pentane (3 mL), followed
by filtration through Celite. The filtrate was collected, and removal
of the solvent afforded.0 as an analytically pure, orange solid
(0.087 g, 0.17 mmol, 90%). Anal. Calcd fopdEl3lrOP: C, 47.11;

H, 5.94; N, 0.00. Found: C, 47.21; H, 6.11; N0.1.'H NMR
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(CDClg): ¢ 7.18 (m, 1H, Ar-H), 7.12 (m, 1H, ArH), 6.84 (m,
1H, Ar—H), 6.54 (m, 1H, Ar-H), 4.96 (m, 2H, COD), 3.54 (m,
2H, COD), 2.56 (m, 2H, P(BMeMey),), 2.27 (m, 2H, COD), 2.17
(m, 2H, COD), 1.88 (m, 2H, COD), 1.76 (m, 2H, COD), 1.22 (d
of d, 3Jpy = 16.5 Hz,3J4y = 7.5 Hz, 6H, P(CHle;Mey),), 1.15 (d
of d, 3Jpy = 14.5 Hz,3Jyy = 6.5 Hz, 6H, P(CHMgMe,),). 13C-
{H} NMR (CDClg): 6 180.7 (d,2Jpc= 17.1 Hz, CG-0), 133.4 (d,
J=2.0 Hz, Ar—CH), 131.2 (ArCH), 118.8 (dJ = 8.7 Hz, Ar—
CH), 116.1 (d,J = 6.3 Hz, Ar—CH), 115.8 (d,"Jpc = 46.5 Hz,
Ar-CPPL), 92.0 (d,J=12.3 Hz, COD), 49.0 (d] = 1.3 Hz, COD),
34.4 (d,J = 2.6 Hz, COD), 28.6 (dJ = 2.1 Hz, COD), 24.9 (d,
Jpc= 28.8 Hz, PCHMeMey),), 18.2 (d,2Jpc = 4.2 Hz, P(CHVie,-
Mey)2), 17.8 (P(CHMeMe,),). 31P{*H} NMR (CDCly): ¢ 40.1.
Crystals of10 suitable for single-crystal X-ray diffraction analysis
were grown from pentane at35 °C.

Preparation of 13a. A procedure analogous to that described
for the synthesis oba was employed usinglpPa*BF,~ (0.22 g,
0.37 mmol) in dichloromethane (8 mL) over 14 h in place of
[4a]"BF, in THF over 48 h and a larger amount of pentanex(3
10 mL) for the extraction step. Compled8a was isolated as an
analytically pure, yellow solid (0.16 g, 0.33 mmol, 91%). Anal.
Calcd for GsH3,PSORhO: C, 56.33; H, 6.58; N, 0.00. Found: C,
56.64; H, 6.58; N,<0.1.1H NMR (C¢D¢): 0 7.15 (t,33yy = 7.7
Hz, 1H, C6-H), 7.00 (d3Jyn = 7.0 Hz, 1H, C7-H), 6.92 (EJ4y =
7.3 Hz, 1H, C5-H), 6.83 (BJyy = 7.7 Hz, 1H, C4-H), 4.64 (m,
2H, COD), 4.10 (m, 2H, COD), 3.37 (s, 2H, C1-H), 23224
(m, 6H, COD and P(BMey),), 1.71-1.63 (m, 4H, COD), 1.30 (d
of d, 3Jpyy = 17.5 Hz,3J4y = 6.9 Hz, 6H, P(CHeMe),), 1.04 (d
of d, 3Jpy = 18.1 Hz,3Jyy = 7.0 Hz, 6H, P(CHM#e),). 3C{*H}
NMR (CDCly): 6 191.7 (d,J = 5.0 Hz, C2), 147.4 (d) = 12.1
Hz, C7a), 134.4 (dJ = 13.3 Hz, C3a), 126.6 (C6), 123.5 (C7),
120.7 (C5), 116.3 (C4), 86.6 (d,= 12.2 Hz, COD), 81.3 (d) =
42.3 Hz, C3), 71.0 (dJ = 13.7 Hz, COD), 43.9 (d) = 9.8 Hz,
C1), 32.2 (COD), 30.0 (COD), 27.8 (d,= 50.7 Hz, PCHMe,),),
16.9 (P(CHM#&/e),), 16.4 (P(CHM#e)y). 31P{*H} NMR (CDCly):

0 50.8. Crystals ol 3asuitable for single-crystal X-ray diffraction
analysis were grown from pentane-a85 °C.

Preparation of 13b. A procedure analogous to that described
for the synthesis of3awas employed usindglpb] *BF,~ (0.18 g,
0.26 mmol) in place of12g"BF,~. Complex13b was isolated as
an analytically pure, bright yellow solid (0.14 g, 0.24 mmol, 90%).
Anal. Calcd for G3H3,PSOIr: C, 47.65; H, 5.56; N, 0.00. Found:
C, 47.92; H, 5.67; N<0.1.™H NMR (CgDg): 0 7.12 (t,33un =
7.4 Hz, 1H, C6-H), 6.98 (3Jyy = 7.2 Hz, 1H, C7-H), 6.92 (t,
8Jun = 7.4 Hz, 1H, C5-H), 6.78 (d3Jyy = 7.7 Hz, 1H, C4-H),
4.33 (m, 2H, COD), 3.98 (m, 2H, COD), 3.37 (s, 2H, C1-H), 2:29
2.22 (m, 6H, COD and P(@Mey),), 1.64-1.61 (m, 2H, COD),
1.52-1.47 (m, 2H, COD), 1.15 (d of BJpy = 17.6 Hz,3Jyy =
6.9 Hz, 6H, P(C"Me'\/le)z), 0.97 (d of d,SJpH =18.2 HZ,3JHH =
7.0 Hz, 6H, P(CHM®/e),). 13C{*H} NMR (CDCl): 6 190.4 C2),
146.7 (d,J = 11.4 Hz, C7a), 134.1 (dl = 13.1 Hz, C3a), 126.5
(C6), 123.4 (C7), 121.1 (C5), 116.5 (C4), 81.9 Jd= 82.4 Hz,
C3), 70.1 (COD), 53.6 (COD), 43.6 (d,= 9.7 Hz, C1), 32.8
(COD), 30.4 (COD), 27.7 (dJ = 49.5 Hz, PCHMe,),), 16.6
(P(CHMVeMe),), 15.9 (P(CHM#e),). 3P{*H} NMR (CDCly): ¢
46.6. Crystals ofL3b suitable for single-crystal X-ray diffraction
analysis were grown from pentane-a85 °C.

General Protocol for Hydrogenation Experiments.The pro-
tocol used for hydrogenation reactions employing 0.5 mol % catalyst
loading in hexanes under inert-atmosphere conditions is provided
as a representative procedure. A solution of catalyst compound in
hexanes (0.014 mmol in 7 mL to give a 0.002 M solution) was
allowed to equilibrate for 5 min, at which point the alkene (2.8
mmol) was added by use of an Eppendorf pipet. The vial was then
sealed and shaken vigorously. Subsequently, 1 mL aliquots of the
mixture were placed in glass reactor cells, which were each
equipped with a magnetic stir bar and sealed under nitrogen with
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a PTFE valve. The cells were transferred immediately to a Schlenk based on the isotropic displacement parameter of the attached atom.
line and degassed by use of three freegemp-thaw cycles In the course of the solution and refinement process involging
employing liquid nitrogen. Magnetic stirring of the solutions was a model featuring two crystallographically independent molecules
initiated, and the evacuated cells were backfilled with hydrogen in the asymmetric unit was employed successfully. Additional
gas (-1 atm, UHP grade). At the desired sampling time, the reactor experimental details related to the crystallographic characterization
cell was opened to air and 2 mL of hexanes (or pentane in the caseof 5b, 133 and 13b are provided in the accompanying crystal-

of the hydrogenation of cyclohexene or 1-methylcyclohexene) was lographic information file (Supporting Information).

added via Pasteur pipet. The resultant mixtures were then filtered Crystallographic Solution and Refinement Details for 10.
through a short AlO; column (2 cm) from which clear, colorless Crystallographic data were obtained at 1£3J K on a Nonius

solultigns e":thd' Thfese sholution_s were trqgsferfr_eflj tg GC vialfs andyanpaCCD 4-Circle Kappa FR540C diffractometer using a graphite-
:Aesae .dPro uc_ts 0 egc reactloan(_eredl fentl I?BC g”l;se OI GC monochromated Mo & (4 = 0.71073 A) radiation, employing a
¢ b, IaP d%ua;ntltatlve attetlhwere 0 taln? trlom o ) analysis, sample that was mounted in inert oil and transferred to a cold gas
a (; ate | F?at replrtfaseﬂ d € ?}Vfrt‘?‘geé’ a _east WAO rulnst_. stream on the diffractometer. Cell parameters were initially retrieved
O o e Sl Using the COLLECT software (Nonius) and refined vith the HKL
mL to }i/\je ao gog M IQolution)s\:\:as :lllo\(/ved to. equilibrate flor 5 DENZO and SCALEPACK softwar€.Data reduction and absorp-
. give e d tion correction (multiscan) were also performed with the HKL
min, at which point the alkene (2.25 mmol) was added by use of
. . ’ DENZO and SCALEPACK software. The structure was solved
an Eppendorf pipet. The vial was then sealed and shaken vigorously. . . )
: using the direct methods package in SIR#and refined by use
Subsequently, BSit (0.45 mmol) was added by use of an of the SHELXL97-2 progradt employing full-matrix least-squares
Eppendorf pipet to the reaction mixture, and the vial was then sealed d 2 'E[)h Ig based pn:yz g 26(E.2) and bq d
and shaken as before. Aliquots (1 mL) of the mixture were placed procedures (0F~) wi %1 based orfo” = o(Fo") andwR, base
on F?2 = —30(F,?. Anisotropic displacement parameters were

in glass reactor cells, which were each equipped with a magnetic

stir bar and sealed under nitrogen with a PTFE valve. The cells employed throughout for the n_o_n-hydrogen ?“OmS' and all H at_o_ms

were transferred immediately to a Schlenk line and submersed inWere added at calculated positions and refined by use of a riding

a temperature-controlled oil bath, and magnetic stirring of the Model employing isotropic displacement parameters based on the
isotropic displacement parameter of the attached atom. Additional

solutions was initiated. At the desired sampling time, the reactor * . ; .
cell was opened to air andl mL of pentane was added via Pasteur experimental details related to the crystallographic characterization

pipet. The resultant mixtures were then filtered through a short ©f 10are provided in the accompanying crystallographic information
Al,03 column (2 cm) from which clear, colorless solutions eluted. file (Supporting Information).

These solutions were transferred to GC vials and sealed. Products

of each reaction were identified by use of GC-MS, while quantita- Ad(now]edgment is made to the Natural Sciences and
tive data were obtained from GC-FID analysis; tabulated data Engineering Research Council (NSERC) of Canada (including

represent the average of at least two runs. a Discovery Grant for M.S. and Postgraduate Scholarships for
Crystallographic Solution and Refinement Details for Sb, 13a,  j.C. and D.W.), the Canada Foundation for Innovation, the Nova
and 13D. Crystallographic data were obtained at B3] Kona  gcotia Research and Innovation Trust Fund, and Dalhousie

Bruker PLATFORM/SMART 1000 CCD diffractometer using @  University for their generous support of this work. We also thank
graphite-monochromated Mo &K (4 = 0.71073 A) radiation,  pr Michael Lumsden (Atlantic Region Magnetic Resonance

employing samples that were mounted in inert oil and transferred center, Dalhousie) for his assistance in the acquisition of NMR
to a cold gas stream on the diffractometer. Programs for diffrac- yaia.

tometer operation, data collection, data reduction, and absorption
correction (including SAINT and SADABS) were supplied by ) ) ] ) )
Bruker. The structures were solved either by use of direct methods ~ Supporting Information Available: Single-crystal X-ray dif-

(for 134) or a Patterson search/structure expansionsiaand13b) fraction data in CIF format fosb, 10, 133 and13b. This material
and refined by use of the SHELXL97-2 progr&amploying full- is available free of charge via the Internet at http://pubs.acs.org.
matrix least-squares procedures (€#) with R; based orF,2 > OM7006437

20(Fo?) andwR, based orF;2 > —30(F,?). Anisotropic displace-
ment parameters were employed throughout for the non-H atoms, : - —
and all H-atoms were added at calculated positions and refined by, ,, (33) HKL DElNzcl) and SCﬁLEPAﬁK v1.96: Otwinowski, Z.; Minor,

f a riding model employing isotropic displacement arametersW' In Macromolecular Crystallography, Part/Carter, C. W., Jr., Sweet,
use ofarding ploying p p p R. M., Eds.; Academic Press: San Diego, 1997; Vol. 276, pp-3Z.
(34) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A,

(32) Sheldrick, G. MSHELXL97-2, Program for the Solution of Crystal ~ Moliterni, A. G. G.; Burla, M. C.; Polidori, G.; Camalli, M.; Spagna, R.
Structures University of Gdtingen: Gitingen, Germany 1997. Appl. Crystallogr.1999 32.




