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Abstract: Asymmetric cross-coupling of aryl iodides (Arl) with secondary arylphosphines (PHMe(Ar"), Ar'
= (2,4,6)-R3CsHz; R = i-Pr (Is), Me (Mes), Ph (Phes)) in the presence of the base NaOSiMe; and a chiral
Pd catalyst precursor, such as Pd((R,R)-Me-Duphos)(trans-stilbene), gave the tertiary phosphines PMe-
(Ar')(Ar) in enantioenriched form. Sterically demanding secondary phosphine substituents (Ar') and aryl
iodides with electron-donating para substituents resulted in the highest enantiomeric excess, up to 88%.
Phosphination of ortho-substituted aryl iodides required a Pd(Et-FerroTANE) catalyst but gave low
enantioselectivity. Observations during catalysis and stoichiometric studies of the individual steps suggested
a mechanism for the cross-coupling of Phl and PHMe(lIs) (1) initiated by oxidative addition to Pd(0) yielding
Pd((R,R)-Me-Duphos)(Ph)(l) (3). Reversible displacement of iodide by PHMe(ls) gave the cation [Pd((R,R)-
Me-Duphos)(Ph)(PHMe(Is))][l] (4), which was isolated as the triflate salt and crystallographically character-
ized. Deprotonation of 4-OTf with NaOSiMe; gave the phosphido complex Pd((R,R)-Me-Duphos)(Ph)(PMels)
(5); an equilibrium between its diastereomers was observed by low-temperature NMR spectroscopy.
Reductive elimination of 5 yielded different products depending on the conditions. In the absence of a trap,
the unstable three-coordinate phosphine complex Pd((R,R)-Me-Duphos)(PMels(Ph)) (6) was formed.
Decomposition of 5 in the presence of Phl gave PMels(Ph) (2) and regenerated 3, while trapping with
phosphine 1 during catalysis gave Pd((R,R)-Me-Duphos)(PHMe(lIs)). (7), which reacted with Phl to give 3.
Deprotonation of 1:1 or 1.4:1 mixtures of cations 4-OTf gave the same 6:1 ratio of enantiomers of PMels-
(Ph) (2), suggesting that the rate of P inversion in 5 was greater than or equal to the rate of reductive
elimination. Kinetic studies of the first-order reductive elimination of 5 were consistent with a Curtin—
Hammett—Winstein—Holness (CHWH) scheme, in which pyramidal inversion at the phosphido ligand was
much faster than P—C bond formation. The absolute configuration of the phosphine (Sp)-PMels(p-MeOCgsH,)
was determined crystallographically; NMR studies and comparison to the stable complex 5-Pt were
consistent with an Re-phosphido ligand in the major diastereomer of the intermediate Pd((R,R)-Me-Duphos)-
(Ph)(PMels) (5). Therefore, the favored enantiomer of phosphine 2 appeared to be formed from the major
diastereomer of phosphido intermediate 5, although the minor intermediate diastereomer underwent P—C
bond formation about three times more rapidly. The effects of the diphosphine ligand, the phosphido
substituents, and the aryl group on the ratio of diastereomers of the phosphido intermediates Pd(diphos*)-
(Ar)(PMeAr"), their rates of reductive elimination, and the formation of three-coordinate complexes were
probed by low-temperature 3P NMR spectroscopy; the results were also consistent with the CHWH scheme.

Introduction asymmetric catalysis to the preparation of other high-value chiral

| compounds, metal-catalyzed asymmetric syntheses of these
ligands are raré. However, we and others have recently

tdescrlbed new approaches to P-stereogenic chiral phosphines
via metal-catalyzed hydrophosphination of alkeh®$; or Ru-
catalyzed alkylation of secondary phosphihes,Pd-catalyzed

Metal-catalyzed asymmetric synthesis depends on chira
ligands, especially phosphiné€hiral phosphines are usually
prepared either by resolution or by using a stoichiometric amoun
of a chiral auxiliary? Despite the successful application of

 Dartmouth College. phosphination of aryl halidésBetter understanding of the scope
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Scheme 1 Table 1. Pd((R,R)-Me-Duphos)-Catalyzed Asymmetric
P Ph ip Phosphination of Phl with PHMe(ls): Effect of Solvents,
T NaOSiMe kT Temperature, and Base on Yield and Enantioselectivity?
R~ 3 Ro
TH — \'Ph |
Me Pd catalyst Me catalyst
, . | h equivof  loading  equiv of
+Pr HPr +Pr +Pr entry Phl (mol%) base solvent T(°C) yield (%) ee®(%)
1, racemic 7 7
2, enantioenriched 1 2 5 1  toluene 22 A 73
2 1.05 3 1 toluene 22 93 72
.O—_ 3 1.07 25 1 toluene 22 g8 73
R _Ph 4 11 5 1 pentane 22 90 78
Pd 5 2 7 1 THF 22 69 66
PO 6 2 7 1 MeCN 22 60 58
—Q 7 1.1 5 1 DMSO 22 78 55
8 1 5 1 toluene 4 82 82
3, catalyst
Y 9 2 5 1 toluene 50 60 42
1C¢ 1.05 5 1 toluene 22 91 70
and limitations of these metal-catalyzed processes, and knowl- 11 ﬂ %g g :O:Uene gg gg ;g
: : - . - . oluene

edge of their mechanisms and_the origin of enantlos_el_ectlwty, 11 55 10 toluene 22 96 74
should help to make asymmetric catalysis a more efficientand 149 1.1 25 1 toluene 22 a3 75

practical route to valuable chiral phosphines. With this goal in

mind, we report here details of our studies of the Pd-catalyzed *® The catalyst precursor was PR(R)-Me-Duphos)(Ph)(l), and the base

tric oh hinati f liodides was NaOSiMe (1.0 M in THF). bThe phosphine was complexed with
asymmetric phosphinaton ot aryl 10di : Pd(©)-MeaNCH(Me)CsHa)(u-Cl))2 in CgDg; integration of GiMe signals

in the’H NMR spectrum gave the de, which corresponds to the phosphine
ee (see the Supporting Information for detafiS)MR yield, from integration

. . of the ITH NMR spectrum after addition of P&-Me,NCH(Me)CsHa)
Selection of Catalyst and Substrates for a Test Reaction.  (,-Cl)), to the phosphine product isolated after column chromatography

In any catalytic asymmetric phosphine synthesis, the chiral on silica gel“isolated yield after column chromatograpf$cale: 500 mg

ancillary ligand must resist displacement from the metal by the ;’é PHMe,S'S,)\j(fgf';\‘}la'{St precursor: P@R(R)-Me-Duphos)ransstilbene).
. ase= Na IM&)2.

excess phosphine substrate and products. Therefore, we used ?

the rigid bidentate chiral alkylphosphin&,R)-Me-Duphos to
ensure tight binding to the metaThe secondary phosphine  eaction conditions on the rate and selectivity of this test cross-
PHMe(ls) (, Is = 2,4,6-(-Pr)CeHo), with a large Is and a o pling. An excess of Phl was not required, which simplified
small Me substituent, was selected in hopes of maximizing {he workup (entries 1 and 2). The ee decreased slightly with
steric differentiation at P in the diastereomeric intermediates j,creased solvent polarity (entries-3), so the preferred solvent
and transition states.The base NaOSiMewas chosen t0 a5 toluene or pentane. The catalyst loading could be decreased
minimize the concentration of the free phosphido anion 4 5 5 mol 96 without any loss of enantioselectivity (entry 3).
[PMels]", which might reduce the Pd catalyst or undergo other gnanioselectivity increased at low temperature and decreased
side _rea(_:tlons. These design elements were successful; the, heating the reaction mixture (compare entries 1, 8, and 9).
reaction in Scheme 1 occurred quickly at room temperature gpiries 16-14 showed that only 1 equiv of base was required;
(abou 1 h with 5 mol % catalyst loading) in high yield and using excess NaOSiMer changing the base to NaN(Sib)ge
~T70% eex? however, had little effect on yield and ee. In general, the reaction
appeared to be quantitative, and isolated yields were limited

Results and Discussion

Effect of Reaction Conditions.Table 1 shows the effect of

(3) (a) Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, RILAm. Chem.

Soc.1993 115 10125-10138. (b) Hoge, GJ. Am. Chem. So€003 125, by losses during chromatographic workup.
10219-10227. (c) Shimizu, H.; Saito, T.; Kumobayashi, Adv. Synth. i i iti
Catal, 2003 345 185-189. (d) Marinotti, A.: Genet. J.-RE. R. Chimie Screening of reaction COﬂdI'[IOI’lS.WaS done on a small scale
2003 6, 507514, (20—25 mg of secondary phosphir®. On a larger scale,
(4) (a) Kovacik, I.; Wicht, D. K.; Grewal, N. S.; Glueck, D. S.; Incarvito, C. ; ; ir it ;
D Guzei, I. A.: Rheingold. A, LOrganometallics200q 16, 950-953. isolation of air-sensitive by chromatography under nitrogen

(b) Douglassl,I M. R.; Ogasawara, M(.;)Honcgj], S.; Metz, M.”V.; Markz, T.J. was inconvenient, but a modified workup (entry 10) avoided
Organometallic2002 21, 283-292. (c) Sadow, A. D.; Haller, I.; Fadini, f : ;

L.: Togni, A. J. Am. Chemn. So@004 126, 1470414705, (d) Sadow, A, this problem. Coupling of 500 mg of PHMe(ls) (2 mmol) with
D.; Togni, A.J. Am. Chem. So@005 127, 17012-17024. (e) Scriban, Phl using 5 mol % of Pd§R)-Me-Duphos)(Ph)(l) §) was

C.; Kovacik, I.; Glueck, D. SOrganometallic2005 24, 4871-4874. (f) . . .
Kovacik, I.; Scriban, C.; Glueck, D. Srganometallic2006 25, 536 complete in 2 h. After solvent was removed, extraction with

g3p9- (9) IScri}g\n’:l(rlj, CG IGIueJclf& DéhS._: Zalshiros, L. N 'f&}FSSbS’g' S.; petroleum ether and filtration through a short pad of silica
IPasquale, A. G.; Golen, J. A.; eingold, A.Qrganometallic: . e . .
25, 5757-5767. For related reactions involving metal-catalyzed enanti- followed by washing the silica with petroleum ether/THF (9:1)

oselective addition of PH bonds to unsaturated substrates, see: (h) eluent reproducibly gave the pI’OdUCt phosphine in 90% yie|d
Shulyupin, M. O.; Franciu, G.; Beletskaya, I. P.; Leitner, Wdv. Synth.

Catal. 2005 347, 667-672. (i) Xu, Q.; Han, L-B.Org. Lett. 2006 8, and 70% ee.
é%?n%iiozldg%?ﬂgﬁéyg?eau’ D.; Delacroix, O.; Gaumont, A.Chem. Catalyst Screening.Several chiral Pd(diphos*)(Ph)(I) and
(5) (a) Scriban, C.: Glueck, D. S. Am. Chem. So@00§ 128 2788-2789. Pd(diphos*){rans-stilbene) complexes were screened as catalyst
gigccgggé\i-zg-:;tsegg%'? C.; Bergman, R. G.; Toste, FJDAm. Chem. precursors in the reaction of Scheme 1 (Scheme 2, Talfle 2).
(6) (a) Moncarz, J. R.; Laritcheva, N. F.; Glueck, D.J.Am. Chem. Soc. The yields and ee of the product phosphine depended strongly

2002 124, 13356-13357. (b) Moncarz, J. R.; Brunker, T. J.; Jewett, J. C.; H i * [ H i H
Orchowski, M.. Giueck. D. 5. Sommer. R. D.: Lam. K.-C.: Incanito. . o_n the nature of the chiral diphos* ligand. We first |nvest|ga_ted
D.; Concolino, T. E.; Ceccarelli, C.; Zakharov, L. N.; Rheingold, A. L.  bis(phospholanes) structurally analogous to Me-Duphos. Either
Organometallic003 22, 3205-3221. (c) Korff, C.; HelImchen, GChem. i _ _ _
Commun2004 530-531. (d) Pican, S.; Gaumont, A.-Chem. Commun. the Orlgmal CatalySt PdRR) Me DUphos)(Ph)(l):@ or the Pd

2005 2393-2395.

(7) Drago, D.; Pregosin, P. ®rganometallic2002 21, 1208-1215. (9) Brunker, T. J.; Blank, N. F.; Moncarz, J. R.; Scriban, C.; Anderson, B. J.;
(8) Brauer, D. J.; Bitterer, F.; Dorrenbach, F.; Hessler, G.; Stelzer, O.; Kruger, Glueck, D. S.; Zakharov, L. N.; Golen, J. A.; Sommer, R. D.; Incarvito, C.
C.; Lutz, F.Z. Naturforsch. B1996 51, 1183-1196. D.; Rheingold, A. L.Organometallic2005 24, 2730-2746.

6848 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007



Palladium-Catalyzed Asymmetric Phosphination ARTICLES

Scheme 2. Chiral Diphosphine Ligands Screened in Pd-Catalyzed Table 3. Pd((R,R)-Me-Duphos)-Catalyzed Coupling of Secondary
Synthesis of 2 from 1 Methylarylphosphines with Aryl Halides?
PHMe(ls) Phl, NaOS:Mea PPhMe(ls) entry phosphine ArX time (h) yield® (%) ee° (%) a?
1 Pd(diphos*) cat. 2 1 PHMe(lIs) PhBr 1 53 38
e 2 PHMe(ls) PhOTf 1 70 50
Me@ . 3 PHMe(ls) Phl 1 97 76 0
nu---O—-n Me'---O—Me S O p 4 PHMe(ls)  p-PhOGH.l 1 89 89 -0.32
P P : e Me 5 PHMe(ls)  p-MeOGsH4l 6 96 82 —0.27
[ Fe 0o 6 PHMe(ls) p-NH2CeHal 1 88 79 —0.66
R__@_.”R Me-—@-'uMe %Me O e 7 PhMe(s pMeGHd 22 %8 78 017
Ve ,Q e(ls)  p-CRsCgHal 2 96 45 0.54
Duphos Mo.BPE Me-ForroL ANE e 9 PHMe(ls)  p-ICeHal 2 68 40 0.18
(R= Me, E, -Pr) DuXantphos 10" PHMe(ls)  p-NO2CeHal 1 73 12 0.78
Ve Me 11 PHMe(ls)  p-ICeHal 2 91 33
Ety\, N,Me 12 PHMe(ls) 8-Quinolyll 6 75 x
b Et d\ P(t-Bu); d‘ ~PPh, 13 PHMe(ls)  3,5-MgCeHsl 456 93 15
T T PR, T PPh, 14  PHMe(ls)  0-CsHaNI 6 98 1ﬁ
15 PHMe(ls) 1-Naphl 5 98 d
Vs Y <& s Chiral 16 PHMe(Mes) Phi 4 59 56 0
ee{ *E'  Josiphos BoPhoz Diphosphine 17  PHMe(Mes) p-MeOGHs 48 90 48  —0.27
Et-FerroTANE (R = Cy, CyPF-tBu) gancs 18 PHMe(Mes) p-CFsCeHdl 48 75 K 0.54
(R = Ph, PPF-t-Bu) 19  PHMe(Phes) Phl 24 91 -59" 0
20 PHMe(Phes) p-MeOGsHal 1 81 —65m —0.27
Table 2. Pd(diphos*)-Catalyzed Asymmetric Synthesis of 21 PHMe(Phes) p-PhOGHal 24 84 —-82"  —-0.32
PPhMe(ls) (2) from PHMe(ls) (1)2 220 PHMe(Men) Phl 48 68 73
,0
entry Diphos* precursor  solvent  t(h) yield (%) ee® (%) 28 PHMe(Men) Phi 48 2 91
1¢  (RR)-Me-Duphos B toluene 1 71 73 aThe catalyst precursor was 5 mol % of FRIR)-Me-Duphos){rans
2 (RR)-Me-Duphos A toluene 1 g7 76 stilbene). Reactions used 0.1 mmol of PHMéJAt.05-1.1 equiv of ArX,
3 (RR)-Et-Duphos B toluene 1 @3 72 and NaOSiMg (1.0 M in THF, 1 equiv) at room temperature in toluene,
4 (RR)-i-Pr-Duphos B toluene 16 83 73 unless otherwise stated. Mes2,4,6-MeCsH,, Phes= 2,4,6-PhCsH,. See
5 (RR)-i-Pr-Duphos A toluene 16 98 71 Experimental Secti_on for detaileoIated_yieId after column chromatog-
6  (RR-Me-BPE B THF 20 1090 -—18 raphy.“The phosphine was complexed with P{¢{#e;NCH(Me)GeHa)(u-
7 (SS)-Me-FerroLANE B toluene 4 59 28 Cl))2 in CeDs; integration of GiMe signals in théH NMR spectrum gave
8  (S9-Et-FerroTANE B THF 24 nel —45 the de which corresponds to the phosphine #tammett substituent
g (S9-Et-FerroTANE B THF 48 nél —5¢ constanﬂ.f eCfatalyst precursor:  P&(R)-Me-Duphos)(Ph)(l), 2 equiv of
10 (SS-Et-FerroTANE B toluene 24 g6 —37' PhBr, 50°C. 'Catalyst precursor: PdR(R)-Me-Duphos)(Ph)(l), 2 equiv of
11 (RS-PPFt-Bu B THE 72 nd o1t PhOTf.9The phosphine was complexed with Fgie;NCH(Me)CeHa)(u-
12 (R'S)-PPFt-Bu A toluene 48 04 3 CI))2 in C¢De; integration of P signals in th#P NMR spectrum gave the
13 ' -CVPELB A ol 8 72 de which corresponds to the phosphlne*ﬂata_lyst precursor: PAR(R)-
R9-Cy u oluene rac Me-Duphos)p-NO:CsH)(l) (see below)/2 equiv of NaOSiMe, 2 equiv
14 RS-BoPhoz A toluene 24 72 rac of PHMe(ls).ide = diastereomeric excesee was determined for the

[(N—C*)Pd(P-N)][OTf] adduct formed in reaction of (NC*)Pd(CI)(P(8-

2The standard procedure used 5 mol % of the catalyst precursors Quinolyl)Me(ls)) with AgOTf.!"TH NMR signals of the (N-C*)Pd(P(1-
Pd(diphos*){rans-stilbene) (A) or Pd(diphos*)(Ph)(I) (B), PHMe(ls), Phl  Naph)Me(Is) complex were very broad, so ee was not determined (nd).
(1.05-1.1 equiv), and NaOSiMe(1.0 M in THF, 1 equiv) at room "The negative sign indicates that € and™H NMR chemical shift trends
temperature, except where notédhe phosphine was complexed with  for Pd adducts of these phosphine products were the opposite of those
Pd((S)-Me2NCH(Me)GsH)(u-Cl))z in CeDs; integration of GiMe signals  observed for PArMe(Is) and PArMe(Mes) (Supporting InformatiéRjom
in the 'H NMR spectrum gave the de which corresponds to the phosphine ref 14. Men= (—)-menthyl; here, the de is reportéatalyst precursor
ee.2 equiv of Phl (Table 1, entry 1}From integration of théH NMR Pd(R,R)-i-Pr-Duphos)fans-stilbene).
spectrum after addition of Pd@-Me;NCH(Me)CsHa4)(u-Cl)), to the

phosphine product isolated after column chromatography on silica gel. .
elsolated yield after column chromatograpfhis catalyst selectively gave Several Ni(Me-Duphos) catalyst precursors (see the Support-

the -Opp?f:iﬁ Engmtiome& of the phgi%hm&? [’?ol ;%hcatalyslt precursor, 2 ing Information) were inferior to the Pd analogue; reaction did
equiv o ."nd = not determined. mol % of the cata yst precursor o H
was added to AgOTf and filtered into a solution Hhf PhOTf (2 equiv), not go to complethn, and Sever_al_ byproducts were formed. With
and NEt(-Pr. 'The catalyst precursor was the cation [Pd(RPF- Pd, the Me-BPE ligand, less rigid than Duphos, gave reduced
Bu)(Ph)(NCMe)][OTf] (preparedh situ from the iodo complex and AgOTf  ee (entry 6), while the ferrocene-based bis(phospholane) Me-
in MeCN; see the Supporting Information), 2 equiv of PhOTY, badéEt(- FerroLANE (entry 7) was also inferior. Catalysis with the wide-

Pr). kAt 50 °C. . .
bite-angle DuXantphos ligand was very slow, and byproducts

(0) precursor PdRR)-Me-Duphos)rans-stilbene) could be formed. Despite_promising r(_esults fpr asymmetric phosphination

used, without significant differences (entries 1 and 2 and entries ©f seécondary diarylphosphines witls§)-Et-FerroTANE re-

4 and 5 for thei-Pr-Duphos analogue). The change from Me- ported recently by Korff and Helmchéfthis ligand was less

to Et-Duphos had little effect (entries—B), and results with enantioselective in the test reaction (entrie<l8). It did enable

(RR)-i-Pr-Duphos were similar (entries 4 and 5). This was YS€ of PhOTf with a Pd(ll) precursor (entry 9; see also entry

surprising; the Cahningold—Prelog priority rules mean that 11 forfrelar:ed ;eSL,"LS with dPPIFBu an: Table 3|’ entry 2'|Lor
(RR)-Me- and i-Pr-Duphos have opposite absolute configura- use of PhOTI with a Pd(Me-Duphos) catalyst). Stilbene

tions and might be expected to preferentially yield opposite cBomprhxes l()fttl’(;efJOSIphOSI, (:]erlv?]t_wesB FthﬁU andt(?yPFt—
enantiomers of the produgtNMR and structural data for the uor the related ferrocenylphosphine BoPhoz (entries 1)

catalyst precursofsindicated that these results were not a - — - )
. . . . . (10) For other examples of reversal of enantioselectivity in asymmetric catalysis,
consequence of mislabeling of the ligand stereochemistry; see: (a) Evans, D. A.; Johnson, J. S.; Burgey, C. S.. Campos, K. R.
H ] i i Tetrahedron Lett1999 40, 2879-2882. (b) Sibi, M. P.; Liu, M.Curr.
pOSSIbI_e _mEChan_IStIC eXplfanatlonS for Fhe reversal of enanti Org. Chem 2001, 5, 719-755. (c) Zanoni, G.; Castronovo, F.; Franzini,
oselectivity are discussed in more detail befSw. M.; Vidari, G.; Giannini, E.Chem. Soc. Re 2003 32, 115-129.
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Scheme 3. Substrate Scope in Pd-Catalyzed Asymmetric
Phosphination (R = i-Pr, Me, Ph; for Ar Groups See Tables 3

and 4)
ﬁra)é)SiMes )
Pd catalyst /@EP‘“',’.Q'
R R
Table 4. Pd((S,S)-Et-FerroTANE)-catalyzed Coupling of PHMe(lIs)

with o-Substituted Aryl lodides and Organometallic
lodocyclopentadienyl Complexes?@

entry iodo substrate time (h) yield? (%) ee (%)
1 0-MeOGsH4l 1 51 racemic
2 0-CNGgH4l 42 83 3
3 0-MeCgHul 9 88 nd!
4¢ Fcl 6 100 8
5f Cymi 6 82 5

aThe catalyst precursor was P8®)-Et-FerroTANE){rans-stilbene) (5
mol %). Reactions were done with 1 equiv of Arl and 1 equiv of NaOSiMe
(1.0 M in THF) in toluene at room temperature. See Experimental Section
for details.’lsolated yield after column chromatography on sili€ahe
phosphine was complexed with (P8{Me;NCH(Me)CsHa)(u-Cl))2 in
CsDg; integration of thé!P NMR spectrum gave the de which corresponds
to the phosphine eénd = not determined; thé'P NMR signals overlapped,
and suitable’H NMR signals could not be identified (see Supporting
Information).eFc = ferrocenyl, GH4FeGHs, 70 °C. f{Cym = cymantrenyl,
CsH4Mn(CO), 50 °C.

gave slow turnover and no enantioselectivity; for the latter two,
ligand displacement during catalysis was observed.
Substrate Scope.Since screening of the test reaction of

100

80 |

60

ee (%)

40 A

20 A
NO, o

0.4 0.8

Figure 1. Correlation between ee of the phosphinep-RCesHs)Me(ls)
and the substituent constas (Hammett plot):2

entry 13, ee depended strongly on the substrate. This was
particularly evident from results withrsubstituted aryl iodides,
where steric effects are presumably minimal. More electron-
donatingp-substituents resulted in higher ee (see entrie$(
with PHMe(Is)). A Hammett plot of product ee vs substituent
constantssp, which are listed in Table ¥ gave a reasonable
correlation (Figure 1). The same trend was observed for the
other secondary phosphine substrates (Table 3, entrie21)6
However, an attempt to exploit these observations in the
coupling of PHMe(ls) withp-Me;NCgHal (0p, = —0.83)? led

to immediate catalyst decomposition and formation of R&):

Schemes 1 and 2 revealed that the original Me-Duphos ligand Me-Duphos).®°

gave the highest enantioselectivity, we used it to explore the
scope of the reaction. Coupling of three secondary phosphines

PHMe(Ar) (Ar' = 2,4,6-RC¢Hz, R = i-Pr (Is), Me (Mes), or
Ph (Phes)) with aryl iodides Arl gave enantioenriched methyl-
diarylphosphines PMe(A(Ar) in high yields (Scheme 3, Tables

While varying the aryl iodide with a given secondary
phosphine substrate revealed the electronic effectsp-of
substitution, measuring the ee for one aryl iodide with different
secondary phosphines showed the effect of phosphine structure
on enantioselectivity (see Table 3, entries 3, 16, and 19 (Phl);

3 and 4). The racemic phosphines were prepared for comparison5 17, and 20 -MeOGsH4l); 8 and 18 p-CFsCeHal): and 4

using the catalyst precursor Pdg§Pol)3).Cl, and characterized

and 21 p-PhOGH4l)). In particular, enantiomeric excesses were

spectfoscopically, by elemental analyses and mass spectrosc_:op)éim”ar for PHMe(ls) and PHMe(Phes) but lower for PHMe-
and, in several cases, by X-ray crystallography (SUPPOTting \ieq) perhaps because Is and Phes are comparable in size and

Information).

Entries -3 in Table 3 showed that phenyl bromide (at 50
°C) and phenyl triflate could also be used, but selectivity was
lower than that with Phl. Therefore, we studied exclusively aryl
iodides! The disubstituteg-diiodobenzene could be selectively
coupled with 1 or 2 equiv of PHMe(Is) (entries 9 and 11). The
Pd(Me-Duphos) catalyst tolerated other aryl iodides \gitlor
m-substituents (Table 3). Double- substitution appeared to
slow the reaction for 3,5-M€sH3l (entry 13), and no turnover
was observed for the analogous substrate 3,%)¢CEHsl.
Although coupling ofo-iodopyridine was fast (entry 14) and
o0-MeCgHyl also reacted smoothly, catalytic turnover was very
slow with othero-substituted substrates-1eOGHal, 0-CICsH4l)
or did not occur (Mesl, Mes= 2,4,6-MeCgH>).

A Pd(Et-FerroTANE) catalyst promoted the couplingcf

both larger than Mes. Catalyst turnover did not occur with the
even bulkier PHMe(Mes*) (Mes*= 2,4,6-¢-Bu)sCgHy).813
We have reported elsewhere the diastereoselective coupling
of the secondarylialkylphosphine PHMe(Men) (Mekrr (—)-
menthyl) with Phl (entries 22 and 23), but catalyst decomposi-
tion occurred during the reaction and FRIR)-Me-Duphos)
formed!4

The enantiomeric excess of the new phosphines was deter-
mined by integration of the NMR spectra of their diastereomeric
adducts with the chiral Pd fragment PgtMe,NCH(Me)CGsH.)-
(CI).351n this assay, the adducts of PMe{#Ar) showed similar
features for Ar = Is and Mes; the’lP NMR signals for the
minor diastereomer usually appeared at lower field than those
for the major one, and in théd NMR spectra they appeared in
the opposite order (Supporting Information Table S2). These

substituted aryl iodides, as well as iron and manganese iOdOCy'trends suggested that the FRIR)-Me-Duphos) catalyst con-

clopentadienyl complexes, but in disappointingly low ee (Table

sistently favored one hand of the phosphine product. The order

4). This poor selectivity ,did npt appear to r.esult exglusively of NMR shifts was reversed for PArMe(Phes). To reflect this
from catalyst decomposition, since some Pd intermediates WerEyifference, ee values in entries491 of Table 3 are arbitrarily

observed during catalysis (Supporting Information).
For the Pd(Me-Duphos) catalyst, while yields were generally

high and reactions were fast, with a few exceptions, such as

(11) For Pd-catalyzed phosphination using aryl bromides and chlorides, see:

Murata, M.; Buchwald, S. LTetrahedron2004 60, 7397-7403.
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(12) (a) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195. (b)
McDaniel, D. H.; Brown, H. CJ. Org. Chem1958 23, 420-427.

(13) Yoshifuji, M.; Shibayama, K.; Inamoto, NChem. Lett1984 115-118.

(14) Blank, N. F.; McBroom, K. C.; Glueck, D. S.; Kassel, W. S.; Rheingold,

A. L. Organometallic2006 25, 1742-1748.

(15) Kyba, E. P.; Rines, S. B. Org. Chem1982 47, 4800-4801.
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Table 5. Selected Bond Lengths (A) and Angles (deg) for the
Cations [M((R,R)-Me-Duphos)(Ph)(PHMels)]™ (M = Pd or Pt)2

Figure 2. ORTEP diagram of [PdRR)-Me-Duphos)(Ph)(PHMels)][OT{]
2THF (the anion and solvent molecules were omitted, and only thd P
hydrogen is shown).

Scheme 4. Proposed Mechanism for Pd-Catalyzed Synthesis of 2
from 1 ([Pd] = Pd((R,R)-Me-Duphos, L = PHMe(ls) (1), L'
2

(R,R)-Me-Duphos)
7 L
PPhMe(ls) o o
[Pd]).|/ QL%/ Wﬂ
JIs 5 ph TN 2 Ph
— N2 el

[Pd]-P-Ph <—[Pd]{
6 Me 3!
S
Nal

e
| j
° n-
HOSlM%&%&KPh PHMe(ls)
1

NaOSiMes : ,P\—IMe
H S

P—M

listed with a minus sign; note that we have determined the
absolute configuration of only one phosphine product (see
below).

Mechanism of Pd-Catalyzed Asymmetric Phosphination
(Scheme 4).Study of the individual steps in a potential
mechanism for the PdRR)-Me-Duphos)-catalyzed coupling of
PHMe(Is) with Phl (Scheme 4) provided information on the
mechanism of PC bond formation. Treatment of P&RR)-
Me-Duphos)(Ph)(1) ) with PHMe(Is) @) led to broadening of
the3P NMR peaks of the phosphine at room temperature. Low-
temperaturé’ NMR spectroscopy showed that the phosphine
reversibly displaced iodide to form the cation [FRIR)-Me-
Duphos)(Ph)(PHMe(Is))][1]14) as a mixture of diastereomers;
the equilibrium favored neutrd. Cation4 was independently
synthesized as the isolable triflate sak@Tf) from 3, phosphine
1, and AgOTf6 Using a stoichiometric amount of PHMe(ls)
gave a 1:1 mixture of diastereomers £0Tf. Heating this
material in THF, or use of excess phosphine in the original
synthesis, gavd-OTf in 1:1.4 ratio.

As expected, the crystal structure®sOTf (Figure 2, Table
5 and the Supporting Information) was very similar to that of
the Pt analogue; in both cases the crystal examined containe
the Re-diastereomet® While two of the three PdP bonds were

(16) For the analogous Pt complexes, see: (a) ref 5a (b) Scriban, C.; Glueck,
D. S.; DiPasquale, A. G.; Rheingold, A. IOrganometallics2006 25,
5435-5448.

bond/angle M=Pd M = Pt

M—-P1 2.3204(19) 2.3096(11)
M—P2 2.2775(19) 2.2772(13)
M—P3 2.3347(18) 2.3126(13)
M-C 2.054(7) 2.082(4)
C—M-P2 89.82(18) 90.21(13)
C—M-P1 173.4(2) 172.02(16)
P2—-M—P1 85.53(7) 85.52(4)
C—M-P3 87.7(2) 87.26(13)
P2-M—-P3 174.48(7) 177.11(4)
P1-M—P3 96.53(6) 96.82(4)
C(Me)—P3-C(ls) 104.3(3) 103.9(3)
C(Me)-P3-M 118.2(2) 118.19(19)
C(Is)-P3—M 118.6(2) 120.38(15)

a pPd complex4 (anion= OTf) crystallized with 2 equiv of THF. The Pt
complex (anion= BF,) crystallized with 1 equiv of CkLCl,.16

slightly longerthan the PP ones, the PAC(Ph) distance was
shorter than the Pi{C one. Similar observations in simpler
compounds have been rationalized on the basis of-+switt
considerations and relativistic effeéfs.

Treatment of3 with PHMe(Is) and NaOSiMg at low
temperature gave the phosphido complex R&j¢Me-Duphos)-
(Ph)(PMels)) 6, Scheme 4). We considered several possible
mechanisms for this reaction. In analogous Pt chemistry, reaction
of Pt((R,R)-Me-Duphos)(Ph)(X) (%= Cl or Br) with NaOSiMe
gave the silanolate complex FR(R)-Me-Duphos)(Ph)(OSiMg,
which reacted quickly with PHMe(ls) to givePt.528However,
the palladium iodide8 did not react with NaOSiMg Alterna-
tively, the anion [PMels], formed by deprotonation of PHMe-
(Is) with NaOSiMe, might displace iodide fron3 to give 5,
but 1 and NaOSiMe did not react. We cannot rule out the
possibility that such pathways operate via unfavorable equilibria,
but cation4-OTf reacted quickly with NaOSiMgto give 5,
which suggests that Pd-phosphido formation occurred by
coordination followed by deprotonation (Scheme 4).

Phosphido complek was characterized by low-temperature
multinuclear NMR spectroscopy (see Table 656 NMR data
and the Supporting Information). Two diastereomers which
differ in the absolute configuration of the pyramidal phosphido
ligand would be expected,but we observed four diastereomers
of the Pt analogué-Pt.1® The “extra” isomers appeared to be
conformational isomers resulting from restricted rotation in the
bulky Pt=PMels group. Similarly, three diastereomer$oiere
observed {50 °C, 92:2:0.4 ratio, Table 6). Since, unlikePt,
thermally sensitivés could not be purified (see below), it was
difficult to rule out the possibility that minor signals in the
spectra of5 were due to impurities. Indeed, independent
generation of the iodo complex PR(R)-Me-Duphos)(l)(PMels)
showed that it was present in some cases, presumably arising

(17) (a) Wisner, J. M.; Bartczak, T. J.; Ibers, J. A.; Low, J. J.; Goddard, W. A.,
1ll. J. Am. Chem. S0d.986 108 347—348. (b) Wisner, J. M.; Bartczak,
T. J.; Ibers, J. AOrganometallics1986 5, 2044-2050. (c) Oberhauser,
W.; Stampfl, T.; Bachmann, C.; Haid, R.; Langes, C.; Kopacka, H.;
Ongania, K.-H.; Bruggeller, FRPolyhedron200Q 19, 913-923.

18) Scriban, C.; Glueck, D. S.; Golen, J. A.; Rheingold, AOrganometallics
2007, 26, 1788-1800.

(19) (a) Wicht, D. K.; Glueck, D. S.; Liable-Sands, L. M.; Rheingold, A. L.
Organometallics1999 18, 5130-5140. (b) Wicht, D. K.; Kovacik, I.;
Glueck, D. S.; Liable-Sands, L. M.; Incarvito, C. D.; Rheingold, A. L.
Organometallics1999 18, 5141-5151. (c) Zhuravel, M. A.; Glueck, D.
S.; Zakharov, L. N.; Rheingold, A. LOrganometallic2002, 21, 3208-
3214.
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Table 6. 3P NMR Data for the Phosphido Complexes Scheme 5. [Pd] = Pd((R,R)-Me-Duphos), L = PHMe(ls)
M((R,R)-Me-Duphos)(Ph)(PMels) (M = Pd, Pt)2 Ph
1 [Pd](| 3
CP\M/Ph xs L, Phi
P’ “PMels NaOSiMe;
2 3 Ph L
, Pa—f| 2=~ (pal
T o) 0(P) 0Py Ph 7 L
complex (C)  (mp)  (btp)  (bp) o s s P
Pd(Me-Duphos)(Ph)-—50 49.0 55.0 —34.0 27 127 13 92 Table S7 (Supporting Information) summariZé8 NMR data
(PMels) 6a) for 6 and analogous three-coordinate Pd(Duphos) complexes
5b 50.1 —22.2 27 137 2 d in thi d belotd
5c 208 130 04 prepared in this stu y (s_ee elow). N
Pt(Me-Duphos)(Ph)- —75 56.5 57.3 —55.9 136 98 On decomposition 05 in the presence of a trap (conditions
(PMels) 6a-P) (1653) (1868) (889) more relevant to catalysis), three-coordinate compléxssre
-Pt _‘éz-g 136 2.2 not observed. Warming a mixture 6fand Phl gave phosphine
5c-pt (_~49‘5) 142 12 2 and oxidative addition produ&(Scheme 4). These observa-
5d-Pt 516 134 1 tions, along with kinetic studies of reductive elimination (see

below), suggest that rate-determining formatio® éfom 5 was

:nAII(Blgg/ph(:;gsP(")?aggtserug\llegﬁ dg?é‘)ﬁglgg‘ﬂoﬁh Chfonggz'r]tsshi?: i|f_‘|z followed by rapid reaction with Phl to yiel8. The Pd(Me-
Solvent— THF-Ge. For atom labeling, see the figl'JJre above. In several cases DUPhOS) fragment resulting from reductive elimination could
(especially for minor diastereomers), it was not possible to assign also be trapped by the secondary phosphine substrate. During
Duphos P resonances, so they are omitted. Data for the Pt complex is fromca»[a|ytiC coupling of PHMe(ls) with Phl at room temperature,
ref 16.bdr = diastereomer ratio, from integration of th#® NMR spectra 31p NMR monitoring initi .
at —50 °C. g initially showed the presence of phosphido
complex5 and Pd(RR)-Me-Duphos)(PHMe(Is)) (7), which
underwent rapid exchange on the NMR time scale with PHMe-
(Is). Complex7 was generated free & by running catalysis
with a substoichiometric amount of Phl, or by addition of excess
PHMe(ls) to Pd(R,R)-Me-Duphos){rans-stilbene) (Scheme 5).

At —40 °C, phosphine exchange ihwas slow on the NMR
time scale and the expected mixture of four diastereomers was
observed.

As catalysis proceeded, compl&was also observed; it
became the dominant Pd species present near the end of the
Foure 3. Temperature dependence of brium between diaster reaction. In catalysis with PhOTf, the same Pd complexes were
omers5a andsb of PA(R R} Me.Duphos)(Ph)(PMels) in THETHE, Ky CPSETVEd? but the ratio of7 to 5 was greater, consistent with
values are the average of two separate measurements (Supporting Informaf@ster oxidative addition of PR These observations suggest
tion). that the rates of oxidative addition and reductive elimination
. Lo . during catalysis were similar and that P& bond formation
from Pd(R,R)-Me-.Duphos)i asan impurity ir8.#>On warming, could be faster than both steps under appropriate conditions.
peaks due to minor isomesc disappeared and those 6b Scheme 6 shows how the relative rates of interconversion

broadened considerably; this_, behavior may correspond to Apetween invertomerS- andRe-5 and their reductive elimination
coalescence of rotamers as in analogous Pt compléxsfe might control enantioselection in catalysis. Note that this

could not observe the expected coalescence daftib signals idealized scheme neglects possible contributions to product

be_ltzﬁuse of rapid de(ijompozmon oanﬁrmmg (lslfe beltk))W). formation from diastereoméic (or other rotamers), which were
di € temp;raturngfepen e7r(1)ce 035t°§,eqﬁ“ ru'JmF. etween ohserved only at low temperature. Under catalytic conditions

|astereome aan rom = t_o— IS shown In Figure at room temperature, only one set of phosphido signals was
3. As _deswed (see the Introd_uctlon), the equilibrium Iay_ far to observed: we cannot tell if this was an average resulting from
one side I_Kqu 79. at—70°C in THF/THFGg). Extrapolation coalescence of th&a/5b signals or if coalescence had not
to catalytic conditions at room temperature (298 K) gég occurred, and peaks due % were too broadened to observe
= 18 andAG®2e = 1.7 kcal/mol. under these conditior?4.

Decomposition of5 via reductive elimination on warming If 5a and5b both undergo reductive elimination faster than

gave, in the absence of a trap, a mixture of diastereomers ofp i e rsion, then the enantiomeric ratio (er) of prodiaiould
the three-coordinate phosphine complex R@)-Me-Duphos)-

(PPhMe(Is)) 6), which decomposed even at low temperature (21) The simpler three-coordinate complexes Re}-Me-Duphos)(PR) (R =

i Mea. t-Bu or Cy) were prepared by reduction of Fg)-Me-Duphos)C] with
to yleld Pd(R'R) Me Duphos) and PPhMe(IS) (SCheme QB NaBH(OMe} in the presence of the ligand (see the Supporting Information

for details). Although these complexes of bulky trialkylphosphines were

y = 848.28x + 0.0573
R? = 0.9918

3.6 T T
0.0041 0.0044 1 /T (K) 0.0047 0.005

(20) Data for minor diastereoméc are included in Table 6 since these were more stable tha, they also decomposed to PRR)-Me-Duphos) at room
reproducibly observed. In one sample5Hfunder conditions designed to temperature.
maximize signal/noise, we also saw a minsa&/6d ratio ca. 300:1) PMels (22) Reaction mixtures with PhOTf contained 1 equiv of Nal per Pd, derived
peak due to another phosphido complck(THF/THF-dg, —70°C, 6 —24.7 from precursor3. Independent generation of PR(R)-Me-Duphos)(Ph)-
(dd, J = 117, 35 Hz)). We could not detect the analogous Me-Duphos (OTf) (from Pd(RR)-Me-Duphos){rans-stilbene) and PhOTf) in the
resonances or tell if this material was a diastereom&aefc or an impurity; presence of Nal gav8, consistent with the observations in the catalytic
this signal disappeared on warming. For more details on independent system.

generation of the other potential impurities FRIK)-Me-Duphos)(Ph)(PHIs) (23) Alcazar-Roman, L. M.; Hartwig, J. Forganometallics2002 21, 491—
and Pd(R R)-Me-Duphos)(Me)(PPhls), see the Supporting Information. 502.
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Scheme 6. Probing Relative Rates of P Inversion and Reductive Scheme 7 . Proposed Curtin—Hammett Kinetic Scheme for
Elimination in Phosphido Complex 5: “er vs dr” Experiments ([Pd] Inversion and Reductive Elimination in Phosphido Complex 52
= Pd((R,R)-Me-Duphos) (major)
H - H A; A;
2 diastereomers -,
a | | 4a Mf's‘/P>[Pd] e [Pd](P\"l'V'e
P S
Me“‘/P\ Pti ;d ~ \”Me Ph 32 Ph
I8 /[ ] [ ]\ Is k21 k34
Ph Ph P P
Me'yr' ™ -~ \'Me
s D3se base Is/ Ph Ph A\IS
P K P, 1 4
Me'"' eq ™M
wd >[Pd] — [Pd]< N\ e _ ka _ (A
Ph inversion Ph eq _k32 7 Al
kq Ko [A4] ka4
P-C P=——=Keqg+——
Ph" reductive JPhI [Aq] 4 kg
elimination
\\"'P P""l
Me! 7 \Ph Ph/ \’Me a[Pd] = Pd(RR)-Me-Duphos). The labels for the compounds @nd
Is Is A4 are phosphin®; A, and Az are phosphido complexés and the rate

constants follow Seeman’s reviédvRate constant&yz and ks, describe

2b 2 enantiomers 2a
ratio = er ) ¢ ' !
the composite process of P inversion and rotation about thePPabnd
which interconverts\, andAs, and rate constante; andkss characterize

reflect the thermodynamic ratio of their precursdesand 4b reductive elimination of the phosphido diastereomers REjtMe-Du-
(er=dr, Scheme 6). Alternatively, if interconversionsd# and phos)(Ph)(PMels) As and A;, or 5a—b). The Re diastereomerAs is
5bis faster than reductive elimination, their relative abundance 2™P'trrily assumed to be the major one.

and reductive elimination rates might result in an e2 different also assume that-FC reductive elimination proceeds with

frogzt?e original qlr of cationgt (ky = ,kz; er = dr, $cheme retention of configuration at P, as we showed earlier in reductive
6).%%" Deprotonation of 1:1 or 1.4:1 mixtures of catioh©Tf elimination of the analogous phosphiglborane complexes Pd-
with NaOSiMg in the presence of Phl gave phosphihgr = ((SS)-Chiraphos)¢-MeOGsH2) (PMePh(BH)).3°

6:1)28 Therefore, the rate of inversion was greater than or equal Following Seeman'’s review, the kinetics of such Cuttin

to that of reductive elimination under these conditions. Generat- Hammett systems can be des,cribed in terms of the empirical
ing 5 by treatment oB with phosphinel, Phl, and NaOSiMg

at room temperature led to analogous results<{é:1) 28 The
similar product ratio observed in the catalytic reactions provides
a rationale for the observed enantioselectbn.

Mechanistic Hypothesis: Curtin—Hammett Kinetics. We
hypothesized that inversion wasuch fasterthan reductive
elimination in Scheme 6. Then, in an example of Cuttin  After experimental measurementlgfy, the reductive elimina-
Hammett kinetics, the product rati@dl/[2b] = P = Keg(ksd tion rate constantk,; andks4 are given by
k21) (Scheme 7Keqis the equilibrium constant for diastereomers

Winstein—Holness rate constakiy+, which describes the total
rate of product formatioR®

AL+ SIAl = kA T IA) ()

5a and 5b, while the rate constants describe their reductive _ Kee T 1\[ P

elimination rates§® Note that Schemes 6 and 7 simplify the Kaa Hl K, P+1 (@)
reductive elimination process by omitting the three-coordinate I

intermediate6 (Scheme 4); this is justified because rate- K. — (Keq+ 1) 3)
determining formation 06, which fixes the P stereochemistry 217 "WH (P+1)

in the produc?, is followed by fast release of the product. We

whereKeq andP are defined as in Scheme 7.

(24) Coalescence of the P&®Mels3'P NMR signals near room temperature is i i i ; i i i
plausible. Interconversion dba and 5b requires both P inversion and Kinetic Studies Of,RedUCtlve Elimination from PhOSphI(.io
rotation about the PeP bond. An approximation foﬁrﬁthe barrier to this ~ Complex 5.Phosphido comples was generated at78 °C in
composite process at the coalescence temperattn@'ig. = 4.587(10.32 ; PoA
+ log T/k) calimol, wherek, = 2.22Av (Friebolin, H. Basic One- and THF/THF-dg by deprotonation of cat_lon OTf or by treatment
Igvé)é?igensiohng NMIR Sfpectr_lc_)sgloﬁgld ed.;VCI(—ji: V\é%ig?/(ﬁi_'m, Gerlmany, of Pd(R R)-Me-Duphos)(Ph)(I) §) with PHMe(ls) and NaO-

. Using the\v value from Table 6, measured at z, coalescence ; TS
at 298 K would correspond to a barrier of ca. 12 kcal/mol, similar to those SiMes. In both cases, reductive elimination in the presenc_e of
(25) flgr IrelattedJ gt_andei’gB%oEnl%lezctffg‘m Phl at—10 °C gave PPhMe(Is)2) and3 (see Scheme 4); this
alpern, JScienc . 401-407.

(26) Seeman, J. RChem. Re. 1983 83, 83-134. For an application in  Process was observed B NMR spectroscopy.
organometallic chemistry, see: Gately, D. A.; Norton, JJRAm. Chem. Since the two enantiomers of produigave identicaP'P
So0c.1996 118 3479-3489. . .

(27) For a related experiment involving alkylation of Fe-phosphido complexes, NMR spectra, _the WlnSte““HC’ln_ess rate constakiyy could _
iggig %rlggé&gégalem, G.; Wild, S. B.; Stephens, foganometallics be measured directly by monitoring the growth of the phosphine

(28) Small variations in er were observed; see the Supporting Information for OVer time by NMR spectroscopy. Alternatively,y could be
results and estimation of the error in measurement of er. i i i i -

(29) Cations4a and 4b might interconvert by dissociation of PHMe(ls), obtained by observmg formathn Of.Pd complﬁmr dlsap
racemization of the phosphine by reversible deprotonation/protonation, and P€arance of the major phOSphldO dlaStereosE?(We could
rebinding (Bader, A.; Nullmeyers, T.; Pabel, M.; Salem, G.; Willis, A. C.; H i i i
Wild, S. B. Inorg. Chem.1995 34, 384-389). If this process occurred not c_)btal_n reliable NMR Integratlon_ Tor the broadened_peaks
very quickly, and one of the diastereomeric cations was deprotonated more Of minor isomersb). Both decomposition dba and formation
rapidly than the other, then it is possible thatzedr in Scheme 6, even if it firat ; i ;
reductive elimination was faster than inversion. However, the lack of of the products fit first-order kmetlcg'Thus‘ concentration vs
dependence of the ee in the catalytic reactions on the concentration or the
nature of the base (Table 1, entries—11#4) suggests that the base, and, (30) (a) Moncarz, J. R.; Brunker, T. J.; Glueck, D. S.; Sommer, R. D.; Rheingold,
specifically, the deprotonation step, does not affect enantioselectivity. A. L. J. Am. Chem. So@003 125 1180-1181. (b) Reference 6b.
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0:2 4 complete. After isolation of the product phosphine, the ee
(product ratioP = 8:1) was determined. Peak broadening and
0181 . competing reductive elimination precluded similar direct mea-
- surement oKeq at —10 °C, but extrapolation of the data from
= 012 .
< . Figure 3 gaveKeq = 27.
g 0.08 A These results provided two kinetically indistinguishable sets
of values for the reductive elimination rate constaktsand
0.04 | a ks4 of Scheme 7. If the major product phosphine was formed
2 from the major starting material (caseKlaq= 27,P = 8), ka4
0 - - - - =1.4x 10%standky; = 4.7 x 1074 s71.34 Alternatively, if
o 4000 8000 12000 16000 . . . . .
time (s) the minor starting material yielded the major product (case 2,

Figure 4. Concentration vs time plots for reductive eliminatiorbah the
presence of Phl to yiel@ and 3 (THF/THF-dg, —10 °C). Blue squares:
[5a). Red circles: P]. Black triangles: 8]. The smooth lines are fits to the
equationsA = Ape Kt andB = Aq(1 — e ) for decay of5a (A) and growth

of 2and3 (B) with k= 1.13 x 104 s (r? = 0.996 for decay 05a). The
same value ok was used to fit the growth of producgsand 3. Directly
fitting concentration vs time data f@and3 yielded slightly different rate
constants; see Table 7, entry 1 and the Supporting Information for more
details.

time plots yielded three independent determinationsgf for
each run (Figure 4; the smooth curves are fits to first-order decay
of 5aand growth of2 (red circles) an® (black triangles)). As
shown in Table 7, values fdtwy obtained by observing the
disappearance &awere consistent with those calculated from
the appearance of the produ@snd 3.

Decomposition ofsa generally gave the most reliable fits;
data for formation of product® and3 are included in Table 7
as an indication of the error in determinatiorkgfy. The results
did not differ significantly with the two different precursors
(compare entries24 and 5-6)32 or depend on initial concen-
tration of 5. Using higher concentrations of Phl gave similar
results (Supporting Information), consistent with first-order
decompositior® Without Phl (entry 4), decomposition fgave
a mixture of diastereomers of three-coordinate intermediate
which decomposed to yiel@, Pd((R,R)-Me-Duphos) and,
presumably, Pd(0) (thé'P NMR signal of2 broadened over
time, perhaps due to an exchange process with a zerovalent P
complex of the phosphine). The first-order rate constant for
decay of5a under these conditions was comparable to that in
the presence of Phl. An approximate valueKar, is then 1.5-
(+£0.5) x 104sL,

Extracting the reductive elimination rate constakisand
ks4 from egs 2 and 3 requirddyn, the product ratid®, andKeq
The kinetics studies yielded botyy and P. The latter was
measured under conditions (see Table 7, entry 1 and the
Supporting Information) where complete decompositiorbof
occurred at-10 °C. Thus, the reaction was monitored until ca.
80% conversion. Samples were then transferred to a cold bat
(—10 °C, ice/brine/NaCl), which was placed in a freezer
(—10 °C) and stored for at least 24 h until the reaction was

(31) (a) See the Supporting Information for demonstration Kpat can be
measured by observing decay of either diastereomer of starting m&terial
as a complement to the more usual method, observing product formation.
(b) Concentration vs time data were fit using TableCurve2D software
(SYSTAT Software Inc., http://www.systat.com/products/TableCurve2D/
help/?see1106, accessed July 2006), usidg= Age ¥ and [B] =
[Ad(1 — e respectively for the first-order formation of B from A. See
the Supporting Information for more details.

(32) The different precursors yieldédalong with the byproducts NaOTf and
Nal, respectively. While it is possible that the presence of these salts might
lead to different rates of reductive elimination, our data are indistinguishable
within experimental error.

(33) Hartwig, J. FAcc. Chem. Red.998 31, 852-860.
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Keq = 27,P = 1/8), thenkss = 1.7 x 10°s ! andk, = 3.7

x 1073 57134 Thus, in both cases, reductive elimination of the
minor phosphido intermediateb occurred more quickly than
that for the major one. I5b decayed about 3 times faster than
5a(case 1), this would simply reduce the ee, which would still
be controlled by the thermodynamic preferenceJarin case

2, however, where reductive eliminationi§ is about 200 times
faster than that oba, the effect ofKeq on the product ratio
would be outweighed by the relative rates of reductive elimina-

These results enabled us to confirm the hypothesis that P
inversion in phosphido intermediatéswas much faster than
reductive elimination (Schemes 6 and 7). We have shown
previously that the barrier to P inversion in analogous Pt and
Pd phosphido complexes was the same within experimental
errorl®c |t was not possible to measure the rate of P inversion
in 5. However, the rate constants for the process of inversion
and rotation about the PP bond which interconverts the
diastereomers of the Pt analogues R&J-i-Pr-Duphos)(Ph)-
(PMels) 8-Pt) and Pt(R,R)-Me-Duphos)(l)(PMels) were ca. 5
x 1% st and 8x 10? s! at the coalescence temperature of
—10 °C 2 respectively, at least 2@imes greater than the rate
constants for reductive elimination frorb at the same
temperaturé®b

Absolute Configurations of the Products and Intermedi-

&ues.Determination of the absolute configurations of the product

phosphing and the intermediate phosphido complexegould
distinguish the two possibilities described above and thereby
establish the origin of enantioselectivity in the catalytic asym-
metric synthesis of from 1.

A suitable phosphine, PMeOGH4)Me(ls) (2-An), was
prepared catalytically in 83% ee. As discussed above, the
consistent trends in th8P and!H NMR spectra of the adducts
of the phosphines in Table 3 with (Pd((S)-MECH(Me)CGsHa)-
(u-Cl))2 suggested that the major enantiomer of this phosphine
and its Ph analogu2 had the same absolute configuration (see
the Supporting Information). Six recrystallizations2An from
i-PrOH gave a white crystalline solid with e€99% by HPLC
on a chiral stationary phase (ChiralPak AD; see the Supporting
Information for details). The crystal structure of this highly
enriched sample showed the presence of two independent
molecules per asymmetric unit. Both h&-configuration
(Figure 5). Chiral HPLC analysis of the single crystal used for
structure determination confirmed that it was the major enan-

(34) The error in determiningwy is relatively large (Table 7), while there are
also errors associated with the measuremett.gindP and, hence, the
derived rate constants; and kss. For our purposes of comparing the
magnitude oka1/kss With kog/ksz and determining which diastereomer®of
leads to the major product, however, it is not necessary to determine these
numbers with great precision.
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Table 7. Kinetics Data for Reductive Elimination from Pd((R,R)-Me-Duph
THF/THF-dg?

os)(Ph)(PMels) (5) in the Presence of Phl at —10 °C in

equiv of K (572, K (572, K (573, K (572,
entry precursor Phl decay of 5a) formation of 2) formation of 3) average)
10 A (0.20 M) 2 1.13x 104 9.06x 10°° 1.07x 104 1.04x 104
2 A (0.187 M) 1.5 1.31x 104 8.60x 10°° c 1.09x 104
3 A (0.11 M) 1.9 1.34x 1074 2.12x 104 2.63x 1074 2.03x 104
4 A (0.15 M) 0 1.92x 104 d d 1.92x 104
5 B (0.145 M) 2 1.28x 104 1.19x 104 9.19x 10°° 1.13x 10
6 B (0.20 M) 2 1.49x 104 2.33x 104 1.94x 104 1.92x 104

aPhosphido comple® was generated by deprotonation of precusd@-OTf) with NaOSiMe or by treatment of precurs@ (3) with PHMe(Is) and
NaOSiMe. As in Figure 4, concentration vs time data &&; 2, and3 were fit separately to first-order exponential functions. See Experimental Section and
Supporting Information for more detail®Product ee= 79%. °Concentration vs time data f@&were too noisy to give an acceptable fitvithout the Phl
trap, 3 was not formed, and formation and decomposition of the interme@igtevented monitoringZ] over time.

Figure 5. ORTEP diagram of one of the two independent molecules of
S-P(p-MeOGH4)Me(ls) (2-An).

tiomer of phosphine2-An. Racemic2-An crystallized in a
different space group (Supporting Information).

We could not crystallize thermally unstable intermediate
so its absolute configuration was investigated by low-temper-
ature NMR spectroscopy, with comparison to NMR and
crystallographic results fdRe-5-Pt.160:18The similarity between
the structures of cationd and 4-Pt (Table 5) suggested that
5-Pt would be a good structural model fé&r Unfortunately,
direct confirmation that the solution structure of the major
diastereomer 05-Pt was the same as that in the solid state was
not possible because rapid P inversion would interconvert the
diastereomers even at low temperature. However, low-temper-
ature NOESY studies d&-Pt showed that the solution structure
of the major diastereomer was consistent with the solid-state
one Rp).18 In the absence of similar NMR data for the minor
isomer, not available because of its low concentration, we could
not rule out the possibility that the major solution isomer is
actuallyS.. However, comparison to the structures of RiR)-
i-Pr-Duphos)(Ph)(PMels)8¢Pt) and related complexes de-
scribed elsewhere suggested that the major diastereorbepiof
contained arRe phosphido group®

Multinuclear NMR and NOESY data for the major diaster-
eomers ob and5-Pt were in excellent agreement (Supporting
Information), so it is likely that the absolute configuration of
major diastereomeba was alsoRp. Figure 6 shows selected
NOEs between PMels and P&h hydrogens iba, which are
consistent with the solid-state structureselPt (see the footnote
in Figure 6 for selected HH distances, estimated using the
calculated hydrogen atom positions, which correspond to the
observed NOEsSs).

Since P-C reductive elimination from Pd(ll) proceeded with
retention of configurationS-2 must be formed fronRp-5.3°

Figure 6. Partial ORTEP diagram o-Pt,1%° used as a model to show
NOEs observed between PBh hydrogens H2H6 and the PMels
hydrogens (C46= P—Me; C38 and C39%= i-Pr Me; H37=i-Pr CH) in

the major diastereomésa (THF/THF-dg, —50 °C). Selected distances in
5-Pt (in A) were estimated using the calculated hydrogen atom positions:
H37—H6 2.393, H37#H5 4.495, H37#H2 4.895, H38-H6 3.860 (av),
H39—H6 3.790 (av), H46-H2 4.099 (av), H46-H3 4.851 (av), H46-H4
5.053 (av), H46-H5 4.400 (av), H46-H6 3.532 (av).

Scheme 8 . Approximate Rate and Equilibrium Constants for
Inversion and Reductive Elimination of 5a (Az) and 5b (A,) at
—10 °C in THF ([Pd] = Pd((R,R)-Me-Duphos))

. A, 1021 (H: major)
g Sl — 2 pai Sl
Ph ) Ph
475107 =1 Ka1 Kas 1.4x10% &
Mog” P~ph Ph” PV";"B
A
1 4
(Sp, major)
k.
= — = 1Al _ oy
kzz  [Ag]
[Agl Kaq
p-fa _ 4 _g
[A] % ke

phosphine2 was formed from the major diastereomer of
intermediate phosphido compl&xScheme 8 summarizes these
conclusions and includes the approximate reductive elimination
and inversion rate constants.

In contrast to the classic major-product-from-minor-in-

termediate result in asymmetric hydrogenafioffthese results

suggest that enantioselectivity was determined mainly by the

(The apparent inversion of configuration is a consequence of thermodynamic preference fdia, although faster reductive

the sequence rules as aPd bond is converted to a—fPh

elimination of minor diastereoméb reduced the product ratio.

bond.) Thus, it appears that the major enantiomer of product We reached a similar conclusion in Pt-catalyzed asymmetric
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Scheme 9. Structure—Reactivity Relationships in Pd(Duphos) Aryl Table 8. Substituent Effects on Diastereomer Ratio in the
Phosphido Complexes? Phosphido Complexes Pd((R,R)-Duphos)(Ph)(PMeAr') at —60 °C
Ar N+ A in THF2
e PHMe(Ar') , Duphos (rmben N ;
P uphos (number’ r r
N1 ATt PHUo(AT) (RR)-i-Pr-Duphos 8) Is 31:1:4:3
! i ,R)-1-Fr-Du :1:4:
R NaOSiMeg (RR)-Me-Duphos ) Is 137:2.4:1
3 (RR)-Me-Duphos 9) Phes >100:P
(RR)-Me-Duphos 10) Mes 7.3:1
X
aDiastereomer ratios were determined 8 NMR integration. Four
diastereomers were observed &rthree for5,2° only one for9, and two
for 10. POnly one diastereomer & was observed.
N /Me R'
Table 9. Substituent Effects on Diastereomer Ratio (Keg) in the
Phosphido Complexes Pd((R,R)-Me-Duphos)(p-XCgHa4)(PMels) at
—60 °C in THF?2
X Keg op*?
l NH. 34 -0.32
MeO 48 -0.27
[Pd] 47— [Pd]—P—Ar H 57 0
PArMe(A | 33 0.18
rMe(Ar) NO, 56 0.78
aPhosphido complexes: [P&} Pd(RR)-i-Pr-Duphos) (R= i-Pr), X
= H, R =i-Pr @8); [Pd] = Pd(RR)-Me-Duphos) (R= Me), X =H, R' = aThe equilibrium constants (diastereomer ratios betvézeandSh and
i-Pr (), R = Ph @), R = Me (10); R" = i-Pr, X = NHz (5-NHy), X = | their analogues) were determined B NMR integration.

(5-1), X = NOz (5-NOy).
reomer of Pd®R R)-Me-Duphos)(Ph)(PMePhes®)(was ob-

alkylation involving the closely related intermedi&tdt, where served; the dr at-60 °C was lower for PMels analogie(three
P—C bond formation involved nucleophilic attack of the diastereomers) and lower still for the two diastereomers of
phosphido group on benzyl bromide. PMeMes complexlO, as expected if the equilibrium constant

Structure —Reactivity Relationships. Assuming that this depended strongly on steric effects. Reductive elimination from
mechanistic model is a general one, we generated a series oPMePhes comple8, which occurred at-60 °C, was faster than
derivatives Pd(diphos*)(Ar)(PMeArto investigate the depen-  thatin5. So was decomposition of PMeMes comple which
dence of dr Keg), reductive elimination rate, and ee on the Pd- took abow 3 h at —20 °C (compare5, in which reductive
bound chiral diphosphine ligand, the secondary phosphine elimination was not complete aft8 h at—10 °C). Decomposi-
substrate, and the aryl iodide (Scheme 9). The intermediatestion of Pd(R R)-Me-Duphos)(Ph)(PMePheg)(in the presence
were formed either on direct treatment of Pd(diphos*)(Ar)(I) of Phl gave a mixture of the three-coordinate R¥R)-Me-
with PHMe(Ar) and NaOSiMe or on deprotonation of the  Duphos)(Ph)(PPhMe(Phesh-Phe$ and3, which suggests that,
cations [Pd(diphos*)(Ar)(PHMe(A)][OTf]. 3P NMR data for in contrast to5, reductive elimination and trapping of Pd(0)
these phosphido complexes (Supporting Information) were with Phl were similar in rate. Thus, modifying the aryl
similar to those shown in Table 6 fé& substituent in the phosphido ligand resulted in significant

Diphos*. Pd(R,R)-i-Pr-Duphos)(Ph)(PMelsBj, as observed  changes to both thermodynamics and kinetics of these analogues
for 8-Pt, existed as a mixture of four diastereomers at low of 5. However, generation and reductive elimination9aéind
temperaturé® We presume that each of the expected “inver- 10, at least in our initial experiments, was less clean than the
tomers,” which differ in their phosphido P configuration, was chemistry of5, precluding analogous kinetic studies of reductive
a mixture of two rotamers in these sterically hindered complexes. elimination.

Changing from Me-Duphos iB to i-Pr-Duphos in8 (and in Pd—Ar Group. We generated a series of PR®R)-Me-
the Pt analogues) reduced the diastereomeric ratio (Table 8) andDuphos)p-XCsHa)(PMels) intermediates (X NH,, MeO, H,
also affected the kinetics of reductive elimination-® bond I, NOy) to assess the effect of thgara substituent on the

formation in8 occurred even at60 °C, under conditions where  equilibrium between the diastereomers and their rates of
5 decomposed very slowly. Apparently, a combination of these reductive elimination. Table 9 shows the dependenc&Qf
factors resulted in the unusual observation that these ligands,([5a)/[5b], as in Figure 3) at-60 °C on the aryl substituent.
of opposite absolute configuration, gave the same enantiomerAs expected, given the evidence above for steric effects on
of 2 with very similar ee in catalysis (Table B These results  diastereomer ratio, the values were large and similar in
were consistent with the models of Schemes 7 and 8, but amagnitude. The variations observed at this temperature did not
similar quantitative analysis was not possible because of the correlate with the electronic properties of frsubstituents as
presence of appreciable quantities of three diastereomeds of judged by their Hammett constants or with enantioselectivity
at low temperature. in catalysis (Table 3, Figure 1).

Phosphido Ligand. The dr was also strongly affected by Reductive elimination rates were qualitatively similar in this
modifying the P-aryl substituent (Table 8). Only one diaste- series, except for thg-NO, derivative, which underwent
anomalously fast reductive elimination, even-at0 °C. In the

(35) (a) Landis, C. R.; Halpern, J. Am. Chem. S0d.987 109 1746-1754. _ _ . _
(b) Drexler, H.-J.; Baumann, W.; Schmidt, T.; Zhang, S.; Sun, A crys.tal structure ,Of PCRR) Me DUphOS)p N02C6H4)(I) (SUp
Spanr&enberg, A.; Fischer, C.: Buschhmagn, H.; HellerABgew. Cheml., porting Information), the PedC bond length of 2.060(4) A
Int. Ed. 2005 44, 1184-1188. (c) Schmidt, T.; Baumann, W.; Drexler, i B H
H.-J.; Arrieta, A.; Heller, D.; Blgs)chmann, KDrganometallics2005 24, (average value, t_WO molecules _In t_he unit Ce”) was S“ghtly
3842-3848. shorter than that in the PdPh derivative (2.084(3) AY.Thus,
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it seems unlikely that a ground-state effect based on large*H or 3C NMR chemical shifts are reported vs M& and were
changes in the P€C bond strength could explain the relative ~determined by reference to the resididl or **C solvent peaks®'P
rates of reductive elimination. Instead, a transition-state effect NMR chemical shifts are reported vsfPD, (85%) used as an external
based on the increased electrophilicity of the Ar group may reference. Coupling constants are reported in Hz. Unless otherwise
explain this observation and, more generally, the fast reductive "°t€d: Peaks in NMR spectra are singlets, and absolute values are

S . - . . reported for coupling constants. Elemental analyses were provided by
elimination forp-nitrophenyl groups in Pd-mediated formation the Schwarzkopf Microanalytical Laboratory. Mass spectra were
of C—X bonds (X= N, O, S, P)3336

] ) ) obtained at the University of lllinois Urbar&hampaign.

Thus, changes in the structure of the key intermediate Pd-  ynless otherwise noted, reagents were from commercial suppliers.
(Duphos)(Ar)(PMeAf) had significant effects on both the The following compounds were prepared by literature procedures:
equilibrium between the diastereomers and the rate of reductive8-iodoquinoline®® (N,N)-dimethyl-4-iodo-aniliné? Fcl (Fc = CsHs-
elimination. The lack of correlation between dr, reductive FeGH.),*® Cyml (Cym = CsH4Mn(CO)),** PHMe(ls) and PHMe-
elimination rate, and enantioselectivity in catalysis (Table 3) (Mes*);? (Pd(S)-Me:NCH(Me)CsH4)(u-Cl))2,** Pd(diphos*)frans
is consistent with the CHWH model for enantioselection Stilbene), PA®R)-Me-Duphos)(Ph)(1) and Pd(Me-FerroLANE)(PhRI),
(SCheme 7) PhesBr3 Pd(P()-TO|)3)2C|2,44 and Pd(TMEDA)p-NOzC6H4)(|)45 Syn-

theses of the secondary phosphines PHMe(Phes) and PHMe(Mes) are
described in the Supporting Information.

General Procedure for Catalysis.To a solution of Pd@® R)-Me-

We have described enantioselective synthesis of P-stereogeni(,D;%hOSL)('_DhI)(') @ ’é‘g-g-ggl“(lmﬂlr_“%vgégs eq“:;’)lj””to'“edng (%al\’;“-) in
: . : : a mL vial was adae , 0. mmoil), Toliowed by e-
phosphines by Pd-catalyzed asymmetric phosphination. The )
reaction proceeded in high yields and up to 88% ee. Several(ls) (23 mg, 0.092 mmol) and then NaOSii®2uL of a 1.0 M THF

hiral diph hi itable i ds- Me-Dunh | dsolution, 0.092 mmol). The pale yellow solution turned dark yellow
chiral diphosphines were suitable liganas; Me-Duphos resulte and then orange upon addition of the base. The solution was transferred

in the highest selectivity for the test cross-coupling of PHMe- 5 an NMR tube, and the vial was rinsed with additional toluene (0.5
(Is) and Phl. A Va”etl_/ of aryl _'0_d|des and secondary phosphines mL), which was then transferred to the NMR tube. After ca. 10 min a
could be used; enantioselectivity depended strongly on substratevhite solid precipitated. The progress of the reaction was monitored

Conclusions

structure. Sterically demanding secondary phosphiresilo- by 3'P{1H} NMR. Once the reaction was complete (ca. 1 h), the solvent
stituents and aryl iodides with electron-donating para substituentswas removedn vacua The yellow residue was dissolved in THF (0.5
gave the highest ee values. mL), and the product phosphine was purified by column chromatog-

Kinetic studies of reductive elimination suggested that the "@Phy on silica (9:1 petroleum ether/THF eluent, 4 in. column, 1 cm
rate of phosphorus inversion in the diastereomeric Pd-phosphidod/ameter) and isolated as a clear colorless oil which boec‘r’?me a white
intermediates PR R)-Me-Duphos)(Ph)(PMels}j was much solid upon storage at25 °C for 4 d togive 16 mg (53% yield) of

. L isolated product. See the Supporting Information for ee and NMR vyield
faster than the rate of subsequent reductive elimination. As a jotarmination.
result of this Curtir-Hammett behavior, summarized in Schemes [Pd((R,R)-Me-Duphos)(Ph)(PHMe(1s))|[OTf] (4a—b). To a stirring

7 and 8, the product ratio depended on both the equilibrium sejution of Pd(RR)-Me-Duphos)(Ph)(l) (75 mg, 0.12 mmol) in THF
ratio of diastereomer§ and their relative rates of reductive (2 mL) was added PHMe(ls) (31 mg, 0.12 mmol) followed by dropwise
elimination @ = Keq(ksa'ko1)). addition of AgOTf (32 mg, 0.12 mmol), giving a brown precipitate.
The substituent effects observed h|gh||ght the prob|ems and The reaction mixture was stirred for 30 min. The solution was filtered
opportunities this mode of enantioselection poses for rational though Celite. The precipitate was rinsed with THF2 mL). The
catalyst design. From both this work and analogous Pt chemistry,Yellow-greenish solution was concentraedacua The*P{*H} NMR
it appears relatively easy to engineer phosphido intermediatesspewum showed a 1:1 ratio of dlastere_omers.;l'he so_lutnon was layered
with a largeKeq by using phosphido substituents of markedly Wlth pgtrolgum e_ther and cooled overnight&25 °C to yield ayellow_
different size!s The hard part, which remains a general challenge oil. Trituration with petroleum ether gave a pale-yellow solid, which

. . o i 9% was driedin vacuoto yield 81 mg (75%) of product as a 1:1 mixture
in asymmetric catalysis, is to control the relative rates of reaction ¢ giastereomers.

of major and minor diastereomerks{k1). In the case ob, Anal. Calcd for GiHeoFs0sPsPdS: C, 55.38; H, 6.80. Found: C,
studied in detail here, the faster reductive elimination of the 55.44; H, 6.75.3P{H} NMR (THF-ds), a and b are the two
minor diastereomeik§s/kz1 ~ 1/3) worked againseq to result diastereomerss 73.5 (dd,J = 24, 26, a), 72.0 (ddJ = 369, 24, b),
in a reduced ee. Further studies in these and related systemg0.4 (dd,J = 29, 24, b), 69.8 (dd] = 375, 26, a),~54.3 (br ddJ =
will seek to understand the factors which control this reactivity, 375, 24, @),~59.0 (dd,J = 369, 29, b)'H NMR (THF-dg): 0 8.17—

in order to design systems where the major diastereomer react$-14 (M. 1H, Ar), 8.08:8.00 (m, 3H, Ar), 7.86.7.78 (m, 4H, Ar),
more quickly than the minor one. 7.72-7.70 (m, 1H, Ar), 7.42.7.40 (m, 1H, Ar), 7.387.35 (m, 1H,

Ar), 7.27-7.20 (m, 5H, Ar), 7.16-7.11 (m, 2H, Ar), 7.087.05 (m,
1H, Ar), 6.98-6.97 (m, 1H, Ar), 6.946.91 (m, 1H, Ar), 6.756.72

Experimental Section (M, 1H, Ar), 6.63 (dmJpy = 355, 1H, PH), 6.32 (dmlpy = 373, 1H,

General Details.Unless otherwise noted, all reactions and manipu- )
lati f dind | der a nitrogen atmo here(38) Kondo, Y.; Manabu, S.; Uchiyama, M.; Sakamoto JTAm. Chem. Soc.
ations were performed In ary glassware un 1trog Sp 1999 121, 3539-3540.
at 20°C in a dry box or using standard Schlenk techniques. Petroleum (39) Earlue'ng?;'JJ';()Gorgr?leziéléaMéé C;%rscgi-zl\g%gin, M. A.; Campos, P. J;
° : : sensio, . Org. em , .
ether (bp 38-53°C), ether, THF, CEClz, and toluene were dried using ) ‘G jijlaneux. D.. Kagan. H. BJ. Org. Chem1995 60, 2502-2505.
activated alumina columns similar to those described by Gr/BisIR (41) Lo Sterzo, C.; Miller, M. M.; Stille, J. KOrganometallics1989 8, 2331~
i i 2337.

spectra were recorded by using Varian 300 or 500 MHz spectrometers.(42) Tan. K.: Brown, L. D.: Ahmed, 1. Ibers, J. A.; Nakamura, A.; Otsuka, S.:

Yokota, M.J. Am. Chem. Sod.977, 99, 7876-7886.
(36) Widenhoefer, R. A.; Buchwald, S. 1. Am. Chem. S04998 120, 6504~ (43) Olmstead, M. M.; Power, P. B. Organomet. Cheni99], 408 1-6.

6511. (44) Paul, F.; Patt, J.; Hartwig, J. Brganometallics1995 14, 3030-3039.
(37) Pangborn, A. B.; Giardello, M. A,; Grubbs, R. H.; Rosen, R. K.; Timmers, (45) Kruis, D.; Markies, B. A.; Canty, A. J.; Boersma, J.; van Koten,JG.

F. J.Organometallics1996 15, 1518-1520. Organomet. Cheml997 532, 235-242.

J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007 6857



ARTICLES

Blank et al.

PH), 3.78-3.71 (m, 2H), 3.282.80 (m, 10H), 2.622.12 (m, 6H),
2.03-1.79 (m, 6H), 1.741.56 (m, 3H), 1.7+1.67 (m, 3H, P-Me,
overlapping with previous signals), 1.53 (di¢y = 7, Jun = 4, 3H,
Me), 1.49 (ddJpr = 7, Jun = 3, 3H, Me), 1.38 (dJun = 6, 6H,i-Pr),
1.33 (d,Jun = 6, 6H,i-Pr), 1.29 (dJun = 7, 6H,i-Pr), 1.27 (dJun =
6, 6H,i-Pr), 1.26 (dJuu = 7, 6H,i-Pr), 1.39-1.25 (m, 2H, overlapping
with previous signals), 1.17 (ddey = 15, Jun = 7, 3H, Me), 1.2%
1.13 (m, 7H, overlapping with previous signals), 10602 (m, 3H,
P—Me), 0.93-0.82 (m, 9H), 0.83 (ddJpn = 14, Juw = 7, 3H, Me,
overlapping with previous peak), 0.75 (dihy = 15, Jun = 7, 3H,
Me). IR (KBr): 2960, 2918, 2863, 1650, 1634, 1562, 1458, 1419, 1381,
1271, 1221, 1145, 1117, 1023, 897, 765, 734, 699, 638, 528, 451.
Changing the Diastereomeric Ratio of Cations 4. Method 1A
solution of4-OTf (30 mg, 0.034 mmol) in THF with initial diastere-
omeric ratio 1:1 was heated at 30 for 46 h. The diastereomeric ratio
changed to 1:1.4 (a/bMethod Il. To a stirred solution of PARR)-
Me-Duphos)(Ph)(l) (50 mg, 0.081 mmol) in THF (2 mL) was added
PHMe(ls) (40.6 mg, 0.162 mmol, 2 equiv). After 5 min, when the
reaction mixture changed color from pale yellow to orange-brown,

Deprotonation of Cations 4a-b (er vs dr Experiments). To a
solution of Pd(R,R)-Me-Duphos)(Ph)(l) §, 29 mg, 0.047 mmol) in
THF (1 mL) were added PHMe(lIs) (12 mg, 0.047 mmol) and Phl (10
uL, 0.089 mmol, 1.9 equiv). This reaction mixture was added to solid
AgOTf (12 mg, 0.047 mmol). A white solid precipitated, and the
mixture was filtered through Celite twice and then transferred into an
NMR tube fitted with a rubber septurdP{*H} NMR (THF) of this
mixture showed a 1:1 ratio of catiodsa and4b. NaOSiMe (48 uL of
a 1.0 M THF solution, 0.048 mmol) was added via microliter syringe,
and the mixture immediately turned orange. The reaction was complete
(by 3*P{*H} NMR) after 1 h, and black solid was observed in the NMR
tube. The reaction mixture was filtered through Celite, and the solvent
was removedh vacua Isolation, purification, and ee determination of
2 were performed as described above. Similar experiments were also
done on isolated samples&fOTf having different diastereomer ratios
(1:1 and 1.4:1). See the Supporting Information for details.

Sample Procedure for Kinetics Experiments: Reductive Elimi-
nation from Pd—Phosphido Intermediates in the Presence of Phl.
Method I. To a solution of4-OTf (53.4 mg, 0.06 mmol) in 1 mL of

AgOTf (22.5 mg, 0.087 mmol, 1.1 equiv) was added as a suspension THF/THF-dg was added Phl (ZL, 0.06 mmol, 1 equiv) via syringe.

in THF (2 mL); a gray-brown precipitate formed. The reaction mixture

The reaction mixture was transferred to the inner part of a coaxial

was filtered and concentrated to 0.5 mL. Petroleum ether was layeredNMR tube, which contained PRfle (~5 mg) in 0.2 mL of THF in

on top of the solution, and slow diffusion overnight in a refrigerator
yielded a brown oil that solidified upon trituration with petroleum ether.

The diastereomeric ratio of the resulting compound was 1:1.4 (a/b).

Generation of Pd(R,R)-Me-Duphos)(Ph)(PMels) (5a-b). Method
1.To a cold (78 °C) solution of Pd(R R)-Me-Duphos)(Ph)() §, 45
mg, 0.07 mmol), PHMe(Is) (18 mg, 0.07 mmol), and Phi(9 0.08
mmol, 1.1 equiv) in THF/THFdg (1.5 mL, 1:1) in an NMR tube was
added NaOSiMeg(73 uL of a 1.0 M solution in THF, 0.073 mmol).
The tube was placed in the precooleebQ °C) NMR probe.Method
2.To acold (-78°C) solution of4-OTf (generatedhn situ by reaction
of Pd(R R)-Me-Duphos)(Ph)(l) (44 mg, 0.07 mmol), PHMe(Is) (18
mg, 0.07 mmol), and AgOTf (18 mg, 0.07 mmol) in the presence of
Phl followed by filtration to remove Agl; alternatively, isolatdeOTf
was used) was added NaOSiM&1 uL of a 1.0 M solution in THF,
0.071 mmol). The tube was placed in the precoole8q °C) NMR

the outer part of the tube as an external standard. The tube was capped
with a septum and cooled t678 °C. NaOSiMe (60xL, 1.0 M solution

in THF, 0.06 mmol) was injected via syringe, and the tube was
transferred to the precooled NMR probe. The reaction was monitored
by 3P{1H} NMR spectroscopy until ca. 80% reaction completion. Then
the NMR tube was transferred to-&l0 °C cold bath (ice/brine/NaCl)

and kept in a—10 °C refrigerator for 24 h. Isolation of the product
and determination of the ee were done according to the standard
procedure.

Method Il. To a solution of3 (49.3 mg, 0.08 mmol) was added Phl
(18 uL, 33 mg, 0.16 mmol, 2 equiv) via syringe followed by PHMe-
(Is) (20 mg, 0.08 mmol) as a solution in 0.5 mL of THF with several
drops of THFes. The reaction mixture was transferred to the inner
part of a coaxial NMR tube as described above. The tube was capped
with a septum and cooled t678 °C. NaOSiMg (80uL, 1.0 M solution

probe. In both cases, a color change to orange was observed onin THF, 0.08 mmol) was injected via syringe, and the tube was

formation of5.

3P NMR Study of Catalysis at Room Temperature.An NMR
tube equipped with a rubber septum was charged withFERR){(Me-
Duphos)(Ph)(l) (21 mg, 0.034 mmol), PHMe(Is) (85 mg, 0.34 mmol,
10 equiv), and Phl (71 mg, 0.35 mmol, 10.2 equiv) in ca. 1 mL of
THF with a few drops of THRds added. The tube was cooled to
—78°C, and NaOSiMg(350uL of 1.0 M solution in THF, 0.35 mmol,

10.3 equiv) was added via cannula. The tube was briefly inverted in

the cold bath to mix it and then placed in the NMR probe at@l
The reaction was monitored ByP NMR over ca. 1 h, when it was

transferred to the precooleé 10 °C) NMR probe. Reaction monitoring
and workup were as those in Method | above.
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complete. A related experiment was done on the same scale, but using

PhOTf (79 mg, 0.35 mmol) instead of Phl.
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