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Abstract: The reaction steps responsible for the highly enantioselective asymmetric copolymerization of propene
with carbon monoxide catalyzed by a cationic Pd(Il) complex bearing an unsymmetrical chiral bidentate phosphine
phosphite, R,9-BINAPHOS [(R,9-2-(diphenylphosphino)-1'binaphthalen-2yl 1,1'-binaphthalene-2;&liyl phos-

phite = L], have been studied. Stepwise identification and characterization were carried out for catalyst precursors
(SR4-2)- and BPR4-3)-Pd(CH)CI(LY) (1a and 1b) and SP4-3)-[Pd(CH)(CHsCN)(LYH]-Xt (X! = B{3,5-
(CFs)2CeHs}4) (2), and complexes related to the reaction stef&4-3)-[Pd(COCH)(CHsCN)(LY]-X1 (3), (SP4-

3)- and §P4-4)-[Pd CH,CH(CHz)COCH;} (LY)]- X! (4a and4b), (SP4-3)-[Pd COCHCH(CHs)COCHg} (CH3CN)-

(LDH]-X1 (5), and SP4-3)-[Pd CH,CH(CH3)COCH,CH(CH)COCHg}(L1Y)]-X! (6). An X-ray structure of alkyl
complex4a has been obtained. Studies on [PtgE¥L1)] (8) reveal that the methyl group is more stabilized at a
positiontrans to the phosphine than at theés position. This is consistent with the structureslef6 in which all

carbon substituents ateansto the phosphine moiety in their major forms. On the basis of analogous studies using
platinum complexes, an isomerization fro®R4-3)-[Pd(CH)(CO)(LY)]-X! (133 to the GP4-4) isomer {3b) is
suggested to occur for the CO-insertion proc2ss 3, which results in the activation of the methyl group for the
migration to the coordinated CO. Rapid equilibrium was observed between the two isteraard 4b during the

CO insertion process to give Theoretical studies have been carried out on the transformatidricofa and 4b.

The B3LYP and MPn calculations indicated that the alkene insertion into th@®&d bondtransto a phosphine is

more favorable than that into the Pédcyl bondtransto a phosphite. The MM3 calculations demonstrated that one
specific transition structure is more favorable than the other possible transition structures for the transformation of
(SP4-4)-[Pd(COCH)(propene)(Y)]-X1 (14b) to 4b. The difference originates from the steric effects of the
BINAPHOS ligand, and the results account for high enantio- and regioselectivities experimentally observed. The
two key steps, propene insertion irtoand CO insertion intet, were monitored byH NMR spectroscopy. The
activation energies for these two steps were estimated to be-19.6 kcal/mol at—20 to 0°C, their difference

being insignificant. The living nature of the copolymerization was proved. Some related chiral ligands were examined
for the copolymerization. Copolymerization of other olefins with CO was also investigated.

Introduction One of the few examples was reported by Vrieze and his co-

The alternating copolymerization of olefins with carbon workers in 1_992' They mvestlgate_zd the CO mser_tlon Into a
monoxide is of great interest due to the potential use of the r_nethylpallad_|um complex poss_essmg a phos_pherwtsogen
resulting polymer as a new materfalThe process includes two  192nd, 1-(dimethylamino)-8-(diphenylphosphino)naphthalene
of the representative reactions of a palladium complex: (1) co (PAN).® It has been revealed that both the methyl group in
insertion into an alky-Pd bond and (2) an olefin insertion to  PA(CH)(CRSO;)(PAN) and the acetyl group in PA(COKCFs-
an acy+Pd bond. SG;)(PAN) are locatedransto the nitrogen site. Two years

Insertion of CO into a transition-metatarbono-bond is one ~ ater, van Leeuwen and his co-workers prepared an unsym-
of the most important steps in homogeneous catalytic processedhetrical bisphosphine ligand which consists of a diarylmonoalk-
utilizing CO, and a wide range of studies have been devoted to €nylphosphine site and a trialkylphosphine Sftewith Pt(1l)
this subjecB? In contrast to the intensive studies with mono- and Pd(Il) complexes of this unsymmetrical bidentate ligand,
dentate andC, symmetricalcis bidentate ligand3,less work they investigated the insertion of CO into phenylplatinum and
has been reported on unsymmetrical bidentate ligand systems. methylpalladium complexes. They reported a possible migration
of the phenyl and methyl groups frotmansto the trialkylphos-

T Kyoto University.

 Deceased October 4, 1995, phine site tocis and the higher activity of the former complex

8 Nagoya University. than the latter in migratory insertion of CO.

® Abstract published irAdvance ACS Abstractf)ecember 15, 1997. c d he CO i . f h d

(1) (a) Drent, E.; Budzelaar, P. H. NChem. Re. 1996 96, 663. (b) ompared to the CO insertion, fewer reports have appeare
Drent, E.; van Broekhoven, J. A. M.; Budzelaar, P. H.Récl. Tra.. Chim. on the olefin insertion into an acylpalladiumDirect observa-

Pays-Basl996 115 263 (c) Sen, A.Acc. Chem. Red.993 26, 303. (d) tion of this process has been reported very recently by Rix and
Drent, E.; van Broekhoven, J. A. M.; Doyle, M. J. Organomet. Chem. P P y y by

1991 417, 235. (e) Drent, EPure Appl. Chem1990 62, 661. () Sen, A. Brookhart using cationic 1,10-phenanthrofiffed(ll) complexes!
Adv. Polym. Sci1986 73/74 125. (g) Sen, AChemtechl986 48. Important reports have appeared in the last five years describing
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mechanistic studies on the alternating copolymerization of
olefins with CO® Brookhart and his co-workers have investi-

gated the microscopic steps responsible for the alternating jH3+ co

copolymerization of ethene with CO using the same 1,10-
phenanthroline systef® On the basis of the kinetic and

thermodynamic data, they proposed an accurate model for the

polymer chain growth. In two other examples, stepwise
isolation of the intermediates was accomplished by employing
norbornene as the substréte. Symmetrical bidentate nitrogen
ligands were used in both studies.

Wheno-olefins such as propene and styrene are used in place

of ethene or norbornene for this copolymerization, regio- and
enantioselectivities of the olefin insertion arise and the control

of these becomes a problematic issue for obtaining stereoregular

polyketones. Inthe head-to-tail copolymer, a chirotopic center
exists per monomer unit.
a-olefin is selected by a catalyst, the resulting copolymer is
isotactic in which all the chirotopic carbons in a polymer
backbone possess the same absolute configuration.
asymmetric copolymerization using chiral catalysts is now
attracting much attention. Most of the successful reports on
this subject deal witlC, symmetrical bidentate ligands.For

example, Consiglitf and SefP used Pd(Il) complexes df;

(2) For recent reviews on CO insertion with monodentate &ad
symmetricalcis bidentate ligands see: (a) Colquhoun, H. M.; Thompson,
D. J.; Twigg, M. V. Carbonylation Direct Synthesis of Carbonyl Com-
pounds Plenum Press: New York, 1991. (b) Yamamoto, A.; Ozawa, F.;
Osakada, K.; Huang, L.; Son, T.-l.; Kawasaki, N.; Doh, M.Rure Appl.
Chem.1991 63, 687. (c) Yamamoto, AJ. Organomet. Cheni995 500,
337. For other related publications, see for example: (d) Dekker, G. P. C.
M.; Elsevier, C. J.; Vrieze, K.; van Leeuwen, P. W. N. ®kganometallics
1992 11, 1598. (e) Grushin, V. V.; Alper, HOrganometallics1993 12,
1890. (f) Tah, I.; Elsevier, C. JJ. Chem. Soc., Chem. Commu®93
529. (g) Tdh, I.; Elsevier, C. JJ. Am. Chem. S0d.993 115 10388. (h)
Kapteijn, G. M.; Dervisi, A.; Verhoef, M. J.; van den Broek, M. A. F. H.;
Grove, D. M.; van Koten, GJ. Organomet. Cheml996 517, 123. (i)
Goren, J. H.; Elsevier, C. J.; Vrieze, K.; Smeets, W. J. J.; Spek, A. L.
Organometallics1996 15, 3445. (j) Kayaki, Y.; Shimizu, I.; Yamamoto,
A. Bull Chem. Soc. Jpt997, 70, 917, 1135, 1141.

(3) CO insertion withC; symmetricakis bidentate ligands: (a) Anderson,
G. K.; Lumetta, G. JOrganometallics1985 4, 1542. (b) Dekker, G. P. C.
M.; Buijs, A.; Elsevier, C. J.; Vrieze, K.; van Leeuwen, P. W. N. M.; Smeets,
W. J. J.; Spek, A. L.; Wang, Y. F.; Stam, C. Brganometallics1992 11,
1937. (c) van Leewen, P. W. N. M.; Roobek, C. F.; van der Heijden, H. J.
J. Am. Chem. S0d.994 116 12117. (d) Rike, R. E.; Kaasjager, V. E.;
Wehman, P.; Elsevier, C. J.; van Leeuwen, P. W. N. M.; Vrieze, K.; Fraanje,
J.; Goubitz, K.; Spek, A. LOrganometallics1996 15, 3022. (e) Ankersmit,

H. A.; Veldman, N.; Spek, A. L.; Eriksen, K.; Goubitz, K.; Vrieze, K.; van
Koten, G.Inorg. Chim. Actal996 252 203. (f) Cavell, K. J.; Jin, H.;
Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Tran$992 2923. (g)
Cavell, K. J.; Jin, H.; Skelton, B. W.; White, A. H. Chem. Soc., Dalton
Trans.1993 1973.

(4) Olefin insertion: (a) Samsel, E. G.; Norton, J.JRAm. Chem. Soc.
1984 106, 5505. (b) Brumbaugh, J.; Whittle, R. R.; Parvez, M.; Sen, A.
Organometallics199Q 9, 1735. (c) Ozawa, F.; Hayashi, T.; Koide, H.;
Yamamoto, A.J. Chem. Soc., Chem. Commu®9], 1469. (d) Markies,

B. A.; Rietveld, M. H. P.; Boersma, J.; Spek, A. L.; van Koten, B.
Organomet. Cheml992 424, C12. (e) Dekker, G. P. C. M.; Elsevier, C.
J.; Vrieze, K.; van Leeuwen, P. W. N. M.; Roobeek, CJFOrganomet.
Chem.1992 430, 357. (f) Rix, F. C.; Brookhart, MJ. Am. Chem. Soc.
1995117, 1137. (g) Green, M. J.; Britovsek, G. J. P.; Cavell, K. J.; Skelton,
B. W.; White, A. H.Chem. Commurl996 1563.

(5) Stepwise observation: (a) Brookhart, M.; Rix, F. C.; DeSimone, J.
M. J. Am. Chem. So&992 114, 5894. (b) Rix, F. C.; Brookhart, M.; White,

P. S.J. Am. Chem. Sod996 118 4746. (c) van Asselt, R.; Gielens, E. E.
C. G.; Rike, R. E.; Elsevier, C. 1. Chem. Soc., Chem. Commd893
1203. (d) van Asselt, R.; Gielens, E. E. C. G.illy R. E.; Vries, K,;
Elsevier, C. JJ. Am. Chem. Socdl994 116 977. (e) Markies, B. A.;
Verkerk, K. A. N.; Rietveld, M. H. P.; Boersma, J.; Kooijman, H.; Spek,
A. L.; van Koten, GJ. Chem. Soc., Chem. Comm@f93 1317. (f) Markis,

B. A.; Kruis, D.; Rietveld, M. H. P.; Verkerk, K. A. V.; Boersma, J.;
Kooijman, H.; Lakin, M. T.; Spek, A. L.; van Koten, @. Am. Chem. Soc.
1995 117, 5263. For a theoretical study, (g) Svensson, M.; Matsubara, T.;
Morokuma, K.Organometallics1996 15, 5568. (h) Margl, P.; Ziegler, T.
J. Am. Chem. S0d.996 118 7737. (i) Margl, P.; Ziegler, TOrganome-
tallics 1996 15, 5519.

If the same enantioface of each
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Chart 1
Pd(li)-cat. GHs [@]p%* +40
— (¢ 0.51, (CF3),CHOH)
O/n Mn = 65,000, Mw/Mn=1.6

3¢ NMR
p—Pd—CH,

Pd(ll) cat.: CH30I\II
OoP

)]
e DT
O OQ

(R,S)-BINAPHOS

L T
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symmetrical bisphosphines BICHEP and DUPHOS, respec-
tively, for the asymmetric copolymerization of propene with

ThUSCO. Enantioselective copolymerization oftgt-butylphenyl)-

ethene with CO has been reported by Brookhart using a Pd-
(1) —chiral bisoxazoline complex as a catal§&fTwo excep-
tions, phosphineoxazoliné2and phosphinephosphinité® cis
bidentate ligands, have been disclosed in very recent publications
by Consiglio and by Keim, independently. Using the phos-
phine-oxazoline system, Consiglio improved the catalytic
activity in comparison to his previous studies with bis-
phosphineg28 In 1995, we have demonstrated that a cationic
Pd(Il) complex of unsymmetrical chiral bidentate phosphine
phosphite, R,§-BINAPHOS [[R 9-2-(diphenylphosphino)-1'1
binaphthalen-2yl 1,1'-binaphthalene-2,2iyl phosphite] serves

as an efficient catalyst for the asymmetric copolymerization of
propene with carbon monoxide Highly isotactic polyketone
was obtained in high enantioselectivity. The simplicity of the
13C{1H} NMR spectrum of the polyketone demonstrates that
the tacticity control is almost complete (Chart 1). Moreover,
the polymer showed the highest molar optical rotation ever
reported. Our interest in the characteristic unsymmetrical feature
of this bidentate ligand prompted us to explore further the
mechanistic aspects of this catalyst system. In this paper we
describe (1) the stepwise identification of the complexes related
to the reaction steps, (2) the ligand effect B{§-BINAPHOS

on Pd(I) and Pt(ll), (3) direct observation of the reaction process
and discussion on the unseen pathways, and (4) the reaction
with the related ligands and (5) with other olefins. Throughout
the studies, the reaction pathway of the alternating copoly-
merization is demonstrated in relation to the characteristic
features of the unsymmetrical bidentate ligand.

(6) Asymmetric synthesis: (a) Barsacchi, M.; Batistini, A.; Consiglio,
G.; Suter, U. WMacromoleculed992 25, 3604. (b) Jiang, Z.; Adams, S.
E.; Sen, AMacromoleculed994 27, 2694. (c) Bronco, S.; Consiglio, G.;
Hutter, R.; Batistini, A.; Suter, U. WMacromolecule4994 27, 4436. (d)
Jiang, Z.; Sen, AJ. Am. Chem. Sod995 117, 4455. (e) Sperrle, M;
Consiglio, G.J. Am. Chem. S0d.995 117, 12130. (f) Kacker, S.; Jiang,
Z.; Sen, A.Macromoleculesl996 29, 5852. (g) Brookhart, M.; Wagner,
M. I.; Balavoine, G. G. A.; Haddou, H. Al. Am. Chem. S0d.994 116,
3641. (h) Bartolini, S.; Carfagna, C.; Musco, Macromol. Rapid Commun.
1995 16, 9. (i) Bronco, S.; Consiglio, GMacromol. Chem. Phys.996
197, 355.

(7) (a) Sperrle, M.; Aeby, A.; Consiglio, G.; Pfaltz, Melv. Chim. Acta
1996 79, 1387. (b) Keim, W.; Maas, H]. Organomet. Chen1996 514,

271.

(8) For papers on other improved activity with achiral catalyst systems,
see for example: (a) Abu-Surrah, A. S.; Wursche, R.; Rieger, B.; Eckert,
G.; Pechhold, WMacromolecule4996 29, 4806. (b) Miliani, B.; Vicentini,

L.; Sommazzi, A.; Garbassi, F.; Chiarparin, E.; Zangrando, E.; Mestroni,
G. J. Chem. Soc., Dalton Tran&996 3139.
(9) Nozaki, K.; Sato, N.; Takaya, H. Am. Chem. So4995 117, 9911.
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Results and Discussion <I:| ’3(13H3 NaBAr,  CH;CN *
o CH;CN .
1. Structure Determination of the Complexes Related to Pa—Pd—"3CH, Pa—F]d—Cl oo Pa—Pd—'3CH, BAr,” (2)
the Reaction Steps. First, we followed the reaction steps of OF® Kopn ¢ KO'PD
the copolymerization by adding one monomer, either propene 1a.8CH 1b-BCH s
or CO, to the catalyst in the absence of the other monomer. In major s S1 minor 3 2-"CHa

2J{P®~C} = 78 Hz

other words, alkylpalladium species were treated with carbon
2)P°~C} = < 1 Hz

monoxide without propene, and acylpalladium complexes were
exposed to propene in the absence of carbon monoxide. Unlike

the complexes withC, symmetrical bidentate ligandsRk(S-
BINAPHOS producegis and trans stereoisomers of square
planar PdXX{ (R,9-BINAPHOS} complexes when the ligand
X1 is not equal to X. The structure of the observed complex
for each step has been determined as follows.
1.a. Methylpalladium Chloride Complex 1. Neutral Pd-

(I complex Pd(CH)CHK (R,9-BINAPHOS} (1) was used as a
catalyst precursor for the present copolymerization.

isomers by admixture of Pd(GHCl(cod)'® and R,9-BINA-

The
compoundL was obtained as a 5:1 mixture of two diastereomeric

that the ratio of 5:1 folaand1b is that controlled thermody-
namically rather than kineticallyside suprg.

CH3CN |" Cl CHs
Pld ELNCI F’Id Pld 3
p—Pd—CH, BAr,, ———> P-Pd-CH —Pd—cil
| 3 Ty CDCh C | 3+ P | 3)
oP oP OoP
2 1a 1b
major 5:1 minor

1.c. Acyl Complex 3. The structure of the acylpalladium

PHOS. The structure of each diastereomer has been determine§P€cies3 was determined usin§CO. In order to detect the

by 3P and 13C NMR spectroscopy of carbon-13-enriched
1-13CH3 which was prepared by disproportionation of ftHs),-
(cod) and PdG[PhCN} in the presence ofR,9-BINAPHOS
(eq 1)1 The major isomer was assigned Es13CH3; whose

. (R,S)-BINAPHOS
Pt("*CHg)s(cod) + PdCl, (PhCN), ———————— >

CDCly
c|;| ‘3(|:H3 Cl
I
pa—Pd—"%CH,  P*—Pd—Cl ,+ P*—Pt—"CH; (1)
OP® OP® OF®
1a-"3CH;, 1b-"3CH,

2UP*-C} = 92 Hz
2JP°~C} = 5 Hz

2AP?C}= <1Hz
24PP-C} = 150 Hz

2J{P®~C} = 89 Hz
2J{P°~C} = 6 Hz

major 5:1 minor

methyl group is located at a positidrans to the phosphine
site, becaus@){ P—C} in this complex was larger (92 Hz) for

methyl proton in the acetyl group By NMR, we used CR
CN in place of CHCN. When a cationic complex, [Pd-
(CH3)(CDsCNX (R,9-BINAPHOS} - [BAr 4] (2-D), was treated
with 1 atm of 13CO, the corresponding acyl complex, [Pd-
(33COCH;)(CDsCN) (R,3-BINAPHOS} - [BAr 4] (3-D-13CO),
was obtained as a single species (eq 4). ZHE—P} coupling

+
+ —I
CDaChll 13 C03Cl;l /CH3
Ps—Pd—CH; BAr,™ — 2> Pa—Pld-”o\ BAr,  (4)
OP® Kopb o
2-D 3-0-"*co

2J{P3-C} = 94 Hz
2HP°~C} = 20 Hz

constants for the acetyl carbon were 94 Hz with the phosphine
and 20 Hz with the phosphite, respectively. Those values are
in good agreement with the data reported BytTand Elsevier
for PdCOCH)(*3COY) (2S49)-2,4-bis(diphenylphosphino)-

the methyl carbon and the phosphine than that (5 Hz) for the Pentang in which 23{C—P} for the acetyl carbon was 79 Hz

methyl and the phosphité. The opposite order iR} P—C},

with its trans phosphorus nucleus and 19.8 Hz with dis

150 Hz for the phosphite and less than 1 Hz for the phosphine, Phosphorus nucleu$:** Thus, the structure -D-'3CO has
was observed in the minor complex, which was assigned asbeen assigned wherein the acetyl group is placads to the

1b-13CH3.

phosphine. Itis noteworthy that, 8tD-13CO, acetonitrile, but

The 5:1 ratio of these diastereomers seems to reflect thenot CO, coordinates to Pd under 1 atm of CO. This has been

relative thermodynamic stability dfa and1b rather than their
kinetic selectivity, which will be discussed in section 1.b. In
the reaction of eq 1, a platinum complegR4-2)-Pt(CH)CI-
{(R,9-BINAPHOS}, an analog ofLa, was formed as a single
species, simultaneously.

1.b. Cationic Methylpalladium Complex 2. A diastereo-
meric mixture of neutral complexeka-13CH3 and 1b-13CH;
was treated with NaBAr (Ar = 3,5-(CR),CeH3) to give a
cationic complex, [PdCH3)(CHsCN) (R,9-BINAPHOS}]-
[BAr4] (2-13CH3), as shown in eq 2. A single species was
observed by'P and'®C NMR spectrometries. A large coupling
constant ofJ{ P—C} = 78 Hz was observed between the methyl
group and the phosphine, indicating that those two viienes
to each othet? The coupling between the methyl and the
phosphite was less than 1 Hz.

Treatment of2 with tetraethylammonium chloride gave an
8:1 mixture oflaandlb after 90 min and ended up in a ratio
of 5:1 after 24 h at 20C (eq 3). This experiment suggests

(10) Ruke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; van
Leeuwen, P. W. N. M.; Vrieze, Kinorg. Chem.1993 32, 5769.

(11) Visser, J. P.; Jager, W. W.; Masters, Recl. Tra. Chim. Pays-
Bas 1975 94, 70.

proved by the fact that th&){ C—P} was not observed for the
coordinated CO. This is in contrast to the observation bjhTo
and Elsevier in which théJ{C—P} was detected for the
phosphorus ligand and the coordinated CO in JROIO-
CH3)(*3COX 2,4-bis(diphenylphosphino)pent3igBF4].29 In
the present phosphirghosphite system, the-acidic nature
of the phosphite may prefer the coordination of acetonitrile at
its transphosphorus nucleus becausehacidity of acetonitrile
is lower than that of CO.

1.d. Alkyl Complex 4. Olefin insertion into an acyl complex
is reported to give an alkyl complex in which the ketonic oxygen
coordinates to the metal to form a five-membered fifigin

(12) (a) Pidcock, A. IfTransition Metal Complexes of P-, As-, and Sb-
Ligands McAuliffe, C. A., Ed.; Macmillan: New York, 1973; pp-131.
(b) Hitchock, P. B.; Jacobson, B.; Pidcock, A.Chem. Soc., Dalton. Trans.
1977, 2038 and 2043. (c) Pidcock, A.; Richards, R. E.; Venanzi, LIM.
Chem. Soc. A966 1707. (d) Allen, F. H.; Pidcock, AJ. Chem. Soc. A
1968 2700.

(13) Chen reported similaJ{C—P} values for ciss and trans
Pd(COOCH;)(CHs)(PPh),. The values are 163 Hz for the{€ transto
each other and 12 Hz for the thosie to each other. Chen, T. W.; Yeh, Y.
S.;Yang, C. S,; Tsai, F. Y.; Huang, G. L.; Shu, B. C.; Huang, T. M.; Chen,
Y. S,; Lee, G. H.; Cheng, M. C.; Wang, C. C.; Wang,Qtganometallics
1994 13, 4804.
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this study, such alkyl complexes were obtained as a 4:1 mixture
of two diastereomers. Complexds and 4b were obtained
when the acyl comple8 was treated with propene (eq 5). At

+
CHaChil CHs
CH;CH=CH
—Pd—< BAr,” s
| e} CDCly
oP -25°C, 18 h
3
CHs * CHs *
Q CH, BART + ”29»% BAW(8)
p—Pd—C p—Pd—0
k | H2 k |
opP opP

4a 4b

major 4:1 minor

first, the structure determination of the diastereomers was carried
out using carbon-13-labeled dodecenggHz:CH=3CH,, in
place of propene due to the uneasy treatment ofGH4=13CH,.
Addition of C;oH»;CH=13CHj; to acyl complex3 afforded two

alkyl complexes,7a and7b, as a 4:1 mixture (eq 6). In the

N
CH4CN
CH
| 3 C1oHpCH="2CH,
p—Pd BAryZ, —— = »
K | CDCly
oP -25°C, 18 h
3
+ +
CH, CioHz4
? CyoH szcl CH (6)
1017121 3
pa_-F’Id—:o BAr,” + pi—Pd—0Q BAr,”
2
OF® OP°

7b
2JP*~C} = 5Hz
2P°—C} = 128 Hz

7a
2){P*C} = 79 Hz
2/P°-C} = 8 Hz
major 4:1 minor

major compound, the alkyl group was determined tdraes
to the phosphine byJ{P—C} in 3P and!3C NMR. The
similarity in 3P and3C NMR charts for4 and7 revealed that
4 is also a mixture of the diastereomers analogougaand
7b (eq 5; see the Experimental Section for the NMR data). Rapid
equilibrium seems to exist between the two diastereomars
and4b, which will be discussed in section 3.

The 4:1 mixture of4 was treated with CO in methanol to
give the corresponding keto ester meth$i-8-methyl-4-oxo-
pentanoate in 95%e(eq 7)? This result is very important for

CHs _|+ CHy —|*

O +
| CHjy CH;j
P_Pld p—Pd—0
|
kOP Lop
4a 4b
major 4:1 minor
(0]
O/MeOH
C—e, \HJ\)LOMe 7)
o
95% ee (S)

68% overall yield from 1

the discussion of the enantioselectivity in the alternating

Nozaki et al.

Figure 1. An ORTEP drawing for [PICH,CH(CHs)C(=0O)CHg}-
{(R,9-BINAPHOS}]:[B{3,5-(CF)2CeHs} 4]. The counteranion and all
hydrogen atoms are omitted. Representative bond lengths (A) and angles
(deg): Pd(1)yP(2) 2.181(2), Pd(HP(3) 2.381(2), Pd(1H)C(68)
2.067(9), Pd(1)O(6) 2.098(9), C(41-0(6) 1.221(11), C(41)yC(58),
1.477(13), C(58)C(68) 1.479(19), P(2Pd(1)-P(3) 96.1(1), P(2y
Pd(1)-C(68) 92.7(3), P(3)Pd(1)-0O(6) 91.8(6), O(6)-Pd(1)-C(68)
79.5(4), P(3)Pd(1)-C(68) 171.3(3), Pd(})O(6)—C(41) 115.3(6),
Pd(1)-C(68)-C(58) 108.9(7), O(6)C(41)-C(82) 121.3(8), C(4Ly
C(58)-C(68) 111.4(9), P(2)Pd(1}-0O(6)—C(41) 5.5(11), P(2yPd(1)-
C(68)-C(58) 160.3(7), P(3)Pd(1)-0O(6)—C(41) —170.2(7), P(3)
Pd(1)-C(68)-C(58) —19.8(14), C(68)Pd(1)-O(6)—C(41) 9.9(7),
O(6)—Pd(1)-C(68)-C(58) —19.1(7), Pd(1)yO(6)—C(41)-C(58) 2.6(7),
O(6)—C(41)-C(58)—C(68) —19.6(9).

copolymerization using the present catalyst system, because it
discloses that th8SSS. isomer is produced in more than 95%
ee out of the two possible enantiomd&®RR. and SSSS..

The relation between the absolute configuration of the chirotopic
carbon and the optical rotation of the polymer, that is SBSS.
isomer shows positive optical rotation in (§FCHOH, is
consistent with the very recent studies by Bronco and Consiglio
based on the sign of the CD band associated with the a*
transition and the application of the octant rule to the carbonyl
chromophoré!

The major complexta was recrystallized from CyCl, and
diethyl ether and analyzed by X-ray crystallography. Its ORTEP
drawing is shown in Figure 1. Two crystal structures of the
five-membered alkylpalladium complexes have been reported
using norbornene as the olefinic precurdeY. Very recently,
one structure of PACHH,COCH;(ligand) has been reported
by Cavell and his co-worker§. Accordingly, the structure of
4ais the second example of X-ray analysis using an olefinic
precursor in whickB-hydride elimination is possible. The four
ligands and the Pd center are almost in plane. The bite angle
of the ligand P-Pd—P is 96.0, slightly larger than the ideal
angle 90 for the square planar coordination. The phosphkine
Pd bond length of 2.38 A is much longer than the phosphite
Pd bond of 2.18 A, due to the strorigans influence of the
alkyl group. Such a difference in the-Pd bond length is
consistent with the reported data with a bis(triphenylphosphine)
complex® and a bipyridine comple¥. In our previous com-
munication, we assigned the coordinating oxygedarto be
trans to the phosphine on the basis of the largaéfP—C}
coupling in the phosphine than in the phosphitd-6%CO (Chart
2) %14 However, the above study has revealed that#e—

(14) For a similar assignment, see ref 4b.
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Chart 2
CHs +
WA
?’ >—CH3 BAr,~
pa—Pd—C
Ll Hz

OP®
4a-%co

3J{P3-"3C} = 10.5 Hz
SUP°-13C} = 2.5 Hz

C} coupling through'3C=0—Pd-P is smaller for therans
isomer than theis isomer in this case.

l.e. Following Complexes 5 and 6.The following acyl
complex5 and alkyl complex6 exhibited 3P NMR spectra
superimposable on those of the first generation acyl conplex
and alkyl complex4, respectively (eq 8). Thu® and6 were

o_|+

CcO
(20 atm) CD3CN
4a+4b ——> | B
CDCI4/CH,CN —Pd BAr,
-25°C, 18'h ( | 5
oP
5
o) —l *
CH3CH=CH,
(1 atm) _
- BAr, (8)
CDCly 0
-25°C, 18 h | CHs
P—-Pld
Cor
6a
CHs _] *
/ O
(— Pd-0 BAr,~
|
OP
6b
(not observed)

assigned to have the samms/transconfiguration as3 and4.

In the absence of acetonitrile, thiecarbonyl in5 weakly
coordinates to the Pd center to form a six-membered®ifys
was observed by3C NMR as the peak broadening of the?sp
carbon of the ketone group in th&O-labeleds-13CO (Figure
2a). By the addition of 1 equiv of GiCN, the peak was
sharpened with an upfield shift, showing the formatiorbdd
(Figure 2b). Thex-carbonyl, attached directly to the palladium,
also upfield shifted. It is noteworthy that, among the two
possible alkyl complexe8a and6b, 6a which corresponds to

J. Am. Chem. Soc., Vol. 119, No. 52, 19833

+ +
Q| v
3c—- e
co - o -
BAL™ i BAr,
p2-Pd. = pa-Pd
k Lo [¢] Kolpb 0

d — ppm
240 230 220 210 200

o—|+

(b)

]
T T T T opm
240 230 220 210 200

Figure 2. (a) *3C NMR of PA[COCHCHCH;COCH;]*[(R,9-BINA-
PHOS] in the absence of GDN. The!*C-labeledd-carbonyl carbon
is observed as a broad peakda219-228. Thea-carbonyl which is
not 3C-labeled is observed at240 as a doublet of doublets. (b) The
same in the presence of @ON (5-D). The é-carbonyl carbon (not
labeled in this case) is sharpened&10. Thea-carbonyl is observed
at 0 223 as a doublet of doublets.

Single-crystal X-ray analysis & shows its structure in detail.
As shown in Figure 3, the €Pt distancdransto the phosphine
is 2.102(10) A which is possibly shorter than ti@nsto the
phosphite, 2.135(12) At = (2.135— 2.102) x (0.01¢ +
0.012)~Y2 = 2.1}. This implies that the methyl groupans
to the phosphine site is stabilized compared to that acthe
position in the R,9-BINAPHOS complexes. The following
NMR studies support this conclusion.

We labeled the two methyl groups 8fwith carbon-13, and
compared thé}{ P—C} to find whether each methyl group was
eithercis or transto the phosphine. The representativand
J values are summarized near form@da3CHs3 in Chart 3.
Generally, the coupling constat¥{ Pt—C} is mostly consistent
with the bond strength when two similar bonds are compéted.
Here, the P+C bond is compared. Accordingly, the stronger
Pt—C bondtrans to the phosphine has been suggested by the
largerJ (588 Hz) for PtC transto the phosphine than that
trans to the phosphite (481 Hz) (Chart 3). This tendency
contradicts the generally acceptedahs influence order” in
which phosphine is ranked at either a higher or at least even
level compared to phosphite.

In addition to8-13CH3, the corresponding dimethylplatinum

4a was observed as a single species. The diastereomericcOmplexe®-*CHs and10-*CHz have been prepared from)t

structure6b corresponding tdb was not detected. Due to the
longer chain in6 than in 4, the steric bulk around the
coordinating carbonyl oxygen increasessin This may be the
reason for the larger equilibrium constant féaJ/[ 6b] than for
[4&)/[4b] (the existence of the equilibrium will be discussed in
section 3).

BINAP {(R)-2,2-(diphenylphosphino)-1;dbinaphthy} and R)-
BISPHOSPHITE {(R)-1,1-binaphthyl-2,2-diyl bis(diphenyl
phosphite), respectively. When th&){ Pt—C} for the methyl
transto the phosphine is compared, the valu8i#CH3 (588
Hz) is much larger than that +13CH3 (493 Hz). At the same
time, thelJ for Pt—C transto the phosphite ir8-13CH3 (481

The results obtained in section 1 are summarized in SchemeH2) is much smaller that iL0-%CH; (574 Hz) (Chart 3).

1. All the major isomers observed have either alkyl or acyl
groupstransto the phosphine site.

2. The Stabilization and Activation Influence of R,S-
BINAPHOS. In this section, we describe the higher thermo-
dynamic stability for a methyl groufrans to the phosphine
site compared téransto the phosphite site in a square planar
(R,9-BINAPHOS complex, Pt(Ch{(R,9-BINAPHOS} (8).

Rather than théransrelation, therefore, comparison of this
relation shows better agreement, that is, between 4818Hz (
13CH3) and 493 Hz 9-13CHj3) for cis to the phosphines and
between 588 Hz§-13CH3) and 574 Hz {0-13CHj3) for cis to

(15) (a) Allen, F. H.; Pidcock, A.; Waterhouse, C. R.Chem. Soc. A
197Q 2087. (b) Appleton, T. G.; Bennett, M. Anorg. Chem.1978 17,
738.
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Scheme 1
Cl CH; NaBAr, CH4CN * CcO
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CH3CN CH, CHaCH=CH, CH,
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Chart 3
T APt—C} = 481 Hz | {Pt—C} = 574 Hz
2 {Pt-CHs} = 68 Hz 2{Pt—CHg} = 71 Hz
13CH, 13CH, WCI)Hs
| |
P—Plt—‘3CH3 P—Plt—’3CH3 0P—P|t—‘3cH3
OoP K__p * kop

' APt-C} = 588 Hz
24{Pt-CHg} = 75 Hz

8-3CH,4

P OO PPh,
o

(R)-BINAP

" APt—C} = 493 Hz
2 {Pt—CHg} = 69 Hz

9-3CH, 10-'3CH,3

OP OO OP(OPh),
_

oP OC OP(OPh),

(R)-BISPHOSPHITE

BINAP complexes, and (2) the PP bond for the phosphite is
stronger in BINAPHOS complexes than in BISPHOSPHITE
complexes.

In summarizing this section, X-ray data combined with the
NMR study have revealed that a carbon substituent, a methyl
group, is stabilizedtrans to the phosphine site inR(9-
BINAPHOS complexes. This result is consistent with the above
observation in section 1 that both alkyl and acyl groups are

. . placedtrans to the phosphine site in all the major isomers of
the phosphites. The coupling between Pt and the protons of{_g and7.

the methyl group {{Pt—CHz}) shows the same tendenty.

Thus, apparently, thecfs influence” seems more significant
than thetransinfluence in this systert’. Steric factors may be
another possibility for such a tendency.

Meanwhile, comparison of tHg{ Pt—P} values discloses that
(1) the L Pt—P} of the phosphine ir8 is 1602 Hz, smaller
than 1874 Hz irB, and (2) the'J{ Pt—P} of the phosphite ir8
is 3392 Hz which is larger than 3043 Hz10 (Chart 4). These

Figure 3. An ORTEP drawing for Pt(CH{ (R,9-BINAPHOS} (8).

All hydrogen atoms are omitted. Representative bond lengths (A) and
angles (deg): Pt(¥)C(11) 2.102(10), Pt(3)C(37) 2.135(12), Pt(H)

P(2) 2.315(2), Pt(yP(3) 2.206(2), P(2}Pt(1-P(3) 95.2(1), P(2y
Pt(1)-C(11) 167.9(4), P(2YPt(1)-C(37) 86.8(4), P(3}Pt(1)-C(11)
94.7(4), P(3)-Pt(1)-C(37) 176.4(4), C(11)Pt(1-C(37) 83.0(5).

3. A Proposed Pathway for the Reaction Processin
section 1, we have identified the stable complexes related to
the copolymerization process. In section 3, efforts are devoted
to see or predict the actual reaction pathways. The results are
summarized in Scheme 2.

3.a. The First CO Insertion, 2— 3. The insertion of CO
into a carbor-metal bond in bivalent group 10 metal complexes
tendencies were also observed in the corresponding(@)CI  is known to proceed through a migration. Recently, van
and Pt(CH)(CI)(L) complexes. Thus (1) the PP bond for Leeuwen and his co-workers reported an elegant example using
the phosphine seems weaker in BINAPHOS complexes than ina platinum complex of an unsymmetrical bidentate bisphosphine
ligand, L—L' = 1-(diphenylphosphino)-2ert-butyl-3-(dicyclo-
hexylphosphino)-1-properf€. Migration of the phenyl group
in [Pt(Ph)(solvent)(E-L")]-[OTf] takes place in the absence of

(16) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re
1973 10, 335.
(17) Allen, F. H.; Sze, S. NJ. Chem. Soc. A971 2054.
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Chart 4
'{Pt—P? = 1602 Hz "HPt-P} = 1874 Hz
l CH, l CHy CHs
|
p2—Pt—CH;,4 p—Pt—CH, OP—Pt—CH,
U |
OP® oP
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CO. Similarly, we have prepared a cationic Pt complex, [Pt-
(CHg)(CH:CNX (R,§-BINAPHOS} +[B{3,5-(CF3)2CeHa} 4] (11),

and observed a migration of the methyl group in the presence
of CO. As was so for its Pd analdyj the methyl group was
proven to beransto the phosphine by carbon-13 labeling on
the methyl group. Next, the cationic Pt complekwas treated
with CO (eq 9). At 1 atm of CO, only the replacement of £H

CHoON ] ! g ] *

Cl

N _ CO (1 atm
Pe—Pl_CH, 2Ry pa_Pt—CH, BAY, 00, pepi—chy
opP° oP® or"
11 12a
* CH5CN !
CHy | N ot |
co@oam . A o —f> Pt ©
I, Uabe O
op OP

12b

CN to CO occurred and the carbonyl compleawas observed

as a single species. At elevated CO pressure (20 atm)
isomerization ofl2ato 12b took place to give a mixture of
12d12b= 1/8. Since the higher pressure was required for this
isomerization, the coordination of CO to the platinum at its
apical site as the fifth ligand seems to be essential for this
process. After the CO pressure was released, the rati@af

to 12b was not changed. Accordingl{2b is the thermody-
namically more stable form df2 in which the methyl igrans

to the phosphite. This can be attributed to the stroraridic
nature of CO which prefers phosphine rather than phosphite at
its transposition. In fact, the infrared absorption of the carbonyl
in 12b (vco = 2128 cnT?) suggests a slightly stronger back-
donation from the platinum metal than I2a (2132 cnv?).

For the palladium species, van Leeuwen reported that both
[Pd(CHs)(solvent)(L—L")]-(OTf) and [Pd(COCH)(solvent)(L—
L")]-[OTf] are under rapid equilibrium between theis/trans
isomers®*® In our Pd-(R,9-BINAPHOS system, similacis/
transisomerization should have also taken place either before
or after the migratory CO insertion, because both the alkyl group
in 2 and the acyl group i3 are placedransto the phosphine,
exclusively. Although no direct evidence is obtained in the
palladium system, here we presume that the methyl group in

J. Am. Chem. Soc., Vol. 119, No. 52, 19835

[PA(CHs)(COY (R,9-BINAPHOS} ]+ [BAr 4] migrates fromtrans
to the phosphine tais to the phosphine prior to the migration
to the coordinated CO as showniBa— 13bin eq 10. This

o | ol

2 —> P—P|d—CH3 — P—Pld—co —= 3 (10

OoP
13a

oP
13b

corresponds to the observation in the Pt complekés;> 12a

— 12b (eq 9). With this isomerization, the methyl groupan
may becomemore actvated transto the phosphite than at the
original position (see discussions in section 2). In this way, its
migration to the coordinated CO should be accelerated to give
the acyl complex3.59:18 A similar isomerization of an alkyl-
platinum complex prior to the migration of the alkyl group to
the coordinated CO is well-known in monodentate phosphine
complexes?

3.b. The Subsequent CO Insertion into the Five-
Membered Alkyl Complex 4. Rapid equilibrium is suggested
to take place between the alkyl complex&sand 4b, on the
basis of the following observations. When a 4:1 mixturdaf
and4b was treated with 1 atm of CO in the presence ofsCH
CN, the corresponding acyl compl&was formed as a single
product. The ratio oflaand4b was determined bjH and3!P
NMR to be constant during the CO insertion reaction; in other
words, the 4:1 ratio did not change during the CO insertion.
Thus, it seems reasonable to explain this result by the rapid
equilibrium betweerta and4b rather than by the exactly same
reactivity of 4a and 4b against the CO insertion. At this
moment, no direct proof has yet been obtained regarding which,
4aor 4b, is actually involved in the catalytic process. Never-
theless, we may predict that the alkyl group could be placed
transto the phosphite4b) prior to the CO insertion intd as
shown in eq 11 in a manner similar to that which we proposed

= +
¢
s ] EHs CI-:l
" y—cn
p-pa-d” | = ©
—_Pd—
kop C I co
ab oP
minor 15
r ‘CHgCN
+
CH
o] cH: |
o) CH4CN :
p'j>‘°”3 Y
p— p—Pd
LI | o O (11)
OoP oP
4a
L —] 5

major

for the first CO insertion int@®2 in eq 10. In this way, CO
insertion proceeds frodb to 5 via 15. For6, 6awas observed
as a single species ar@h which corresponds tdb was not
detected in the absence of CO. However, with our assumption
that4b is more suitable for CO insertion thdm, the invisible
6b might be responsible for the subsequent CO insertion.

(18) Migration of the methyl group is also suggested by theoretical
studies. (a) Koga, N.; Morokuma, K. Am. Chem. S0d.986 108 6136.
(b) Koga, N.; Morokuma, KChem. Re. 1991, 91, 823.

(19) (a) Anderson, G. K.; Cross, R.Acc. Chem. Red.984 17, 67. (b)
Anderson, G. K.; Cross, R. &hem. Soc. Re198(Q 9, 185. (c) Anderson,
G. K,; Clark, H. C.; Davies, J. AOrganometallics1982 1, 64.
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3.c. Theoretical Studies for the Olefin Insertion to Acyl
Complex 3. Olefin insertion into G-M o-bonds where M is a
d® metal such as Ni(ll), Pd(ll), and Pt(ll) has been of much
interest not only for the olefinCO copolymerization but also
for other catalytic reactions, for example, polymerization of

- P—Pld—CO —

Nozaki et al.

+
B
p—PId —_— | CH3 -
(0] -
=] 14b

_>' polymerization

L = CO and/or
CHsCN

D = observed

modeling, we could shed light on the intrinsic electronic effects
of atoms or groups such as Pd, phosphine, and phosphite on
the reaction. Steric effects of the bulkRr,§-BINAPHOS
ligand will be examined later in this section. We determined
the structures of the reactants, products, and transition states

olefins. Intensive theoretical studies have been performed on(TSs) for the model reactions, as shown in Figure 4, using the
this subject in the last decade, to show that the transition statedensity functional B3LYP method with the smaller basis set,

is a four-centered metallacycte2° Simply applying the

called the B3LYP/I method. Furthermore, for the structures

theoretical results to the present experimental system, it isthus determined, the more reliable energies were calculated using

expected as shown in eq 12 that £LHN of 3 was displaced by

+ +
_/ /]
J | |_-| _ ]
—— P—ﬁd< — P—Pld-< — 4b
OoP 0 OoP °
path B
14b ts(14b-4b)
3 — lT (12)
path A o _|+ o —I+
-/ Y L
— p-Pd—|| —> p—Pd-" — 4a
Lot Cop -
14a ts(14a-4a)

propene to giver-olefin complex14b or 14aand that, passing
through transition statés(14b-4b) or ts(14a-4a) the corre-
sponding alkyl complexedb and 4a would be produced. In
this study we have carried out theoretical calculations for the
two processed4b — ts(14b-4b)— 4b (path B) andl4a—
ts(14a-4a)— 4a (path A) to investigate the mechanism of
propene insertion into a Peacyl bond and that of enantiofacial
selection.

First we investigated the mechanism of model reactions in
which propene was modeled by ethene aR(EB¢BINAPHOS
by PH; and P(OHj using density functional theory and ab initio

the B3LYP and MgllerPlesset perturbation method with better
basis set Il. The energies relative 1dld are summarized in
Table 1%

Reactantl4ly with an acyl grougransto the phosphine was
calculated at all the levels with better basis set Il to be more
stable than another reactaftid, with the acyl grougransto
the phosphite, which agrees with the experimental structure of
acyl complex3 with the acyl grouptrans to the phosphine.
Product4d with an alkyl ligandtransto the phosphine is more
stable thamb', also consistent with the experimental finding
of the 4:1 mixture of4a and 4b under thermodynamic
equilibrium. The alkyl ligand as well as the acyl ligand prefers
the sitetransto phosphine, in agreement with the “stabilization
influence order” experimentally found in section 2. The-fid
bond distances ida and4b' show the strongransinfluence
of the alkyl ligand; the P&P bondtransto the alkyl ligand is
about 0.2 A longer, in agreement with the trenddm(Figure
l).22

Reactionsl4l to 4b' and144d to 4& pass through the tight
four-centered TSgs(14b-4b') andts(14d-44), respectively,
being accompanied by the rotation of ethene from perpendicular
to in-plane coordination. The calculations with basis set Il show
that both reactions require a comparable activation energy; the
activation energies fot4l to 4b’' and for 14d to 44 at the
B3LYPI/II level are 12.8 and 12.7 kcal/mol, respectively, and
those at the MP4SDQ/Il level are 14.7 and 14.4 kcal/mol,
respectively. Accordingly, one can conclude that the reaction
from more stable and thus more populatédb is more

molecular orbital methods. The model reactants correspondingt,, orable than the reaction from less stablil. Product4b’

to 14b and 14a are designated as4b and 144, respectively,
and similarly the model products &b’ and 4a. With this

(20) Ethene insertion into a GHNi bond: (a) Musaev, D. G.; Froese,
R. D. J.; Svensson, M.; Morokuma, K. Am. Chem. S0d 997 119 367.
A carbon-carbon triple bond insertion into an acylpalladium bond: (b)
Samsel, E. G.; Norton, J. R. Am. Chem. S0od.984 106, 5505.

of the more favorable reaction is less stable thanthe product

(21) See the Experimental Section for computational details.

(22) The calculations overestimate the-fRIdistances. It is known that
the metat-P distances tend to be overestimated without phosphorous d
polarization functior?3

(23) Low, J. J.; Goddard, W. A., 1. Am. Chem. Sod984 106, 6928.
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Figure 4. B3LYP/I optimized structure of model reactariéb’ and144d, transition statess(14K-4b") andts(14d-4d), and productglb’ and4a
in the propene insertion into the Pecyl bond. The phosphine and phosphite siteReB{BINAPHOS are displaced by Rtand P(OHj), respectively,

and propene is displaced by ethene.

Table 1. Calculated Potential Energies fad — 4' Relative to
14b (kcal/mol) at Various Levels

140 14d ts(14b-4b)) ts(l4d-4d) 4b 4
B3LYP/Il 00 —09 115 16.0 —22.0 —20.9
B3LYPIl 0.0 35 128 16.2 —18.9 —21.5
MP2/1| 00 35 103 145 —12.9 -16.3
MP3/I| 00 40 129 155 —22.7 —2556
MP4SDQ/Il 0.0 35 147 17.9 -17.8 —20.8

Table 2. Calculated Potential Energ\E), Enthalpy AH),
Entropy AS), and Free EnergyAG) for 14 — 4' Relative to14l
(kcal/mol) at the B3LYP/II Level

140 14d  ts(14B-4b) ts(l4d-4a)  4b 4l
AE 00 35 12.8 162 -189 -215
AH* 00 36 12.3 156 —17.7 —20.4
TAS 00 13 -33 —2.4 -32 -33
AG* 00 23 15.6 180 -145 -17.1

aAH, TAS andAG = AH — TAS calculated at 298.15 K.

of the less favorable reaction. This theoretical finding and the
experimental fact that the product is a 1:4 mixturedbfand

4@, which corresponds téb’ and4d, respectively, suggest that
there exists an isomerization pathway between them.

BINAPHOS ligand. Upon this substitution, four possible
transition state structures—IV, are generated from each
transition state. Thus, we compared their steric energies by the
combined MO+ MM method to show which insertion mode

is the most favorablé® The MMS3 optimized structures and
relative steric energies of the four insertion modes for both paths
are shown in Figure 5.

The steric energy foib was found to be the smallest among
four TSs for path B. Since T® for path B leads tatb, this
result really accounts for the experimental result. IM$ which
would result in the opposite enantioselectionlixr and Vb
which would cause the opposite regioselection are less stable
thanlb by more than 3.2 kcal/mol. As shown in Figure 5, the
methyl group of propene ilb andIVb and that inlllb have
closer contact with the phenyl group and the naphthalene group
of the R,9-BINAPHOS ligand, respectively, than ii.

For path A we found that T$a which leads toda is the
most stable as in the case of path B. However, the other
transition states, especialla, are similarly stable tda,
different from the case of path B.

We also made the combined M@ MM calculations
similarly for another four possible TSs of-1V in which the

The enthalpy change calculated from the zero-point energy enantiomers of the optimized structures by the B3LYP/l method
and thermal correction to a potential energy does not modify are used and PHand P(OHj are displaced byR,S)-BINA-
the trend as shown in Table 2. On the other hand, an entropyPHOS and ethene by propene. As shown in Figure 6, there is

effect slightly favorsl4d andts(14d-4a) more thanl4b and
ts(14b-4b') to a similar extent. As a result, the free energies
of activation for these paths remain to be comparable.

In the second part, the selectivity experimentally observed

no explicit change in the trends of the relative steric energy of
the TSs for both path A and path B. The high enantioselectivity
in the propene insertion such as experimentally observed (95%
ee, eq 7) will not appear if these TSs for path A are involved

in propene insertion is discussed using molecular mechanicsin the process. This also supports the above result that path B

(MM) calculations in which we replaced Rtnd P(OH} by
(RS-BINAPHOS and ethene by propene in the B3LYP/I

is more favorable than path A.
In summary, the B3LYP calculations and MPn calculations

optimized transition state structures. Thus, this combined MO show that alkene insertion into the Pdcyl bondtrans to

+ MM method incorporates the steric effects of the,g-

phosphine is more favorable than that into the-Bdyl bond



12788 J. Am. Chem. Soc., Vol. 119, No. 52, 1997 Nozaki et al.

0.0 kecal/mol . 2.0 kcal/mol 1.7 kcal/mol 1.1 kcal/mol

Figure 5. MM3 optimized structures and steric energies relativé af the four possible isomers of TIS-IV for path B (top) and for path A
(bottom) (see the text for details). All hydrogen atoms are omitted for clarity.

T 5 &b
2.1 kcal/mol 1.7 kcal/mol 1.0 kecal/mol

Figure 6. MM3 optimized structures and steric energies relativé' tof the four possible isomers of TIS-IV' for path B (top) and for path A
(bottom) (see the text for details). All hydrogen atoms are omitted for clarity.

transto phosphite, and the MM3 calculations demonstrate that NMR tube, and the conversion was monitored i NMR.

one specific transition state among four possible transition statesThe process was first-order in palladium complex concentration,

for propene insertion with theR(S-BINAPHOS ligand is the and the observed rate constégswas 5.3+ 2.0 x 1074 (AG*

most favorable. These results unequivocally demonstrate that= 19.3 + 0.2 kcal/mol) at—10 °C as the average of five

the most probable path for eq 123s—~ 14b — ts(14b-4b) — independently repeated experiments. AQ) kypswas 11.8x

4b — (4b+4a). 10~* (AG* = 19.6 kcal/mol). An analogous experiment with
3.d. Kinetic Studies. A kinetic study was carried out on  the 1,10-phenanthrolird®Pd system has been reported by

the two representative processes of (1) propene insertior3into Brookhart and his co-workef8. They determinedhG* = 16.6

to give4 and (2) CO insertion intd to give5. The reaction of kcal/mol at—46 °C for the ethene insertion into Pd(COgH

3 with propene was monitored B{ NMR at—10 and 0°C. A (CoHz)(phen). The largeAG* in our system should largely

CDCl; solution of3 was saturated with propene (1 atm) in an depend on the difference of the employed olefins. The reaction
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30000 3P NMR data are listed in Table 3. By using these cationic
. complexes as catalyst precursors, asymmetric copolymerization
of propene with CO was examined. The catalytic activity was
- compared by quenching the reaction after 6 h. The yield and
200007 the molecular weight\l,, andM,,/My,) of the resulting polyke-
= " vn tones are also sum_mariz_ed i_n Table 3. _
When a symmetrical bis(triarylphosphinefR){BINAP, was
1ooooJ n used as the ligand, both the neutral and the cationic complexes
were obtained quantitatively. Nevertheless, no polymeric or
oligomeric products were produced. We investigated the CO
and propene insertion in a stepwise manner (eq 13). When the
0 T T T
0 10 _ 20 30 40 CHON .\ o L cT|+ NG
Yield (%) ——Pld—CH BArL- (1 atm) P—F‘Id& *l (1 am)
Figure 7. M, plotted against the conversion of propene into the 'l_| B CDCly kl o CDCly
copolymer catalyzed by Pd(HYR,S-BINAPHOS. P 53%050‘,,3 P E?og/i'czfncl

L = CH3CN or CO

CH '
O PPh, O OP(OPh), S _I
O T Y yoPePn: P_PQ—CHs 13)
A s

(R)-BINAP -BISPHOSPHITE P

Chart 5

cationic complex [Pd(CE(CHsCN)(R)-BINAP]-[B{3,5-

O PPh, O PPh, (CRs)2CeH3} 4] was treated with CO (1 atm), two acyl complexes,
O O'PE C x) O 0-P-0 [PA(COCH)(L)(R)-BINAP]-[B{3,5-(CF3)2CsHz} 4] in which L

0 O is either CHCN or CO, arose in an about 1:1 ratio. The reaction
O Q rate was comparable to that of the correspondiRg9¢
O BINAPHOS complex, that is, 80% conversion witR){BINAP
X = H: (R)-BIPNITE (R,A)-BINAPHOS and 100% with R,9-BINAPHOS afte 1 h at 20°C. In
F: (R)-p-F-BIPNITE constrast, the subsequent reaction with propene was much slower

with (R)-BINAP than with R,9-BINAPHOS, that is, less than
of 4 with CO was carried out in CDglinder a CO pressure of  10% conversion withR)-BINAP after 20 h at 20C and 100%
20 atm in an autoclave. The conversion was measured bywith (R,9-BINAPHOS afte 3 h at 0°C.
release-repressurize of CO to measutid NMR under 1 atm On the other hand, the corresponding cationic complex was
of CO at —23 °C. The process was also first-order in the not formed when a symmetrical bis(triaryl phosphite®)-(
concentration of the palladium complex, akgs was 1.20x BISPHOSPHITE, was the ligand. Addition of N&R5-
1074 (AG* = 19.0 kcal/mol) at-23°C and 1.16x 1074 (AG* (CF3)2CeHa} 4 to Pd(CH)(CI){ (R)-BISPHOSPHITE at 20°C
= 18.9 kcal/mol) at-12 °C. For the phenanthroline system, afforded a complex mixture with which no polymerization
AG* = 14.9 kcal/mol (at-66°C) is reported for the CO insertion proceeded. Recently, we reported that a phosptphesphinite
of Pd(CHCH,COCH,)(CO)(phenf? Because the two stefds ligand, ®)-BIPNITE (Chart 5), is as efficient asR(3-
— 4 and4 — 5 show such clos&G*, we cannot determine the  BINAPHOS in Rh(l)-catalyzed asymmetric hydroformylation
rate-determining step from those results. Nevertheless, theof 4-vinyl-B-lactams?4 In the present copolymerization, how-
present study provides an estimation of the activation energy ever, much lower activity was observed witR){BIPNITE.
(AG") for the two steps. The characteristic feature of the present (R,R-BINAPHOS, a diastereomer oR(9-BINAPHOS, did not
phosphine-phosphite system is the retarded CO insertion in form a stable cationic complex, [Pd(GHCHsCN)X (R,R-
comparison to Brookhart's 1,10-phenanthroline system. BINAPHOS}H+{B{3,5-(CF)2CeHs}4]. This may be attributed
3.e. The Chain-Terminating Step. The chain-terminating  to the less stable coordination of th@,R isomer to the Pd
step is supposed to be thghydride elimination from an  center. In our previous study(R,R-BINAPHOS did not form
alkylpalladium species such asand 6.1 The Pd-H bond a stable apical-equatorial coordination to trigonal bipyamidal
formationtrans to the phosphite may be disfavored since the Rh(l) while (R,3-BINAPHOS did. We explained this tendency
o-bond at this position has been suggested to be less stablethat (R,R-BINAPHOS requires a PRh—P angle much larger
This may explain the highest molecular weight obtained with than 90 due to the steric repulsion of the two binaphthyl groups.
our catalyst although details are not clear yet. The living nature This also accounts for the present result.
of the present copolymerization has been verified by demon- 5. Asymmetric Copolymerization of Other Olefins with
strating a linear relationship betweél,Jand the degree of  CO. Other olefins were subjected to the present copolymeri-
monomer conversion (Figure 7). The results obtained in zation with CO?® (4-tert-Butylphenyl)ethene gave the corre-
sections +3 are summarized in Scheme 2. sponding polymer in almost complete isotacticity although both
4. Asymmetric Copolymerization of Propene with CO the M, and [®]p values, 5600 and-429, respectively, were
Catalyzed by Pd(ll) Complexes Bearing Other Ligands.n lower than those reported by BrookHérteq 14).
addition to R'S'BlNAPHO,S’ R)'BINAP’ (R,)'BISPHOS' (24) Nozaki, K.; Wen-ge, Li.; Horiuchi, T.; Takaya, H.; Saito, T.;
PHITE, and other related ligands illustrated in Chart 5 were yoshida, A.; Matsumura, K.; Kato, Y.; Imai, T.; Miura, T.; Kumobayashi,
examined for the asymmetric copolymerization. Neutral com- H.J. Org. Chem1996 61, 7658.

i i (25) Nozaki, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.;
plexes of type Pd(Ci;)_(CI)(Ilgand) and cationic complexes of Horiuchi, T.- Takaya, HJ. Am. Chem. Sod997 119,4413
the [Pd(CH)(CHsCN)(ligand)}[B{3,5-(CFs)2CeHs} 4] were pre- (26) Kacker, S.; Jiang, Z.; Sen, Macromoleculed996 29, 5852. See

pared in a manner similar to that fdR§-BINAPHOS. Their also ref 6d.
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Table 3. Neutral- and Cationic-Complex Formation with Other Ligands and Their Use as Catalysts for Copolymerization of Propylene and

co
3P NMR
[PA(CHg)(CH:CN)(L)]-

L Pd(CH)(CI)(L) [B{3,5-(CFs)2CeH3} 4] yield (%) Mn Muw/Mn

(R9-BINAPHOS 0 149.4, 12.3%-p = 64.0, major) 0142.9,13.08-p = 63.0) 14.6 16 400 1.07
0 154.2, 33.2p—p = 56.0, minor)

(R)-BINAP 039.9,14.6 §p_p=39.7) 040.4,14.0fp-p = 43.5) 0 d d
(R)-BISPHOSPHITE 6 119.3,114.7-p = 91.6) complex mixture 0 d d
(R-BIPNITE 0136.7,14.7%-» = 35.0) 0135.9,16.4%p=32.8) 55 10 200 1.40
(RR)-BINAPHOS 0 148.8, 18.4 Jp_p = 62.6, major) and several complex mixturé 0 d d

unidentified complexes

aThe reaction was stopped afeh tocompare the catalytic activity. The cationic complex was not obtained as a single spetidse employed

reaction time was 48 Hf.Not determined.

tert-Bu

tert-Bu
2 (0.90 mol%) (14)
+ CO *
Z CH,Cl,
20°C, 96 h O/n
[@]p>% —492
(c0.50, CH,Clp)

Mn = 5,600, Mw/Mn=1.3

Cyclocopolymerization oft,w-dienes with CO catalyzed by
(R,9-BINAPHOS—-Pd(Il) has been reported elsewhéfeln-
ternal olefins such aéE)- and (2)-2-butene were inert under
the same reaction conditions. This is in sharp contrast to the
report by Sen that 1,3-insertion ¢£)-2-butene was observed
with the Me-DUPHOS-Pd(Il) systenfd They reported that the
1,3-insertion proceeds via the PH elimination—addition
process shown in eq 15.

\) /\H\(R -H-elimination WR
s -
L*Pd 0

L*Pd —> y
L*Pd (0]
= Me-DUPHOS

*
L*Pd/\)\”/ LP“M (15)

In order to clarify the sluggish step of our system, the reaction
was followed stepwise. With(E)- and (Z)-2-butene, the
corresponding alkylpalladium complexes were prepared by the
reaction of the olefins with the acyl complé&«(eq 16). The

+ or
CHON  cH, 2 AN
1 at

p—Pd BAr,” (1 atm)
& | CDClg, 20 °C, 20 h

oo ©

CHg *
o~ ]6]
T ~~CH; (20 atm)

p—Pd—= no reaction (16)
& I CDCly

OP CHs 20°C,3.5h

1:1
diasteromeric mixture

16a: cis or trans
16b: trans or cis

result reveals that internal olefins do insert iBtolt is of interest
that the same 1:1 diastereomeric mixture was obtained from
both (E)- and(Z)-2-butene. Because both of the chemical shifts

(27) (a) Nozaki, K.; Sato, N.; Nakamoto, K.; Takaya, Bull. Chem.
Soc. Jpn.1997, 70, 659. (b) Borkowsky, S. L.; Waymouth, R. M.
Macromolecules 996 29, 6377.

of these two diasteromers are close to thatafwe tentatively
assign the two diastereomet6aand16b as thecis andtrans

(or trans and cis) isomers of the two methyl groups on the
palladacycle, respectively. When the mixture was treated with
20 atm of CO pressure for 3.5 h, no reaction was observed on
the alkyl complexesl6a and 16b. Thus, it has been shown
that the CO insertion is the key step which retarded the
copolymerization of internal olefins. The methyl group on the
o-carbon of the palladium center hinders the approach of CO
to the metal center, and accordingly, the double-bond migration
shown in eq 15 is essential for the copolymerization of 2-butene
with CO to take place. Irl6a and 16b, the absence of the
Pd—H elimination—addition process may be the reason for the
poor reactivity with CO. g-Elimination of the polymer chain

is suggested to be the chain-termination step. The absence of
B-elimination in16aor 16bis consistent with the highest level

of molecular weight achieved by this catalyst system.

Conclusion

The mechanism of the asymmetric copolymerization of
propene with carbon monoxide catalyzed by P&{(R,9-
BINAPHOS has been disclosed as shown in Scheme 2. In the
stepwise observation, all the complexies6 have the carbon
substituentdgransto the phosphine site in their major isomers.
This can be explained by the “stabilization influence” at this
position in R,9-BINAPHOS complexes. This stabilization
influence trans to the phosphine is characteristic fdR,§-
BINAPHOS which contradicts the conventional order of the
“transinfluence”. Such an influence has been further studied
in comparison withC, symmetrical bidentate ligands using their
platinum complexe$8—10. In the actual reaction condition,
however, the major complexes bf-6 may not be responsible
for the copolymerization. We propose that the alkyl group in
2 is activated in the form of3b prior to its migration to the
coordinated CO. Density functional and ab initio MO calcula-
tions for the model olefin insertion suggested the olefin insertion
via 14b — ts(14b-4b) — 4b (path B). The calculations also
gave the geometrical and energetic evidence of the above-
mentioned stabilization influence, which makes another isomer
of the reactantl4a less stable thah4b and thus the reaction
from 14aless favorable. The high regio- and enantioselectivities
are clearly explained by the steric effect of the BINAPHOS
ligand which restricts a transition structure to one specific
isomeric form as shown in the combined MOMM calcula-
tions. Some of the produdt isomerizes into the more stable
isomer4ato give a 1:4 mixture oftb and4a. The equilibrium
is so rapid that the 1:4 ratio does not change during the CO
insertion. For the subsequent CO insertion frdmo 5, a
speculation analogous to that f@rto 3 is applied. In this
manner, the routedb — 15 — 5 is suggested. For the
subsequent CO insertio8b rather tharba might be responsible.
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Related ligands such as chiral bisphosphine, bisphosphite,

phosphine-phosphinite, and phosphin@hosphite were exam-
ined, but none of these showed higher activity th&)S¢
BINAPHOS. The copolymerization took place withtdrt-
butylstyrene but not with 2-butene. This suggests that the
isomerization of 2-butene into a terminal olefin yaelimination
did not proceed in the alkyl complek6. This shows good
agreement with the highest level of molecular weight achieved
by this catalyst system.

Throughout the studies, we provide an example of how one
unsymmetrical ligand behaves in a catalytic cycle.

Experimental Section

Preparation of Neutral Complex Pd(CHs)(CI){(R,S)-BINA-
PHOS} (1). A benzene (10.0 mL) solution oR(S)-BINAPHOS (0.360
g, 0.468 mmol) was added to a solution of PdgXBI)(COD)° (0.124
g, 0.468 mmol) in benzene (10.0 mL). The solution was stirred at 20

J. Am. Chem. Soc., Vol. 119, No. 52, 11798331

Preparation of Carbon-13-Labeled Cationic Complex EP-4-3)-
[PA(**CH3)(CHICN){(R,S)-BINAPHOS}]+[B{3,5-(CFs)CeH3} 4] (2-
B3CH3). A 5:1 mixture of 1a3CH; and 1b-'3CH; was similarly
converted to the corresponding cationic comp@#3CH; in the
presence of§P4-2)-[PtE*CHs)(CI)}{ (R S)-BINAPHOS}. In CH.Cl>—
CH3CN, the cationic Pt complexSP4-3)-[PtE3CH3)(CHsCN)Y (R,9)-
BINAPHOS}]+[B{3,5-(CR)2CsH3} 4] (11-*3CH3) gradually precipitated
as a white solid while2-1*CH3 remained in the solution. Filtration
through a pad of Celite and removal of the solvent ga¥CH3: Jc—p
= 78 Hz (phosphine)~0 Hz (phosphite). The largedc-p value
observed in the phosphine than in the phosphite disclosed that the
phosphine igrans to the methyl group.

Addition of Chloride Anion to Cationic Complex 2. Tetraethy-

lammonium chloride (5.0 mg, 0.0302 mmol) was added to a solution
of (SR4-3)-Pd(CH)(CD:CN) (RS-BINAPHOS +[B{ 3,5-(CF)-CsH3} 4]
(2) (0.0145 mmol) in CDG (0.5 mL). The reaction mixture was
analyzed by NMR. After 90 min2 was completely converted th
The ratio oflaand1b was 8:1 after 90 min, and 5:1 after 24 h.

CO Insertion To Give Acylpalladium Complex (SP-4-3)-[Pd-

°C for 2 h, and the solution was concentrated. The crude product was (COCH3)(CDsCN){ (R,S)-BINAPHOS}]-[B{ 3,5-(CRs).CeH3} 4] (3-D).

reprecipitated from CkCl, by addition of ether to give a 5:1 mixture
of (SP4-2)-1 (1a) and SP4-3)-1 (1b) (0.371 g, 86% yield). Data for
la: *H NMR (CDCls, 20 °C) 6 1.50 (dd,Jr-n = 2.6, 8.3 Hz, 3H,
CHg), 4.72 (d,J = 8.9 Hz, 1H of the ligand), 5.88 (d,= 8.6 Hz, 1H
of the ligand), 6.55-8.20 (m, 32H);:3C NMR (CDCk, 20°C) 6 9.30
(dd, J = 5, 92 Hz), 120.5139.0 (m), 146.9-147.7 (m);3'P NMR
(CDCls, 20°C) ¢ 12.3 (phosphine, dlr-p = 64 Hz), 149.4 (phosphite,
d, Jr—p = 64 Hz); with partial decoupling of the aromatic protof,

= 8 Hz (phosphine)~0 Hz (phosphite). Data fob: 'H NMR
(CDCl3, 20°C) 6 0.51 (dd,Jp-+ = 4.0, 11.2 Hz, ChH), 4.68 (d,J =
11.2 Hz, 1H of the ligand), 5.84 (d, = 9.9 Hz, 1H of the ligand),
6.55-8.20 (m, 32H);3'P NMR (CDCE, 20 °C) é 33.2 (phosphine, d,
Je-p = 56 Hz), 154.2 (phosphite, dl.-p = 56 Hz); with partial
decoupling of aromatic proton&Js—y = ~0 Hz (phosphine), 11 Hz
(phosphite). Comparison of thds_ values observed for GHand
the phosphorus atoms oR(3-BINAPHOS suggests that the methyl
group is placedrans to the phosphine site ida and trans to the
phosphite inlb. Anal. Calcd for GsHs/ClIOsP,Pd: C, 68.77; H, 4.03.
Found: C, 68.56; H, 3.96.

Preparation of Carbon-13-Labeled Neutral Complex Pd{3CH3)-
(CH{(R,9)-BINAPHOS} (1-13CH3). To a mixture of PAG{PhCN)
(20.0 mg, 0.0520 mmol) and PCH5),(COD) (17.6 mg, 0.0520 mmol)
was added dichloromethane (2 mL), and the resulting mixture was
stirred at room temperature for 15 nihAddition of (R,.9-BINAPHOS
(81.1 mg, 0.105 mmol) followed by filtration and removal of the solvent
in vacuoafforded a 5:1 mixture ofa-*CH3z and1b-13CH3 (120.1 mg).
Data forla-3CH3: Jc-p = 92 Hz (phosphine), 5 Hz (phosphite). Data
for 1b-1%CHs. Jc—p = ~0 Hz (phosphine), 150 Hz (phosphite).
Comparison of théJc_p values also suggests that the methyl group is
placedtransto the phosphine site iha andtransto the phosphite in
1b. A platinum complex, $R4-2)-Pt{3CH;)(CI){ (R,S-BINAPHOS},
was produced simultaneouslyH NMR (CDCl;, 20 °C) 6 1.30 (tdd,
Jpe-n = 60.0 Hz,Jp_y = 7.8, 3.4 Hz, CH), 4.66 (d,J = 8.9 Hz, 1H of
the ligand), 5.86 (dJ = 8.6 Hz, 1H of the ligand), 6.558.20 (m,
32H); *3C NMR (CDCk, 20°C) 6 3.6 (tdd,Jp—c = 459 Hz,Jc—p =
89, 6 Hz), 120.5-139.0 (m), 146.9-147.7 (m);**P NMR (CDCk, 20
°C) 6 23.0 (phosphine, tddpi—p = 1402 Hz,Jp_p = 26 Hz,Jc—p = 89
Hz), 115.2 (phosphite, tddpp = 7562 Hz,Jp-p = 26 HZ,Jc p = 6
Hz). Comparison of théJc_p values suggests that the methyl group
is placedtrans to the phosphine site in this complex.

Preparation of Cationic Complex (SP-4-3)-[Pd(CH3)(CDsCN)-
{(R,S)-BINAPHOS}]+[B{ 3,5-(CF3)2C¢H3} 4] (2-D). To a 5:1 mixture
of laandlb (50.8 mg, 0.0549 mmol) in Ci€l, (3.0 mL) was added
a solution of NaB(3,5-(C#§}.CsH3)4 (48.6 mg, 0.0549 mmol) in CP
CN (2.0 mL). The solution was stirred at 2@C for 2 h, and
concentrated to givé-D: *H NMR (CDCl, 20°C) ¢ 1.29 (d,Jp-n =
7.6 Hz, CHPd), 4.74 (dJ = 8.9 Hz, 1H of the ligand), 5.98 (d, =
8.3 Hz, 1H of the ligand), 6.668.27 (m, 44H);*3C NMR (CDCk, 20
°C) ¢ 6.27 (dd,Jp-c = 5, 78 Hz), 117.4135.1 (m), 139.0 (dJ = 16
Hz), 146.1, 146.7 (d) = 28 Hz), 146.8 (d) = 24 Hz), 161.7 (q) =
50 Hz); 3P NMR (CDCh, 20°C) 6 13.1 (d,Jp_p = 64 Hz), 143.1 (d,
Jp—p = 64 HZ).

A solution of 2-D in CDCl; (0.5 mL) was treated with CO (1 atm) at
20°C to give3-D: H NMR (CDCls, 20°C) ¢ 2.35 (s, 3H, CH), 4.94
(d,J=8.90 Hz, 1H), 6.08 (dJ = 8.58 Hz, 1H), 6.7+8.29 (m, 44H);
13C NMR (CDCk, 20°C) 8 42.1 (dd,Jp—c = 41, 48 Hz), 117.4135.9
(m), 139.1 (dJ = 17 Hz), 145.6, 146.2 (d] = 17 Hz), 146.2 (d) =
12 Hz), 161.7 (9] = 50 Hz), 222.4 (ddJpr—c = 21, 94 Hz);3'P NMR
(CDCl;, 20°C) 6 10.3 (d,Jp-p = 113 Hz), 133.8 (dJr-p = 113 Hz);
F NMR (CDCk, 20°C) 6 —5.91; IR (CDC}) 2254, 1724 cm* (vco).
(SP-4-3)-[Pd@3COCH;)(CDsCN){ (R,S)-BINAPHOS}]-B{3,5-
(CF)2CsH3} 4 (3-D-13CO) was similarly prepared fror-D and*3CO.
Data for3-D-13C: Jp_c = 94 Hz (phosphine), 20 Hz (phosphite).

Propene Insertion To Afford Alkyl Complex [Pd(CH 2CH(CH 3)-
COCH3){(R,S)-BINAPHOS}]-B(3,5-(CFs)2CeH3)4 (4). A solution of
3-Din CDCl; (0.5 mL) was cooled te-25 °C and treated with propene
(1 atm) for 14 h. The solution was concentrated-25 °C to give a
4:1 mixture of SR4-3)4 (4a) and ER4-4)4 (4b). Data forda: H
NMR (CDCls, —25°C) ¢ 1.41 (d,J = 7.26 Hz, 3H, CKCHy), 2.10 (s,
3H, C(O)XCHs3), 2.34-2.45 (br, 1H, GiH), 2.75-2.89 (br, 1H, CHH),
2.98-3.15 (br, 1H, GICHy), 4.77 (d,J = 8.91 Hz, 1H), 6.02 (dJ =
8.57 Hz, 1H), 6.67-8.30 (M, 44H)3C NMR (CDCk, —25°C) 6 20.3
(d, Jp-c = 4 Hz) (CHs), 27.1 (CH), 39.6 (dd Jp—c = 6, 79 Hz) (CH),
55.8 (d,Jp-c = 5 Hz) (CH), 117.4-134.9 (m), 139.1 (dJ = 18 Hz),
146.1, 146.6 (d) = 11 Hz), 161.7 (gJ = 50 Hz), 240.3 (ddJp-c =
2,10 Hz);3P NMR (CDCh, —25°C) ¢ 13.0 (d,Jp_p = 66 Hz), 142.4
(d, J—p = 66 Hz). Data fordb: 3P NMR (CDCk, —25 °C) 6 30.3
(d, Jp—p = 66 Hz), 150.3 (dJr-p = 66 Hz). Data for the mixture°F
NMR (CDCl;, —25 °C) ¢ —5.99; IR (CDC}) 1710 (CO) cmt. The
carbon-13-labeled [PdR(S)-BINAPHOS)(CHCH(CHs)3COCH)]*
[B(3,5-(CRs)2CeH3)4] (4-13CO) was similarly prepared from*CO to
give a 4:1 mixture o#a-3CO and4b-3CO. Data for4a-3CO: H
NMR (CDCls, =25 °C) 6 1.35-1.50 (m, 3H, CKCHg), 2.10 (d,J =
5.61 Hz, 3H, C(OFHs), 2.34-2.45 (br, 1H, GH), 2.75-2.89 (br,
1H, CHH), 2.98-3.15 (br, 1H, GICH3), 4.77 (d,J = 8.91 Hz, 1H),
6.02 (d,J = 8.57 Hz, 1H), 6.678.30 (M, 44H);13C NMR (CDCk,
—25°C) 6 117.4-134.9 (m), 139.1 (d) = 18 Hz), 146.1, 146.6 (d]
= 11 Hz), 161.7 (qJ = 50 Hz), 240.2 (ddJp-c = 2, 10 Hz);3P
NMR (CDCl;, —25°C) 6 13.0 (dd,Jp-c = 10, Jp-p = 66 Hz), 142.4
(d, Jp-p = 66 Hz); %F NMR (CDCk, —25 °C) § —5.99. Data for
4b-CO: 3P NMR (CDCk, —25°C) 6 30.3 (d,Jp-p = 66 Hz), 150.3
(dd, Jp—c =11 \]p—p = 66 HZ)

Preparation of 1-Dodecene-1¥C. First, 3CH;PPhl was prepared.
To the solution of triphenylphosphine (1.68 g, 6.41 mmol) in toluene
(20 mL) was added iodometha®¥ (0.400 mL, 6.38 mmol). White
precipitate formed, and the suspension was stirred at room temperature
for 3 h. The white precipitates were collected by filtration, washed
with hexane, and dried to give 1-dodecen&-n 51% yield (1.31
9): *H NMR (CDCly) 6 3.25 (dd,Jc-n = 135 Hz,Jp-n = 13.2 Hz,
3H), 7.6-7.9 (m, 15H). 3P NMR (CDCE) 6 22.4 (d,Jc-p = 58 Hz).
To a suspension 0fCHzPPhl (1.29 g, 3.18 mmol) in diethyl ether
(10 mL) was added potassiutart-butoxide (425.6 mg, 3.79 mmol) at
0 °C. The suspension turned yellow and was stirred for 10 min.
Undecanal (0.7 mL, 3.39 mmol) was added, and the whole was stirred
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at room temperature for 20 h. Water was added to the reaction mixture,117.0-135.1 (m), 138.7 (dJ = 17 Hz), 145.7146.5 (m), 161.5 (q,
and the aqueous layer was extracted with diethyl ether. The combinedJ = 50 Hz), 210.3, 223.3 (ddlp-c = 21, 100 Hz);3'P NMR (CDCE,
organic layer was dried with magnesium sulfate and concentrated under—25 °C) 6 9.7 (d, Jo-p = 108 Hz), 137.0 (dJr-p = 108 Hz); 1F
reduced pressure. The crude product was purified by silica-gel column NMR (CDCl, —25°C) 6 —5.71; IR (CDC}) 1716, 1612 %co) cm™™
chromatography (hexane) and distilled under reduced pressure to give Propene Insertion To Give the Second-Generation Alkylpalla-

a colorless liquid (427.0 mg, 79%)3C NMR (CDCk) 6 114.1.
Preparation of Alkylpalladium Complex 7 from 1-Dodecene-1-
13C. Neutral complext (19.3 mg, 0.0208 mmol) and Na[B{&s-3,5-
(CFs)2)4] (19.2 mg, 0.0217 mmol) were mixed in dichloromethane (2
mL) and acetonitrile (0.2 mL) at room temperature for 1 h. After

dium Complex [Pd(CH,CH(CH3)COCH,CH(CH 3)COCH3){ (R,S)-
BINAPHOS}]+[B{3,5-(CFs).CéH3} 4] (6). A solution of5-Din CDCls
(0.5 mL) and CRCN (0.03 mL) was treated with propene (1 atm) at
—25 °C for 48 h. The solution was concentrated-&25 °C to give
(SP-43)-6 (6a) as a single product. Data fé&a *H NMR (CDCl,

removal of the solvent, the residue was dissolved in dichloromethane —25 °C) ¢ 0.85 (d,J = 7.26 Hz, 3H, CKLH;COCH), 1.39 (s, 3H,

(2 mL), and to this was introduced carbon monoxide (1 atm). After 2
h, 1-dodecene-¥C (50 uL, 0.22 mmol) was added to the reaction
mixture and stirred at room temperature for 2 h. The resulting solution
was then concentrated and driedvacuoto give a 4:1 mixture ofa
and 7b as a red solid. Data fora 3P NMR (CDCk) 6 13.7 (dd,
Jec-p =80 Hz,Jp_p = 67 Hz), 141.1 (ddJc—p = 8 Hz, Jp_p = 67 HZ);

13C NMR (CDCh) 6 37.0 (dd,Je-c = 80, 8 Hz). Data for7h: 3P
NMR (CDCl) 6 29.5 (dd,Jc-p = 5 Hz, Jp-p = 64 Hz), 150.0 (dd,
Jc-p = 128 Hz,Jp-p = 66 HZ);lSC NMR (CDCE) 0 46.8 (dd,\]pfc =
128, 5 Hz). Comparison alc—p values disclosed the structures7at
and7b.

Carbomethoxylation of the Alkylpalladium Complex 4. Toa5:1
mixture of 1a and 1b (81.2 mg, 0.0877 mmol) in Ci€l, (2.5 mL)
was added a solution of NaB(3,5-(§#sHs3)4 (77.7 mg, 0.0877 mmol)
in CHsCN (0.5 mL). The solution was stirred at 2C€ for 1 h, and
the solution was concentrated. The resulting ci2des then dissolved
with CHCIs, and the solution was degassed by three cycles of freeze
thaw. After the solution was treated with CO (1 atm) for 0.5 h, the
solution was cooled te-25 °C and treated with propene (1 atm) for
21 h. The solvents were evaporated-é5 °C to give4 in situ. A
solution of this crudel in CHCI; (2.0 mL) and CHOH (1.0 mL) was
treated with CO (20 atm) at25 °C for 4 days. After release of CO

C(O)CHg), 1.58 (d,J = 7.26 Hz, 3H, CKCH3;COCH,), 2.07-2.32 (m,
2H, CHCH3;COCH; and COCHH), 2.35-2.50 (m, 1H, PdEiH), 2.69—
2.80 (m, 1H, PdCH), 3.06-3.30 (m, 2H, COCHl and CGHCHs-
COCHp), 4.65 (d,J = 8.90 Hz, 1H), 5.99 (d) = 8.58 Hz, 1H), 6.68
8.29 (m, 44H);**C NMR (CDCk, —25°C) ¢ 15.9, 21.5, 27.1, 40.5
(dd,Jp-c = 7, 93 Hz), 41.3, 41.3, 55.4 (dp_c = 6 Hz), 117.6-136.2
(m), 138.7 (dJ = 16 Hz), 146.0, 146.3 (dl = 11 Hz), 161.5 (9J =
50 Hz), 209.0, 240.4 (ddp-c = 4, 9 Hz);3'P NMR (CDC}, —25°C)
0 13.1 (d,Jp-p = 67 Hz), 142.0 (dJp-p = 67 Hz); %F NMR (CDCl,
—25°C) 0 —5.74; IR (CDC}) 1712, 1641 %co) cm L.

Preparation of Pt(*3CH3),(COD). At first, 13CHsMgl was prepared.
To a mixture of magnesium turnings (103.3 mg, 4.25 mmol) in ether
(5 mL) was added dropwis€CH;l in ether (0.70 M solution, 5 mL,
3.5 mmol). The solution turned brown. After the solution was stirred
for 2 h, the supernatant was transferred to a Schlenk tube and stored
under argon. The corresponding Grignard reag®&iti;Mgl (0.17 M)
was obtained. To a yellow suspension of,f&0D) (147.5 mg, 0.26
mmol) in ether (5 mL) was adde€dCHsMgl in ether (0.17 M, 3 mL,
0.51 mmol) dropwise at @C. The suspension turned to a clear solution.
After being stirred at OC for 1.5 h, the solution was quenched with
saturated NHkCI(aqg) and then extracted with ether £310 mL). The
ether layer was collected and evaporated under reduced pressure. The

pressure, the solvent was evaporated and the residue was purified bytrude product was purified by silica-gel colunm chromatography:{CH

distillation (80°C, 1.0 Torr) to give methyl §-2-methyl-4-oxopen-
tanoate in 68% total yield from. The enantiomeric excess of the
product (95% ee) was determined by GLC with a chiral column
(Chrompack CP-cyclodextrii-236M-19, 100°C). Data for methyl
(9-2-methyl-4-oxopentanoaté¢H NMR (CDCls) 6 1.43 (d,J = 7.26
Hz, 3H, CHCHg), 2.22 (s, 3H, C(C¥Hs), 2.30 (dd,J = 16.83, 5.61
Hz, 1H, CHH), 2.77 (dd,J = 16.83, 8.58 Hz, 1H, CH), 2.95-3.06
(m, 1H, CHCH), 3.66 (s, 3H, COQHs). The absolute configuration
was determined to b8 by comparison of the optical rotation value
with the literature dat& [a]® = —54° (c 0.42, THF).

Crystal Data for 4a. A single crystal of4a (CgsHesBF2404P-Pd,
M = 1833.70) was obtained from hexane/dichloromethane solution.
Data were collected on a Mac Science MXC18 diffractometer (Gu K
A = 154178 A), B = 60°. Three standard reflections were

Cly/hexane= 1/2) to give a white solid (125.5 mg;99% yield): H
NMR (CDCl;) 6 0.74 Jpr-n = 82.2 Hz,Jc-ny = 128, 1.7 Hz), 2.22.4
(m), 4.7-4.9 (m).

Preparation of Pt(CH3){ (R,9-BINAPHOS} (8 and 8'3CH3). To
a mixture of Pt(CH)(COD) (52.2 mg, 0.16 mmol) andR(9-
BINAPHOS (119.8 mg, 0.16 mmol) was added dichloromethane (5
mL), and the solution was stirred at room temperature for 1.5 h. The
reaction mixture was concentrated and driedvacuo. Purification
by silica-gel column chromatography (@El./hexane= 1/1) gave the
product (89.3 mg, 57% yield). The carbon-13-labe&HCH; was
similarly prepared from P¥CH;),(COD). Data for8: 'H NMR
(CDCl) 6 0.00 Jpi—n = 68.3 Hz, CH transto phosphite), 1.0036:+
= 74.9 Hz, CH trans to phosphine), 4.70 (d) = 8.9 Hz, 1H of
aromatic), 5.88 (dJ = 8.3 Hz, 1H of aromatic), 6:58.2 (m, aromatic);

measured every 100 reflections at 220 K. Of the 9248 reflections which 31p NMR (CDCE) ¢ 21.4 (p._p = 1602 Hz,Jp_p = 18 Hz, phosphine),

were collected, 8068 were unigug = 0.031). The crystal structure

159.0 (pr—p = 3392 Hz,Jp_p = 18 Hz, phosphite). Anal. Calcd for

was solved by direct methods (SIR92). The non-hydrogen atoms were c,,H,.0.P,Pt: C, 65.25: H, 4.06. Found: C, 65.14: H, 3.85. From

refined anisotropically. Hydrogen atoms were placed in fixed calculated
positions. The final cycle of full-matrix least-squares refinement was
based on 6986 observed reflectiohns>( 3.00s) and 1144 variable

8-13CH3, the following data were given®P NMR Jc—p = 90, 8 Hz
(phosphine), 155, 9 Hz (phosphitéC NMR (CDCk) 6 0.1 Jp—c =
588 Hz,Jp-c = 90 Hz,Jc_c = 8.6 Hz,transto phosphine), 6.7 c

parameters and converged with unweighted and weighted agreement- 481 Hz, Jo c = 155 Hz, Jo.c = 8.6 Hz, trans to phosphite).

factors ofR = 3 ||Fo| — |Fc||/Y|Fo| = 0.0901 andR, = (Sw(|Fo| —
|Fc))S W) = 0.0964. Orthorhombic, space grot2,2:2;, a =
20.9034(4) Ab = 29.9506(7) Ac = 12.7725(9) AV = 7796.45(6)
A3, dcaca = 1.50 g/lcnd, Z = 4. Details are given in the Supporting
Information.

CO Insertion To Give the Second-Generation Acylpalladium
Complex (SP-4-3)-[Pd(COCH,CH(CH3)COCH3)(CDsCNX (R,S)-
BINAPHOS}]-[B{3,5-(CFs)2CeH3} 4] (5-D). A 4:1 mixture of4daand
4b in CDCl; (0.5 mL) and CRCN (0.03 mL) was treated with CO (20
atm) at—25 °C to give5-D: *H NMR (CDCls, —25°C) 6 1.19 (d,J
= 6.93 Hz, 3H, CKCHg), 2.12 (s, 3H, CCHg), 2.94 (br d,J = 17.81
Hz, 1H), 3.19-3.38 (m, 1H), 3.4%3.64 (m, 1H), 4.58 (dJ = 9.24
Hz, 1H), 5.87 (dJ = 8.57 Hz, 1H), 6.588.21 (m, 44H);**C NMR
(CDClz, —25 °C) 6 16.3, 28.5, 42.8, 56.6 (dd-c = 36, 74 Hz),

(28) (a) Blanco, L.; Rousseau, G.; Barnier, J.-P.; Gtilampel, E.
Tetrahedron: Asymmetry1993 4, 783. (b) Enders, D.; Gerdes, P.;
Kipphardt, H.Angew. Chem., Int. Ed. Endl99Q 29, 179.

Assignment of the carbon and proton peaks to carbons and protons
eithercis or transto the phosphine or the phosphite was carried out by
the following procedure. For the phosphorus nucleusda2l.4
(phosphine) by?'P NMR, the largerJc—p (90 Hz) should arise from
the coupling with the carbon at itsans nucleus. Thislc—p value is
seen in the®C NMR peak atd 0.1. Similarly, Jc—p of 155 Hz is
common for the phosphite peak &t159.0 P NMR) and the'*C
NMR peak atd 6.7. Measurement dfC NMR with decoupling of
individual proton peaks revealed that the protod &.00 ¢H NMR)

is attached to the carbon at6.7 (°C NMR) and that the proton at
1.00 ¢H NMR) is attached to the carbon at0.1 (°C NMR).

Crystal Data for 8. A single crystal of8 (CssHaOsP:Pt, M =
993.94) was obtained from hexane/ethyl acetate solution. Data were
collected on a Mac Science MXC18 diffractometer (Ca,Kl =
1.541 78 A), Bmax = 60°. Three standard reflections were measured
every 100 reflections at 297 K. The unique 5167 reflections Wwith
3o(l) were considered as observed. The crystal structure was solved
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by the direct method (SIR 92). The non-hydrogen atoms were refined  Preparation of PtCl{(R)-BISPHOSPHITE}. A mixture of (R)-
anisotropically. Hydrogen atoms were placed in fixed calculated BISPHOSPHITE (110.3 mg, 0.15 mmol) and RCIOD) (56.3 mg,
positions. A series of standard full-matrix least-squares refinement and 0.15 mmol) was stirred in dichloromethane (5 mL) at room temperature
Fourier synthesis revealed the remaining atoms. All calculations were for 18 h, and then the resulting clear solution was concentrated and
performed using the Crystan crystallographic software package. Currentdried in vacuoto give a colorless solid (147.1 mg, 99% yield)}d

residual values for 603 parameters &e 0.0594 andR, = 0.0712. NMR (CDCl) 6 6.28 (d,J = 7.9 Hz), 6.78.0 (m);3*P NMR (CDCk)
Orthorhombic, space grolg212121, FW= 993.94a = 17.2570 (25) 0 61.9 Jprp = 5672 Hz). Anal. Calcd for GH3.Cl,OsP,Pt: C, 53.67;
A, b= 289158 (45) Ac = 9.9413 (22) AV = 4960.68 (152) A H, 3.28. Found: C, 53.51; H, 3.30.

deacs = 1.663 glcri, Z = 5. Details are given in the Supporting Preparation of Cationic Complex (SP-4-3)-[Pt(CHs3)(CH3CN)-
Information. {(R,9)-BINAPHOS}]*[B{3,5-(CFs).CcH3} 4] (11). A mixture of Pt-

Preparation of Pt(CHa){(R)-BINAP} (9 and 943CH3). To a (CH3)CI((R,S-BINAPHOS) (53.6 mg, 0.053 mmol) and NaB[3,5-
mixture of Pt(CH),(COD) (25.6 mg, 0.077 mmol) an&)-BINAP (49.3 (CRs)2CeH3)4 (46.6 mg, 0.053 mmol) was dissolved in dichloromethane
mg, 0.077 mmol) was added chloroform (5 mL), and the solution was (10 mL) and acetonitrile (0.2 mL, 3.8 mmol) and stirred at room
stirred at 40°C for 20 h. The reaction mixture was concentrated and temperature for 5 h. The reaction mixture was concentrated and dried
driedin vacuo. Purification by silica-gel column chromatography (€H in vacuoto give 11 as a colorless solid (99.7 mg, 99% yieldj

Cly/hexane= 1/2) gave the product (47.9 mg, 73% yield¥i NMR NMR (CDCl) 1.12 (br t,Jp—y = 61.0 Hz, CHPt), 1.72 (s, CHCN);

(CDCls) 6 0.34 (pn = 69.3 Hz), 6.6-7.7 (m); 3P NMR (CDC}) ¢ 3P NMR (CDCh) 6 22.9 (phosphineJep = 1476 Hz,Jp_p = 29

24.1 Jprp = 1874 Hz). Anal. Calcd for gHsgP.Pt: C, 65.17; H, Hz), 103.5 (phosphitelprp = 7935 Hz,Jp-p = 29 Hz).

4.52. Found C, 6431, H, 4.29. Data W3CH3 31P NMR (CDCI;) Replacement Of C"!}CN Of 11 by COTo G|Ve 5P_4_3)_[Pt(CH3)_

6 24.3 ( pr-p = 1755 Hz,J c-p = 96, 17 Hz). 13C NMR (CDCk) 6 (CO){(R,S)-BINAPHOS}][B{3,5-(CF):CeHz} 4] (12a). To a mixture

11.7 @prc = 493 Hz,Jpc = 95, 5 Hz). of Pt(CH;)CK{ (RS-BINAPHOS} (60.4 mg, 0.0596 mmol) and Na-
Preparation of Pt(CH3){(R)-BISPHOSPHITE} (10 and 10- [B{3,5-(CFR):CsH3}4] (53.9 mg, 0.0608 mmol) was added dichlo-

%CH3). To a solution of R)-BISPHOSPHITE (94.9 mg, 0.13 mmol)  romethane saturated with CO (5 mL). After being stirred at room

in dichloromethane (5 mL) was added Pt(g#ICOD) (42.5 mg, 0.13 temperature for 4 h, the reaction mixture was concentrated and dried

mmol), and the solution was stirred at room temperature for 2.5 h. in yacuoto give a white solid. Data fol2a 3P NMR (CDCk) ¢

The clear solution was concentrated and driedvacuo to give a 15.4 Opp = 1567 Hz,Jp_p = 37 Hz), 121.8 Jprp = 6023 Hz,Jp_p

colorless solid (130.1 mg, 99% yield}H NMR (CDCl) 6 0.41 (pi—n = 37 Hz);*H NMR (CDCls) 6 1.45 @pr-n = 55.0 Hz,Jp_ps = 6.3 Hz),

= 70.6 Hz), 6.26 (dJ) = 8.3 Hz), 6.8-7.9 (m);*P NMR (CDC}) 0 4.74 (d,J = 8.9 Hz), 5.89 (dJ = 8.6 Hz), 6.6-8.4 (m); IR (CHC})

125.4 Qpp = 3043 Hz). Anal. Calcd for gHss0sP,Pt: C, 58.54; 2132 et (veo).

H, 4.06. Found: C, 58.48; H, 4.08. Data fb0-*CHs: P NMR Isomerization of Cationic Carbonyl Complex 12a to 12b. A

(CDCly) 6 125.5 (pi-p = 3041 Hz,Jc-p = 154, 24 Hz);"*C NMR solution of12a(37.5 mg) in dichloromethane (10 mL) was placed in

(CDCl) o 2_-6 Upt-c = 574 Hz,Jp—c = 153, 24 Hz). an autoclave. Carbon monoxide was introduced (20 atm), and the
Preparation of P{(CHs)CI{(R,S)-BINAPHOS}. Pt(CH;)CI(COD) mixture was stirred at room temperature for 20 h. After the pressure

(197.7 mg, 0.56 mmol) and(S)-BINAPHOS (431.2 mg, 0.56 mmol)  was released, the reaction mixture was transferred to a Schlenk tube

were dissolved in dichloromethane (20 mL) by stirring at room and concentrated and drigdvacua A white solid was obtained. Data
temperature for 1.5 h. The resulting clear solution was concentrated for 12b; 3P NMR (CDCh) 6 14.9 Jprp = 3265 Hz,Jp_p = 40 Hz),

and driedin vacuo. Recrystallization of the product from GaL./ 148.3 (pr-p = 3029 Hz,Jp_p = 40 Hz);'H NMR (CDCls) 6 0.53 (bt

Et,O gave a colorless solid (415.9 mg, 73% yieldii NMR (CDCls) = 54.8 Hz,Jp_ = 8.2, 6.6 Hz), 4.80 (d = 8.9 Hz), 5.94 () = 8.6

6 1.30 Jpt-n = 60.0 Hz,Jp-1y = 7;11 3.4 Hz), 4.66 (d) = 8.9 Hz), Hz), 6.6-8.4 (m); IR (CHC}) 2128 cnT? (vco). CO insertion to give
5.86 (d,J = 8.6 Hz), 6.6-8.2 (m);*'P NMR (CDC}) 6 23.0 Jpr-p = the corresponding acylplatinum did not proceed.

1402 HZ,prp = 26 HZ), 115.2 .thfp = 7562 HZ,prp = 26 HZ).
Anal. Calcd for G3H3/CIOsP,Pt: C, 62.76; H, 3.68. Found: C, 62.47, 4:1 mixture of4a and4b in CDCl; (0.5 mL) and CBCN (0.1 mL)

H, 3.68. ) was treated with CO (1 atm) at 2@, and the reaction was followed
Preparation of P{(CH3)CI{ (R)-BINAP}. P{CH)CI(COD) (45.1 by 'H and®P NMR. After 2 h, 30% oft was converted t6-D, without
mg, 0.13 mmol) andR)-BINAP (82.1 mg, 0.13 mmol) were dissolved  changing the isomeric ratio @fa and 4b.

I‘Ph(ejIC:;Z:%??]Tatnee(1amlt_:z)r?ge§2fglgg Z:]C;%(.).m timopelgatgfrsa?')ornz h. Computational Details for the Process 3— 14 — 4. The
b si‘ica— Iel collt):mu;] cvr\:rosmato raphy (@El) gave thue .rogﬂét 1I08 8 geometries of transition statds(14d-4a) andts(14b-4b') as well as
Y 9 graphy 2) g P (108. reactantd4d and14b and productgld and4b’ were fully optimized

g“g zgwﬂz;egjg;Hg'\émfsfgﬁag ?C%?i)ogtig a 054'8322351’%”'_'_2 using the hybrid density functional method B3LYP with the LANL2DZ

JF"—F; — 15 H’z).24.4 Omf; — 1753 HzJon = 15 HzF)’HDAnaI Caled basis set, called basis set | in this paper, which includes for the Pd

for CacHa:CIP I’:’t' C 62.25' H. 4.06 ' Found: C 62‘ 38: H. 431 atom an effective core pote_ntlal replacing core electrons up to 3d and
451352 L. Aoy D&.£9, T, 2.H0. Ty TerTE T e doubleg valence basis functions (8s6p4d)/[3s3p2d] by Hay and ¥Wadt

¢ Preparation of Pt(CH3)CI{ (R)'BISPHOSPHITE}' dTohIa squtiohn and for the ligand atoms the Huzinag@unning valence doublgbasis
of (R)-BISPHOSPHITE (44.7 mg, 0.062 mmol) in dichloromethane functions® In order to obtain more reliable energetics, we carried out

S lml__) was ad_deddPt(Ci)CI(COD) (22.2 rfng,loﬁoe_?hmmol),_and t_he energy calculations by the B3LYP method and by the MglRlesset
\?v(;gt::%r;u\;\;arlstrzttl(rerc(iea:cti E?Q;:&??}Luﬂrﬁcgon l:;y silii ;ega;tg;urmfure p_erturbatior_1 theory at the second (MP2) up to the fourth _order without
% vield: triple sub§t|tut|on (MP4SDQ). In th_ese energy calculatlons_ we used
chromatography (CECI;) gave the product (54.9 mg, 92% yield} better basis set, called basis set Il, in which the triptmntraction of
NMR (CDCl) 6 0.78 Qs = 54.8 Hz,Jp-n = 1_(3)1'6’ 3:3 Hz), 6.17 (d, Pd d orbitals was adopted and the single set of f orbitals with an
J = 8.3 Hz), 6.40 (dJ = 8.2 Hz), 6.7-8.0 (m);*P NMR (CDC}) ¢ exponent of 1.472 was augmenféd-or the ligand atoms were used
81.0 Upi-p = 7047 Hz,Jpp = 37 Hz), 125.0 Jpr-p = 2682 Hz,Jo-p 6-31G(d,p) basis functiord.In the calculation of the zero-point energy
= 37 Hz). Anal. Calcd for GHsCIOPPt C, 56.05) H, 3.66.  5h thermal correction to a potential energy, the vibrational frequencies

Found: C, _56'12; H, 3.75. . were scaled with a factor of 0.963%All the ab initio molecular orbital
Preparation of PtCIA{(R,S)-BINAPHOS}. After a mixture of

Observation of the Rapid Equilibrium between 4a and 4b. A

PtCL(COD) (28.7 mg, 0.077 mmol) an®R(S)-BINAPHOS (60.6 mg, (29) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

0.079 mmol) in dichloromethane (2 mL) was stirred at room temperature  (30) Dunning, T. HJ. Chem. Phys1971, 55, 716.

for 30 min, the resulting clear solution was concentrated and dnied (31) Ehlers, A. W.; Bame, M.; Dapprich, S.; Gobbi, A.; Hiwvarth,
vacuoto give a white solid (73.0 mg, 92% yieldfH NMR (CDCl) A.; Jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking G.

_ — .31 Chem. Phys. Letfl993 208 111.
04.54 (d,J =7.9 Hz), 5.83 (dJ = 8.3 H), 6.6-8.6 (m);*P NMR (32) (a) Hehre, W. J.; Ditchfield, R.: Pople, J. A.Chem. Phys1972

(CDCl) 6 8.2 Jpr-p = 3243 Hz,Jp-p = 18 H2), 103.8 Jprp = 6270 56, 2257. (b) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973,28,
Hz, J-p = 18 Hz). Anal. Calcd for gH34Cl,0sP,Pt: C, 60.36; H, 213.

3.31. Found: C, 59.79; H, 3.13. (33) Scott, A. P.; Radom, L. Phys Chem1996 100, 16502.
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and density functional calculations were carried out using the GAUSS-
IAN94 program3*

While 14b' is more stable thah4d at all the levels using basis set
I, the B3LYP/I calculation gave the reverse result thdH is more
stable thari4l. In addition, the Petacyl bond inl4d is shorter than
that in 14b, different from the trend ir8 where the Ptmethyl bond
transto phosphine is shorter than thiaénsto phosphite. In order to
evaluate the reliability of the B3LYP/I method, we calculated the proton
affinity of PH; and P(OHj, in which the structures were determined

Nozaki et al.

and hydroxyl groups of P(OH) were frozen, which is called the
combined MO+ MM method3 We used the MM3 program in the
calculations’” The standard MM3 parameters are used when available.
The van der Waals parameters reported by Ragipa. are used for
the Pd atond®

Kinetic Experiments. (1) Propene Insertion into 3 To Give 4.
The acylpalladiun8 (12.0 mg, 6.&mol) was dissolved in CDGK0.6
mL) under Ar in an NMR tube. The solution was degassed by the
freeze-thaw method and then saturated with 1 atm of propenre7at

at the B3LYP/I level, and furthermore the energies were calculated at °C. When the solution became homogeneous, the mixture was warmed

the B3LYP/Il level. The calculations showed that at the B3LYP/I level
the proton affinity of PHis 19.8 kcal/mol larger than that of P(O}1)
whereas at the B3LYP/II//B3LYPI/I level it is smaller by 16.3 kcal/
mol. The B3LYP/Il geometry determinations did not change the trend.
The largertrans influence of phosphite seems to correlate with this
larger proton affinity of P(OH) Use of polarization functions is

to —10°C. The appearence of the doublet due to the methyl protons
of 4, originating from propene, was monitored in relation to the
unchanging aromatic protons to determine the first-order rate constant
for the reaction. Spectra were recorded every 15 min in the first 1 h
and after that every hourf@é h at—10°C. The rate constankdps =
(5.3£ 2.0) x 1074, AG¥ = 19.34 0.2 kcal/mol) was determined from

indispensable to reproduce the difference in electronic effects betweenthe slope of the line from In [4-C#aromatic H] versus time. The

phosphine and phosphite. Although the B3LYP/I calculations did not

same experiment was repeated five times to estimate the error. The

reproduce the difference in bond distances, the calculations of protonrate was measured at°C in the same mannekds = 11.8 x 1074,
affinity clearly demonstrate that the energy calculations with basis set AG* = 19.6 kcal/molR2 = 0.931). Both experiments were duplicated.

Il at the B3LYP/I structures are reliable. Similarly at the B3LYP/I
level 4b' is more stable thadd, and the calculations with basis set Il
gave the correct results.

(2) CO Insertion into 4 To Afford 5. The alkylpalladium4 (15.0
mg, 8.2umol) was dissolved in CD@0.6 mL) under Ar in an NMR
tube. One equivalent of GEN (0.40uL, 7.7 umol) was added, and

The structures of the transition states have several points to bethen the solution was saturated by CO under 1 atm by the freeze

remarked. Atts(14d-4d), the newly forming CC bond (1.862 A) is
0.06 A shorter than that a$(14b'-4b') (1.922 A). The Pe-acyl bond
atts(14d-4d) (2.336 A) is stretched by 0.31 A, whereas thasét4b -
4b') is stretched by only 0.23 A. These results show thtal -4b')
is located earlier, consistent with the larger exothermicity of the reaction
of 14k to 4b' at the B3LYP/I level. However, the calculations with
basis set Il showed that the reactionldfd to 4a is more exothermic,
and thusts(14d-4d) would be located earlier at a higher level of
calculations.

Second, one can notice that one of the hydroxy hydrogens of B(OH)
at ts(14b-4b") is close to the acyl oxygen, its distance of 2.433 A

thaw method. After the solids were dissolved-at8 °C, the NMR

tube was put into a cooled autoclave-&t0.0°C. Under a CO pressure

of 20 atm, the reaction was checked after 71, 151, and 319 min by
release-repressurize of CO to measutd NMR under 1 atm of CO

at —23 °C. The reaction did not proceed under 1 atm of CO at this
temperature, and thus the time for recording the spectra was omitted
from the reaction time. The decay of the €slgnal of4 relative to

the unchanging aromatic protons was used to determine the first-order
rate constant for the reaction. The rate constkgt € 1.20 x 1074,

AG* = 19.0 kcal/mol,R? = 0.993) was determined from the slope of
the line from —In [4-CHs/aromatic H] versus time. The rate was

suggesting weak hydrogen bonding between them. However, this measured at-12 °C in the same mannekds= 1.16 x 1074, AG* =

hydrogen bonding does not exist in a real complex with the BINAPHOS
ligand, since BINAPHOS does not have hydroxy groups. In order to
assess the stabilization tf(140'-4b") by this hydrogen bonding, we
determined the structure ab(14b-4b'), fixing the H-O—P—-Pd
dihedral angle to be 178.4nd P(phosphine)Pd—P—0 to be 150.0,

18.9 kcal/mol,R? = 0.991).

Asymmetric Copolymerization of Propene with CO Catalyzed
by [Pd(CH3)(CH3CN){ (R,S)-BINAPHOS}]*[B{ 3,5-(CF3)2CeH3} 4] (2).
A solution of (R,9-BINAPHOS (8.7 mg, 0.011 mmol) in benzene (0.5
mL) was added to a solution of Pd(GKLCI)(COD) (3.0 mg, 0.011

which are those determined by the integrated molecular orbital plus mmol) in benzene (1.0 mL). The solution was stirred at@0for 1

molecular mechanics methdor I. These restrictions destabilized
ts(14b'-4b") by 2.4 kcal/mol at both B3LYP/Il and MP4SDQ/Il levels.
The reactanfl4b is also destabilized by the same restrictions by 0.9
and 0.7 kcal/mol at the B3LYP and MP4SDQ/Il levels, respectively,

h and concentrateid vacua The product was dissolved with GEl,

(1.0 mL), and then to the solution was added a solution of NaB(3,5-
(CFR)2C6H3)4 (10.0 mg, 0.011 mmol) in C¥CN (1.0 mL). After the
solution was stirred at 28C for 1 h, the solvents were removed. The

and consequently the hydrogen bonding decreases the activation energyesidue was dissolved in GBI, (2 mL) and was degassed by three

for path B by only 1.5-1.7 kcal/mol. Without hydrogen bonding the
activation energy for path B is slightly larger than that for path A.
However, such a small effect would be negligible compared with errors
due to modeling or approximation in computational methods. At the

cycles of freezethaw. After being treated with CO (1 atm), the
solution was charged with propene (3 atm, 50 mL). The mixture was
stirred under CO (20 atm) for 4 days at ZD. After the pressure was
released, 0.2 mL of C¥DH was added, and the mixture repressurized

present level of calculations it is safer to say that path B passing throughwith CO in order to cleave the PdC bond by carbomethoxylation.

4b' andts(14b-4b') is more favorable because of the larger stability
of 4b' compared witha. Note thats(14b-4b') is always more stable
thants(14d-44).

In molecular mechanics (MM) calculations, Pehd P(OH) were
replaced byR,S)-BINAPHOS, and one of the hydrogen atoms of ethene

After 1 h, the reaction mixture was poured into £HH (100 mL) under
air to precipitate poly(propenat-CO) (0.333 g, 76% yield):Tn
164°C; Ty = 8 °C; My, = 104 400;M, = 65 300;My/M, = 1.6; *H
NMR ((CF5).CDOD) 6 1.03 (d,J = 6.93 Hz, 3H, CH), 2.52 (dd,J =
16.83, 1.98 Hz, 1H, BH), 2.88-3.09 (m, 2H, CHH and CGHCHg);

was replaced by a methyl group. The Cartesian coordinates of the 3C NMR ((CR;),CDOD) ¢ 15.8, 41.5, 44.9, 218.0; IR (Nujol) 1705
propene methyl group and all the atoms but phosphorous atoms of the(CO) cnt?; [¢]*% = +40° (c 0.51, (CR).CHOH).

BINAPHOS ligand were optimized, whereas the B3LYP optimized
geometries, excluding the replaced hydrogen atoms afdPd ethene

(34) Gaussian 94: M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W.

Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson,

J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski,
J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara,
M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L.
Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley,

Asymmetric Copolymerization of (4tert-Butylphenyl)ethene with
CO Catalyzed by [Pd(CHs)(CH3CN){ (R,S)-BINAPHOS}]-[B{3,5-
(CF3)2-CeH3} 4] (2). A solution of2 (0.011 mmol) in CHCI, (1.0 mL)
was degassed by three cycles of freetteaw. After the solution was
treated with CO (1 atm), (fert-butylphenyl)ethene (1.77 g, 11.0 mmol)
was added. The mixture was stirred under CO (20 atm) for 4 days at
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Skiff, W. M. J. Am. Chem. Sod.992 114, 10024.



Copolymerization of Propene with Carbon Monoxide

20 °C and then treated with G@H (100 mL) to precipitate poly((4-
tert-butylphenyl)ethen&lt-CO) (0.224 g, 11% vyield):T,, = 158 °C;
Ty = 122°C; My, = 5600;M,, = 4300; M\,/M, = 1.3;'H NMR (CDCl)
0 1.24 (s, 9H, C(Ch)s), 2.59-2.74 (m, 1H, GiH), 3.10-3.20 (m,
1H, CHH), 3.89-4.10 (m, 1H, CH), 6.85 (dJ = 8.25 Hz, 2H, Ar),
7.12 (d,J = 8.25 Hz, 2H, Ar);13C NMR (CDCk) ¢ 31.3, 34.4, 45.6,
51.7, 125.6, 127.8, 134.4, 149.9, 207.0; IR (Nujol) 1711 (CO)%cm
[¢]% —492 (c 0.50, CHCL,).

Attempted CO and Propene Insertion into [Pd(COCH;)(CH3CN)-
{(R)-BINAP}]-[B{3,5-(CFs).C¢H3}4]. A solution of [Pd(CH)(CHs-
CNY (R)-BINAP}]-[B{3,5-(CF)2CsH3} 4] (6.0 mg, 6.5x 103 mmol)

J. Am. Chem. Soc., Vol. 119, No. 52, 1985

CDCl; (0.5 mL). The solution was degassed by three freghaw
cycles and treated witlE)-2-butene (1 atm) for 14 h to give the
corresponding alkylpalladium complexé&6a and 16b as an almost
1:1 mixture. Data forl6a 3P NMR (CDCE) 6 143.0 (d,Jp-p = 64
Hz), 13.0 (d,Jr-p = 64 Hz). Data forléb: ¢ 141.1 (d,Jp-p = 67
Hz), 13.6 (d,Jr-p = 67 Hz). (2)-2-Butene was treated similarly to
give the identicaf’P NMR chart.
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in CDCl; (0.5 mL) was treated with CO (1 atm) at room temperature
for 1 h to give [Pd(COCH)(SX (R)-BINAP}]+[B{3,5-(CF)2CeH3} 4].
Three species have been characterize®\WNMR (the ratio was about
1:1:1). From!H NMR, two of them were assigned to be acyl
complexes:*H NMR (CDCls) 6 2.37 (CHCN), 2.17 (d,J = 2.0 Hz,
CH3COPd), 2.04 (dJ = 7.9 Hz, (H3COPd);3*P NMR (CDCE) 6 21.3
(d, Jp-p = 55 Hz), 23.7 (dJp-p = 55 Hz); 20.6 (dJp-p = 54 Hz),
23.9 (d,Jp-p = 54 Hz); 12.6 (d,Jp-p = 66 Hz), 24.9 (dJr-p = 66
Hz). A solution of the above mixture (6.0 mg, 0.0065 mmol) in CPCI
(0.5 mL) was treated with propene (1 atm) at room temperature for 20
h. A new pair of peaks were observed Bl NMR, but the conversion
was lower than 10%3'P NMR (CDCEk) 6 38.0 (d,Jp-p = 44 Hz),6
16.0 (d,Jp_p =44 HZ)

(E)-2-Butene Insertion into 3. The acylpalladium compleg (6.0
mg, 0.0065 mmol) was prepared as described above and dissolved inJA973199X

Supporting Information Available: X-ray data of [PCH,-
CH(CHs)CO}H{ (RS-BINAPHOS} ] [B{ 3,5-(CR)2CeH3} 4] and
Pt(CHs){ (R,S-BINAPHOS (29 pages). See any current
masthead page for ordering and Internet access instructions.



