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Palladium and platinum complexes of conformationally flexible 1,3-butadiene-bridged diphosphines NUPHOS can be resolved with (S)-BINOL
at elevated temperatures to afford diastereopure d-[(NUPHOS)M{ (S)-BINOL}] (M = Pd, Pt). The homochiral Lewis acid complexes o-[(NUPHOS)M]-
[OTf],, generated by protonation of d-[(NUPHOS)M{(S)-BINOL}] with trifluoromethanesulfonic acid, catalyze the Diels—Alder reaction between
acryloyl-N-oxazolidinones and cyclopentadiene to give ee values up to 96%. The corresponding enantiopure dichlorides d-[(NUPHOS)PtCI,]
react with AgCIO, to form highly efficient catalysts that give good endo/exo selectivities and high endo enantioselectivity.

For decades, the design of ligands for asymmetric catalysisligand and causes the latter to preferentially exist in one of
has been guided by the concept that high enantioselectivitiests asymmetric conformations, which acts to define the chiral
require a conformationally restricted ligahRecently though,  environment of the cataly8tMikami and Noyori have

alternative strategies that do not rely on the screening of applied this strategy to the highly enantioselective ruthenium-
resolved ligands have been investigated, including (i) chiral catalyzed asymmetric reduction of ketones by exploiting the
poisoning? (i) asymmetric activatiod,and (iii) the use of
flexible achiral ligands that can adopt chiral conformatibns. , (3) For reviews: (a) Mikami, K.; Terada, M.; Korenaga, T.; Matsumoto,

. . . . . Y.; Ueki, M.; Angelaud, R.Angew. Chem., Int. EQ000, 39, 3532. (b)
In the last of these, a chiral activator interacts with an achiral mikami, k.; Terada, M.; Korenaga, T.; Matsumoto, Y.; MatsukawaA&.

Chem. Res2000, 33, 391. For selected examples, see: (c) Mikami, K.;

T The Queen’s University of Belfast. Matsukawa, SNature 1997, 385, 613. (d) Matsukawa, S.; Mikami, K.
*The University of Newcastle upon Tyne. Tetrahedron: Asymmetr3997,8, 815. (e) Ding, K.; Ishii, A.; Mikami, K.
(1) (a) Seyden-Penne, Ghiral Auxiliaries and Ligands in Asymmetric Angew. Chem., Int. Ed. Endl999, 38, 497.
Catalysis: Wiley: New York, 1995. (b) Noyori, Asymmetric Catalysis (4) Mikami, K.; Aikawa, K.; Yukinori, Y.; Jodry, J. J.; Yamanaka, M.
in Organic SynthesjdViley: New York, 1994. (c) Ojima, I., EdCatalytic Synlett2002, 1561.

Asymmetric Synthesis, 2nd ed.; Wiley-VCH: New York, 2000. (5) (a) Balsells, J.; Walsh, P. J. Am. Chem. So2000,122, 1802. (b)
(2) (a) Faller, J.; Mazzieri, M.; Nguyen, L.; Parr, J.; TokunagaRdre Davis, T. J.; Balsells, J.; Carroll, P. J.; Walsh, PQig. Lett. 2001, 3,
Appl. Chem1994,66, 1463. (b) Allcock, N. W.; Brown, J. H.; Maddox, P. 2161. (c) Garcia, C.; LaRochelle, L. K.; Walsh, P.JJ.Am. Chem. Soc.

JJ. Chem. Soc., Chem. Commu®986, 1532. 2002,124, 10970.
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conformational flexibility of thetropos diphosphine 2,2

bis(3,5-dimethylphenylphosphino)biphenyl (DM-BIPHEP).
Addition of (§9)-dpeda [§9-1,2-diphenylethylenediamine]
to [RUChL(BIPHEP)(dmf)] gave [RuCH{BIPHEP){(S,S)-

dpeda}], which formed as a 1:1 mixture of diastereocisomers

as a result of the axial chirality of coordinated BIPHEP. Slow
atropinterconversion of the enantiomeric conformations of
BIPHEP gave a 3:1 thermodynamic mixture of diastereoi-
somers that exhibited a large difference in relative rates for
the hydrogenation of l-acetonaphthone, to gRel-(1-

naphthyl)ethanol with an ee of 84%; an improvement on the

performance of the corresponding catalyst generated from

rac-BINAP which gave an ee of 80%. Gagné has demon-
strated that coordination of BIPHEP to a substitutionally inert
metal such as platinum(ll) significantly slows atropinversion
such that the diastereoisomeric complek@s[Pt(BIPHEP)-
{(S)-BINOL}] can be separated, the chiral resolving ligand
removed, and the resulting homochiral Lewis acid platinum
complexesi- and 6-[(BIPHEP)Pt(OTf}] used to catalyze
asymmetric Diels—Alder cycloaddition reactions and the
glyoxylate-ene reactioh.The high ee’s obtained in both
reactions clearly demonstrate that conformationally flexible

diphosphines can be used as effective chiral ligands to
achieve high enantioselectivities in asymmetric catalysis. This

is the first example of the use of a conformationally flexible

diphosphine as the sole source of stereocontrol for catalysis.

Following this, Mikami resolved racemic palladium com-
plexes of BIPHEP with R)-2,2'-diaminobinaphthyl [(R)-
DABN], by complexation followed by tropointerconversion
at 80 °C to give a single diastereoisomer of [FR)-
BIPHEP}{(R)-DABN}]? Enantiopure [Pd{(R)-BIPHEP}-
(MeCN)][SbFg], acts as a highly effective catalyst for the
hetero Diels-Alder reaction between cyclohexadiene and
ethyl glyoxylate to give ee values up to 82%. Moreover,
diastereopure [Pd{(R)-BIPHEP}{(R)-DABN}] can be used
as an activated asymmetric catalyst directly without liberating
the chiral activator, the ee value of 94% being a significant
improvement on that obtained with enantiopure {[{R)-
BIPHEP} (MeCN)][SbFg]..

There is a clear similarity between BIPHEP and the
NUPHOS-type diphosphineda—e (Figure 1) recently
developed in our laboratolyin that both are based on two
diphenylphosphino groups linked by a four-carbor?-sp
hybridized tether and exhibit atropisomerism when coordi-
nated to a transition metal. With this in mind, we have

(6) Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma, T.; Pham, T;
Noyori, R. Angew. Chem., Int. EA999, 38, 495.

(7) The termtroposhas been used to describe BIPHEP and its derivatives
because rotation about the single-C bond is too fast to isolate the two
axially chiral enantiomers. Desponds, O.; Schlosser, M. Drganomet.
Chem.1996, 507, 257.

(8) (a) Becker, J. J.; White, P. S.; Gagné, MJRAmM. Chem. So@001,
123, 9487. (b) Tudor, M. D.; Becker, J. J.; White, P. S.; Gagné, M. R.
Organometallic2000, 19, 4376.

(9) (a) Mikami, K.; Aikawa, K.; Yusa, Y.; Hatano, MOrg. Lett.2002,

4, 91. (b) Mikami, K.; Aikawa, K.; Yusa, YOrg. Lett.2002,4, 95. (c)
Mikami, K.; Aikawa, K. Org. Lett.2002,4, 99.

(10) (a) Doherty, S.; Knight. J. G.; Robins, E. G.; Scanlan, T. H.;
Champkin, P. A.; Clegg, WJ. Am. Chem. So001, 123, 5110. (b)
Doherty, S.; Robins, E. G.; Nieuwenhuyzen, M.; Knight, J. G.; Champkin,
P. A.; Clegg, WOrganometallic002 21, 1383. (c) Doherty, S.; Newman,
C. R.; Hardacre, C.; Nieuwenhuyzen, M.; Knight, J. @ganometallics
2003,22, 1452.
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Figure 1. Acyclic 1,2,3,4-R-NUPHOS (1a—c) and monocyclic
1,4-R-cyclo-GHg-NUPHOS (1d—e)-type diphosphines.

recently initiated a program to explore the applications of
NUPHOS-type diphosphines in asymmetric catalysis, with
an emphasis on using their modular construction to optimize
catalyst performance. Herein, we report that palladium and
platinum complexes of conformationally flexible NUPHOS
diphosphines form highly efficient Lewis acid catalysts for
the Diels-Alder reaction between acrylojd-oxazolidinones
and cyclopentadiene.
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Figure 2. Formation of homochiral Lewis acid catalysis and
A-[(NUPHOS)M(OTf)] (NUPHOS = la—e).

We have recently demonstrated th&)-8INOL can be
used as an effective resolving agent for platinum complexes
of NUPHOS-type diphosphiné$.A 1:1 diastereoisomeric
mixture of [[NUPHOS)Rt(S)-BINOL}], obtained by reaction
of Nax-(S)-BINOL with rac-[[NUPHOS)PtC]], undergoes
atropinversion at high temperatures to afford a diastereoen-
riched mixture that can be crystallized to give a diastereopure

(11) Doherty, S.; Newman, C. R.; Rath, R. K.; Hardacre, C.; Nieuwen-
huyzen, M.; Knight, J. GOrganometallic2003 submitted for publication.
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sample of the thermodynamically favoréd[(NUPHOS)-
PH{(S)-BINOL}] (0-2a—e). Similarly, we have now shown Table 1. Asymmetric Diels—Alder Reaction Between
that (S)-BINOL can be used to resolvac-[(NUPHOS)- Acryloyl-N-oxazolidinone and Cyclopentadiene
PdC}], although the resulting BINOLate complexes are less

stable than their platinum counterparts and cannot be heated o o @ R3

to effect diastereointerconversion. Fortuitously though, di- e S A — )
astereopure samples ##[(1,2,3,4-Ma-NUPHOS)P(9- / [(NUE:OCS[)M] % nNo

BINOL}] (3a) andd-[(1,2,3,4-PENUPHOS)PE(S-BINOL} ] R%=H 6a az o}

(3c) have been isolated by crystallization from a 1:1 mixture R?=Me, 6b R3=H, 7a; R = Me, 7b

of diastereoisomers at room temperature. A single-crystal

X-ray study of3a has shown that the diphosphine adopts a endo ee
A-skew conformation in the same manner as that in [(1,2,3,4- dieno- catalyst temp,°C yield, endo:exo (configur-

Mes-NUPHOS)PH{ (S)-BINOL} ! A variable-temperature ~ €ntry phile  (mol%) (time.h) %% ratio® ation)’
3IP NMR study of a representative sample of crystals 1 6a 4a(10) -60(20) 74 85:15 65 (2R)
confirmed that the crystal chosen corresponds to the ther- 6a 4a(10* -60(20) 71 81:19 69 (29)
modynamically less favored diastereoisomer. 6a 4b(10) -60(20) 73 837 86 (2R)

2

3
The homochiral Lewis acids-[(NUPHOS)PY(OTH] (4- et a0 o000 8 om  o6om
4a—e), generated by protonation @F[(NUPHOS)P{(S)- 6
7
8

6a 4e(10) —60(20) 85 937 95 (2R)
BINOL} ] with trifluoromethanesulfonic acid, are remarkably

6a 5a(l0) -60(24) 72 88:12 94 (2S)
effective catalysts for the benchmark Diels—Alder reaction 6a 5c(10) —60(24) 70 84:16 91 (2R)

between acryloyl-N-oxazolidinonga and cyclopentadiene 9 6a 8a(20) —60(20) 66 92:8 95 (29)
(eq 1). In a typical experiment, a dichloromethane solution 10~ 6a  8c(20) = ~60(20) 55 8416 88 (2R)
of 8-[(NUPHOS)PH{ (S)-BINOL}(6-2a—e) and acryloyN- 11 6b  8a0) ~20(40) 68 937 - 90(2S)

. A ) 12 6b 8c(20) —20(40) 73 90:10 87 (2R)
oxazolidinone was treated with trifluoromethanesulfonic acid 13 6a  10(20) —-20(40) 64 82:12 82 (2R)

at room temperature to forrh4a—e, after which thg solutioq 14  6a BIPHEP® —60(20) 84 955 95 (2S)
was cooled, cyclopentadiene added, and the mixture stirred 2 tsolated vield aft | o . nEndo o det
. . Solated yiela after column chromatograp nao/exo ratio aeter-

at. the appropriate temperature. After 20 .h' th? reaction mined by'H NMR spectroscopy: Enantiomeric excess (ee) was determined
mixture was quenched and the corresponding Biélsler by chiral HPLC (Daicel Chiralcel OD-H). Average of three rufs-

e Stereoisomer usedA-[(BIPHEP)Pt(OTf}] generated from diastereopure
adduct_?a purified by column chromatography. In each case, Z-[(BIPHEP)P{ (S)-BINOL}] according to ref 8a.
analysis of the product b{H NMR spectroscopy and chiral
HPLC revealed that catalystea—e afford cycloadducZa

with high endo selectivity and good to excellent endo gqt conformationally flexible nonresolvable diphosphine to
enantioselectivity (6596%, (R)-configuration). The abso- 1o\ sed in asymmetric Lewis acid catalysis (entry®14).
lute corllfigura.tion of the cycloadduct was determined by  \yhile the stereochemistry of [(NUPHOS)PHOZf)s
comparlsonZth samples gegerated f_rom cgtaWSts based Otable, quenching experiments revealed that the correspond-
(R)-BINAP'2 and 1-BIPHEP™® Reaction mixtures were 4 najiadium complexes are conformationally less stable and
routinely quenched by addition of 1 equiv &,6)-dpedato  \oaily undergo atropinversion at room temperature. The
establish the extent of atropinversion during activation and oyiant of atropinversion was measured by additionSoSj-
reaction. In all cases, th&P NMR spectrum showed the dpeda to a sample a¥-[(1,2,3,4-Ph-NUPHOS)Pd(OTH],
presence of only a single diastereoisomer, confirming that generated by addition of trifluoromethanesulfonic acid to a
the stereochemistry of NUPHOS is stable under the reaction jichioromethane solution a¥-[(1,2,3,4-Pl-NUPHOS)Pd-
conditions. {(S)BINOL}] at room temperature. TH&P NMR spectrum
The results listed in Table 1 clearly show that the of a reaction mixture quenched after 15 min showed a 70:
performance of catalysts based on acyclic NUPHOS diphos-30 mixture of the diastereoisomeric amine compleséis
phinesla—c (Figure 1) depends markedly on R such that [(1,2,3,4-Pi-NUPHOS)P{(SS)-dped}], confirming a sig-
enantioselectivity increases with increasing size in the order pificant level of atropinversion. Although these compounds
Me < Et < Ph (entries 1—4). In contrast, cataly@d and  are kinetically unstable, atropinversion can be avoided by
2e, based on monocyclic NUPHOS diphosphines, gave thegenerating the Lewis acid at40 °C prior to addition of
cycloadduct with ee values of 96 and 95%, respectively cyclopentadiene. Under these conditioBs, and 5c are
(entries 5 and 6). As expectett{(1,2,3,4-Ma-NUPHOS)-  highly selective catalysts for the reaction between dienophile
Pt(OTf)] (1-4a) catalyzes the DietsAlder reaction with  6a and cyclopentadiene, giving cycloaddut with endo

acryloyl-N-oxazolidinone6a to give cycloadduct7a of enantioselectivities of 94 and 91%, respectively (entries 7
opposite absolute stereochemistry and with an enantioselecand 8).
tivity similar to that obtained with its enantiomeric coun- Since catalyst precursors would be more versatile in the

terparto-4a (entry 2). In this regard, NUPHOS-type diphos-  form of their dichloridesa-[(1,2,3,4-Ma-NUPHOS)P{(S)-
phines behave in much the same manner as BIPHEP, theBINOL}] and §-[(1,2,3,4-P3-NUPHOS)Pt{(S)-BINOL}]
have been converted into the corresponding enantiopure
(12) Ghosh, A. K.; Matsuda, HOrg. Lett.1999,1, 2157. A-[(1,2,3,4-Ma-NUPHOS)PtC]] 1-8a andd-[(1,2,3,4-Pl-
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NUPHOS)PtC]] 6-8c, respectively, by treatment of a dichlo-
romethane solution of the BINOLate complex with HCI.
Addition of (S,S)-dpeda to the resulting dichlorides gave a

single diastereoisomer ofA-[(NUPHOS)Pt{ (S,S)-dpeda}], @ /
confirming that protonation occurs with retention of stereo- gz 347~ o , R3
F\M/O=< ] Endo-Si
~ N | — o

chemistry. Catalyst mixtures generated by activatiod-8t >

with AgClO, afford cycloadduct7a with high endo/exo Rzg‘j\ 0= Yo
selectivity and an endo enantioselectivity comparable to that CZN -2/© S

obtained with catalyst generated from the BINOLate precur- N\ R®

sor (entry 10). Similarly, the performance of catalyst gener- Figure 3. Stereochemical model showing favor8éface attack
ated frqm/l-Sa (entry 9) Compares favorably_ with that of ofgcyclopentadiene to give cycloadduct v%itrﬂjz absolute con-
A-4a, giving cycloadducfa in comparable yields with a  figyration (M = Pd, Pt).

slight improvement in the endo enantioselectivity (95% ee,
(2S)-configuration). Lewis acids generated frdar8a and
0-8c also catalyze the DietsAlder reaction between cyclo-  silver hexafluoroantimonate gave cycloaddzatwith good
pentadiene and crotonoyl oxazolidinoBlewith high endo/  enddexo selectivity and high enantioselectivity (82%R)2

exo selectivity and excellent endo enantioselectivity (entries configuration), consistent with@skew conformation of the

11 and 12). As expected, methyl-substituted oxazolidinone diphosphine.

6b reacts more slowly thafa and these reactions must be ~ In conclusion, platinum group complexes of conforma-
conducted at higher temperatures2Q °C). Interestingly, tionally flexible NUPHOS-type diphosphines can be resolved
attempts to perform this reaction with catalyst mixtures and are stable with respect to atropinversion in the absence
generated from-[(NUPHOS)Pt{(S)-BINOL}] and trifluo- ~ of a chiral activator. The corresponding Lewis acid fragments
romethanesulfonic acid proved to be unsuccessful and in eachd- or A-[(NUPHOS)MF* are highly efficient catalysts for
case gave less than 5% conversion. ¥iReNMR spectrum the Diels-Alder reaction between acrylo-oxazolidinones

of the reaction mixture contains a single resonan@e-85.7, and cyclopentadiene, giving ee values as high as 96%.
which we tentatively suggest corresponds to the deactivatedResults of preliminary catalyst testing are encouraging, and
complex [(NUPHOS)P#>-Cp]* on the basis that the large further studies are underway to prepare chiral versions of
LJp—p Of 4542 Hz is similar to that of 4528 Hz recently NUPHOS, exploit their modular construction to optimize
reported for [(BIPHEP)P#6-Cp)]*. At this stage, itis unclear ~ catalyst performance, and explore their applications in a wide
why [(NUPHOS)Pt(5-Cp)I" forms so readily in catalyst range of asymmetric reactions.

solutions prepared from the BINOLate precursor while those
prepared from the dichloride form less than 10% of the
deactivated complex at the same temperatures.

The absolute stereochemistry of cycloaddutasand 7b OMe Ph OMe Ph
((2R)-configuration) is consistent with the transition state $O 7~ PPy o 7L
model recently proposed by Ghosh and used to account for ° \—PPh, ¢O S P/Pd\C]
the high level of enantiofacial selection obtained in the OMe L OMe Ph,

[M{ (R-BINAP} (OTf);] (M = Pd, Pt) catalyzed DielsAlder * 10 P
reaction between acryloji-oxazolidinones and cyclopen-  Figure 4. Chiral NUPHOS diphosphin® and corresponding
tadiene'? By analogy, thed-conformation of acyclic and  palladium dichloride compleg0.

monocyclic NUPHOS diphosphines behave in much the
same manner asS-BINAP in that the pseudoequatorial
phenyl ring orientated below the MPlane prevents attack Acknowledgment. We gratefully acknowledge the _EPSRC
of the incoming diene at thRe-face and endo-Si-face attack (R-K.R.) and the McClay Trust (C.R.N.) for funding and
to give cycloadduct with (R)-absolute configuration is Johnson Matthey for loans of palladium salts. Thanks are
favored. The modular construction of NUPHOS-type diphos- alsq extended to Professor Michael Gagné for his valued
phines offers immense scope for structural modification since assistance.

the basic building blocks are either alkynes or diynes and
an electrophilic chlorophosphine. In a preliminary compara-
tive study, we have examined the performance of the chiral
NUPHOS diphosphin8 in the palladium-catalyzed reaction
between cyclopentadiene and dienoplige A single reso-
nance in thé*P NMR spectrum of the palladium dichloride
derivative 10 is consistent with one diastereoisomer corre-
sponding to either &- or A-conformation of the Gtether.

A dichloromethane solution dfO activated with 2 equiv of ~ 0L035409I

Supporting Information Available: Experimental pro-
cedures, spectroscopic and analytical datadfrand 4c,
crystallographic data collection parameters, a full listing of
bond lengths and angles, anisotropic displacement param-
eters, and hydrogen atomic coordinates for compadsad
as well as an ORTEP view. This material is available free
of charge via the Internet at http://pubs.acs.org.
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