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We have designed a new family of readily available modular diphosphoroamidite ligands-kglose

for Pd-catalyzed asymmetric allylic alkylation reactions. This constitutes the first example of diphos-
phoroamidite ligands applied to this process. Good-to-excellent activities (TOFs up to 850 mol substrate
x (mol Pd x h)™%) and enantioselectivities (ee’'s up to 95%) have been obtained for several substrates
with different electronic and steric properties. The results indicate that catalytic performance is highly
affected by the substituents and the axial chirality of the biaryl moieties of the ligand. We also discuss
the synthesis and characterization of the-Rehllyl intermediates to get more insight into the origin of
enantioselectivity using these catalytic systems.

Introduction compounds-biaryl diphosphite ligandshave also demonstrated
their potential utility by overcoming the most common limita-
tions of this process, such as low reaction rates and high
substrate specificit§. Therefore, these ligand systems have
provided excellent enantioselectivities and activities in different
substrate type%The use of biaryl phosphites was beneficial
because (1) the reaction rates increased due to the larger

The development of methods for enantioselective carbon
carbon bond formation is one of the key issues in organic
synthesis. A versatile method for achieving this is the palladium-
catalyzed asymmetric allylic substitution with carbon nucleo-
philes! A large number of chiral ligands, mainly-Pand N-
ligands, which possess eith@s or C; symmetry, have provided
high enantiomeric excessé#lost of the chiral ligands devel- (3) See, for example: (a) Trost, B. M.; Oslob, J..DAm. Chem. Soc.
oped for asymmetric allylic substitution are mixed bidentate 1999 121, 3057. (b) Trost, B. M.; Bunt, R. Cl. Am. Chem. S0d.994
donor ligands (such as-fN, P—S, and S-N).12 The efficiency 116, 4089. (c) Trost, B. M.; Krueger, A. C.; Bunt, R. C.; Zambrano].J.

of this type of hare-soft heterodonor ligands has been mainly fmbghcei?ﬁ %’q,:gizghtlraﬁﬁfgm(gg Bieékef{ SgnRLilduev‘igr‘:"PS'wBa,\rl'% ,

attributed to the different electronic effects of the donor atoms. ospomn, J. AAngew. Chem., Int. EA.998 37, 3116.
However, homodonor ligands (e.g., diphospHimithioethert (4) See, for example: (a) Fémdez, F.; Gmez, M.; Jansat, S.; Muller,

i ingli G.; Martin, E.; Flores-Santos, L.; Garcia, P. X.; Acosta, A.; Aghmiz, A;;
Snd blsoxazcglrﬁ“gands) h.a?/e’ tf}o:.lgh to_alﬁ?’ser extent, al.sol Gimene-Pedros, M.; Masdeu-BlltcA. M.; Diéguez, M.; Claver, C.;
emonstrated their potential usefulness in this process main Y Maesro, M. A.Organometallics2005 24, 3946. (b) Khiar, N.; Araujo, C.

based on the chiral discrimination induced®yor C; backbone S.; Suaez, B.; Ferfadez, I.Eur. J. Org. Chem200§ 1685. (c) Jansat, S.;
symmetry. Recently, a group of less electron-rich phosphorus Gomez, M.; Muller, G.; Diguez, M.; Aghmiz, A.; Claver, C.; Masdeu-
Bulto, A. M.; Flores-Santos, L.; Mdrty E.; Maestro, M. A.; Malfa, J.
Tetrahedron: Asymmetrg001, 12, 1469.

(1) For recent reviews, see: (a) Tsuji, J. Palladium Reagents and (5) See, for instance: (a) Ghosh, A. K.; Mathivanan, P.; Cappiello, J.
Catalysis.Innovations in Organic SynthesiViley: New York, 1995. (b) Tetrahedron: AsymmetdQ98 9, 1. (b) Pfaltz, A.Acc. Chem. Re4.993
Trost, B. M.; van Vranken, D. LChem. Re. 1996 96, 395. (c) Johannsen, 26, 339. (c) Pericg, M. A.; Puigjaner, C.; Riera, A.; Vidal-Ferran, A,;
M.; Jorgensen, K. AChem. Re. 1998 98, 1689. (d) Pfaltz, A.; Lautens, Gomez, M.; Jini@ez, F.; Muller, G.; Rocamora, NChem. Eur. J2002, 8,

M. In Comprehensie Asymmetric Catalysiddacobsen, E. N., Pfaltz, A., 4164.
Yamamoto, H., Eds.; Springer-Verlag: Berlin, 1999; Vol. 2, Chapter 24. (6) (a) Diguez, M.; Jansat, S.; Gomez, M.; Ruiz, A.; Muller, G.; Claver,

(e) Trost, B. M.; Crawley, M. LChem. Re. 2003 103 2921. C. Chem. Commur2001, 1132. (b) Diguez, M.; Panies, O.; Claver, C.
(2) Masdeu-BultpA. M.; Diéguez, M.; Martin, E.; Gmez, M.Coord. Adv. Synth. Catal2005 347, 1257. (c) Diguez, M.; Panies, O.; Claver,
Chem. Re. 2003 242 159. C. J. Org. Chem2005 70, 3363.

10.1021/jo062311j CCC: $37.00 © 2007 American Chemical Society
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N R O Re Ry OO Results and Discussion
O\ 1
f:‘N 5 (0 _ © 0 Ligand Synthesis.The new diphosphoroamidite ligantls6
4 302 ( o o O were synthesized very efficiently from diamiBéoy reacting 2
o R O R " OO equiv of the desired in-situ-formed phosphorochloritite the
CF’/N': : 1 R1_R -~ By ’ 5 (};)ax.R - SiMe presence of pyridine. 3,5-Dideoxy-3,5-diamino-QAsopro-
! 1= Ro= s Re= 3 : : :
0 2 Ri=BUR,=OMe 6 (S Ry= SiMes pylidene-ribofuranos® was easily prepared on a large scale
3 Ry=SiMeg; Ry=H from inexpensivep-(+)-xylose. All the ligands were stable
4 Ry=Rp=Me during purification on neutral alumina under an atmosphere of

argon and isolated in moderate yields as white solids.Fhe

31p, and'3C NMR spectra were as expected for th€sdigands

(see the Experimental Section and Scheme 1).
Asymmetric Allylic Alkylation Reactions. We first inves-

FIGURE 1. Diphosphoroamidite ligands—6.

s-acceptor ability of the phosphite moiétgnd (2) enantiose-

lectivity increased because the chiral pocket (the chiral cavity tigated the Pd-catalyzed allylic substitutionraé-1,3-diphenyl-

where the allyl is embedded) created is flexible enough to allow 3-acetoxyprop-1-en&1 which is widely used as a model
the perfect coordination of hindered and unhindered substrates yprop y

(which decreases the substrate specificity) substrate, with dimethyl malonate using the chiral diphospho-
Following our interest in highly modular, versatiteacceptor roamidite ligandsl—6 (eq 1).

ligands, and encouraged by the success of the phosphoroamidite oA

ligands in asymmetric catalysisye report here the synthesis Mc CHA(COOMe), /BSA “ gricoone), )

of a new family of furanoside diphosphoroamidite ligantis (PN Ph [Pd(r-C4Hs)Cll, / 1 -6 Ph . Ph

6, Figure 1) for the enantioselective Pd-catalyzed allylic s1

alkylation reactions. We also discuss the synthesis and charac-

terization of the Pez-allyl intermediates to get more insight Thﬁ %atalysthsl w%re gfenera'lraeéj in sgus"rom OHS mol %MIy:j._
into the origin of the enantioselectivity using these catalytic P&'adium chioride imer [PdGj¢-CaHs)]z, the corresponding
systems. ligand, and a catalytic amount of KOAc. The nucleophile was

These diphosphoroamidite ligands are derived from natural generated from dimethyl malonate in the presench,Gkbis-

D-(+)-xylose, so they also have the advantage of carbohydrates,(tr'vrcetgyls'lyl?acgt?]m'de .(BSIA)' . diti b ducti
such as availability at a low price and facile modular construc- e determined the optimal reaction conditions by conducting

tion, which makes the tedious optical resolution procedure aserigs of egperiments ?n which Fhe solvgnt and the ligand-to-
unnecessardf The modular construction of these ligands allows paIIIad|tJm th“;? we(rjcf \fl_arL)eld' 1We ft'r.St Silid'e_?hth% eﬁ;ectt_of_tfour
sufficient flexibility to fine tune the steric and electronic solvents with figan .( aple 1, entries .)' ne best activity
properties of the biaryl moieties to explore how they affect and enantioselectivity was achieved with dichloromethane as

. e o : Ivent (entry 1). We next studied the effect of varying the
catalytic performance (activity and selectivity). In this way, we SO . . .
studied how attaching different groups to the ortho and para Ilgar}d-to;]pallagmm ratio (Tabl?l_l, er(;tr_|es L5, %n% ?)' Thed
positions of the biphenyl moieties affects the catalytic perfor- results show that an excess of ligand Is not needed for goo

mance with ligandsl—4. To further investigate how enanti- aclt:M'ues and etrllantloselectlvrf[lrt]es. t of the ligand tested
oselectivity was influenced by the configuration of the biaryl or comparative purposes, the rest ot the ligands were teste

moieties, ligand$ and6 containing different enantiomerically under conditions that provided the optimum tradeoff between

pure binapthyl moieties were also tested. As a result, the optimalengntioselectiviti_es and reaction rates, i.e., a ligand-to-palladium
combination for maximum activity and selectivity for different ratio of 1.1 and dichloromethane as a solvent. The results, shown

substrates types were reached in Table 2, indicate that catalytic performance (activities and
To the best of our knowledgie this is the first example of enantioselectivities) is highly affected by the substituents and

: e . : . the axial chirality of the biaryl moieties. In general, good activity
diphosphoroamidite ligands applied to the enantioselective Pd- _ .
catalyzed allylic substitution reactions. (TOFs up to 850 moB1 x (mol Pd x h)™)™*and enantiose-

lectivity (ee’s up to 75%) were obtained in the alkylation of

(7) (a) van Strijdonck, G. P. F.; Boele, M. D. K.; Kamer, P. C. J.; de Si . . . . .
Vries, J. G.; van Leeuwen, P. W. N. NEur. J. Inorg. Chem1999 1073. The effect of the biphenyl substituents was investigated with
(b) Pamies, O.; Diguez, M.; Claver, CJ. Am. Chem. So@005 127, 3646. ligands 1—4 (Table 2, entries 44). We found that these

(8) The flexibility that offers the biphenyl moiety can be used to fine — mgieties affect both activity and enantioselectivity. Substituents
tune the chiral pocket formed upon complexation. See: (a) ref 7b. (b) Mata, . - . s .

Y.; Diéguez, M.; Panies, O.; Claver, CAdv. Synth. Catal2005 347, 1943. in the para positions of the biphenyl moieties are required for

(9) See, for instance: (a) Feringa, B.Acc. Chem. Reg00Q 33, 346. good enantioselectivity (Table 2, entries 1, 2, and 4 vs 3). Thus,

(Lb_) ﬁ%ﬁ;rg- 2-?}'%&%\1 Pcﬁ;n?e?{ﬁi”ézﬂ%égi\é”g%%' C(5C) ':Tei;?c%a' B. ligands1, 2, and4 with substituents at para positions of the
Croset, K.; Polet, D.; Alexakis, AAngew. Chem., Int. EQ004 43, 2426, biphenyl moieties provided higher enantioselectivities than

(d) Polet, D.; Alexakis, A.; Tissot-Croset, K.; Corminboeuf, C.; Ditrich, K. ligand 3, without substituents in these positions. However, the
Angew. Chem., Int. EQ006 12, 3596. (e) Boele, M. D. K.; Kamer, P. C.  type of substituents in the para positions is also important.

J.; Lutz, M.; Spek, A. L.; de Vries, J. G.; van Leeuwen, P. W. N. M.; van ; ;
Strijdonck, G. P. FChem. Eur. 2004 10, 6232. (f) Biswas, K.; Prieto, 1 €refore, the presence of the methoxy group in the biphenyl

0.; Goldsmith, P. J.; Woodward, 8ngew. Chem., Int. EQ005 44, 2232.

(g) Alejakis, A.; Benhaim, C.; Rosset, S.; Humam, M.Am. Chem. Soc. (11) (a) Buisman, G. J. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
2002 124, 5262. (h) Diguez, M.; Ruiz, A.; Claver, CChem. Commun. Tetrahedron: Asymmetr$993 4, 1625. (b) Buisman, G. J. H.; van der
2001, 2702. (i) Raluy, E.; Claver, C.; Ifges, O.; Diguez, M.Org. Lett. Veen, L. A.; Klootwijk, A.; de Lange, W. G. J.; Kamer, P. C. J.; van
2007, 9, 49. Leeuwen, P. W. N. M.; Vogt, DOrganometallics1997, 16, 2929.

(10) (a) Diguez, M.; Panies, O.; Claver, CChem. Re. 2004 104, 3189. (12) (a) Panies, O.; Diguez, M.; Net, G.; Ruiz, A.; Claver, Q. Chem.

(b) Diéguez, M.; Panies, O.; Ruiz, A.; Daz, Y.; Castillm, S.; Claver, C. Soc., Dalton Transl999 3439. (b) Seio, K.; Miyashita, T.; Sato, K.; Sekine,
Coord. Chem. Re 2004 248, 2165. (c) Digiuez, M.; Ruiz, A.; Claver, C. M. Eur. J. Org. Chem2005 5163.
Dalton Trans 2003 2957. (13) TOF measured at around 30% conversion.
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SCHEME 1. Synthesis of the New Diphosphoroamidite Ligands-162

N HoN
a3 o by 2 o o HN o

e E— E—
e} o o

N3 O\]< HoN O\{ P/NH o

7 8 C/(ID 1-6

a(a) Ref 12. (b) PPH THF/H,O. (c) CIP(OR}), Py, toluene.

D-(+)-xylose

TABLE 1. Pd-Catalyzed Allylic Alkylation of S1 Using Ligand 1: TABLE 3. Pd-Catalyzed Allylic Alkylation of S2 Using Ligand 1:
Effect of the Solvent and Ligand-to-Palladium Rati¢ Effect of the Solvent and Ligand-to-Palladium Ratic
% conversion % conversion
entry solvent ratio ofl/Pd (min)® % e¢ entry solvent ratio ofl/Pd (min)° % e¢
1 CH.Cl, 1.1 100 (15) 66R) 1 CHCl; 11 100 (120) 829
2 DMF 11 90 (15) 53R) 2 DMF 1.1 100 (120) 759
3 toluene 1.1 10 (15) 5&) 3 toluene 11 56 (120) 79
4 THF 11 20 (15) 54R) 4 THF 11 100 (120) 883
5 CHCl 0.8 62 (15) 67R) 5 THF 0.8 95 (120) 889
6 CH.Cl> 2 100 (15) 62R) 6 THF 2 100 (120) 869
aConditions: 0.5 mol % [Pdf-C3Hs)Cl]2, 30 min; 3 equiv of aConditions: 0.5 mol % [Pdf-CsHs)Cl],, 30 min; 3 equiv of

CHy(COOMe) and N,O-bis(trimethylsilyl)acetamide (BSA), a pinch of CHy(COOMe) and N,O-bis(trimethylsilyl)acetamide (BSA), a pinch of
KOAc, room temperature. Measured byH NMR. Reaction time in minutes KOAc, room temperature. Measured by GC. Reaction time in minutes
shown in parenthese$Determined by HPLC (Chiralcel-OD). Absolute ~ shown in parenthese$Determined by GC. Absolute configuration shown

configuration shown in parentheses. in parentheses.
If‘;'-E 2. Pd-Catalyzed Allylic Alkylation of S1 with Ligands enantioselectivity (ee’s up to 749%R)) and high activity (TOFs
_ up to >560 molS1 x (mol Pd x h)™1) were obtained.
licand % conversion o We next tested this new family of ligands in the Pd-catalyzed
entry 'gan (min) beé asymmetric allylic alkylation of cyclic substrates (eq 2).
1 1 100 (15) 66 R
2 2 33(15) 59R) OAc CH(COOMe),
3 3 11 (15) 139 CH,(COOMe), / BSA
4 4 87 (15) 63R) > 2
5 5 78 (30) 75R) [Pd(n-C3H5)Cll2 /1 -6
6 6 85 (30) 30R n n
7d 1 98 (60) 66 R) $2 n=1 10
gd 5 24 (150) 74R) $3 n=2 1

aConditions: 0.5 mol % [Pd{-C3Hs)Cl]2, 1.1 mol % ligand, room . L . . .
temperatureb Measured byH NMR. Reaction time in minutes shown in  Enantioselectivity in cyclic substrates is usually more difficult
parentheses.Determined by HPLC (Chiralcel-OD). Absolute configuration  to control, mainly because of the presence of less sterically
shown in parenthese$Reaction carried out at 0.1 mol % of [Rd( demanding syn substituents, which play a crucial role in the
CeHs)Cll- enantioselection observed with acyclic substrates in the corre-

o ) o ) sponding Pekallyl intermediate. Therefore, few catalytic
moieties has a negative effect on both activity and enantiose-systems have provided good enantioselectiviigg 14
lectivity (Table 2, entry 1 vs 2). Moreover, the substituents in " yye first tested the efficiency of the chiral diphosphoroamidite
the ortho positions of the biphenyl moieties have a slight but ligands 1—6 in the Pd-catalyzed allylic alkylation afac-3-
important effect on both activity and enantioselectivity (Table 4cetoxycyclohexens2(eq 2), which is usually used as a model
2, entries 1 vs 4). Activities and enantioselectitivies are therefore cycjic substrate.

highest whertert-butyl groups are present at both ortho and " The preliminary investigations into the solvent effect and the

para positions of the biphenyl moieties. ) ligand-to-palladium ratio using ligandl provided a different

To further investigate how enantioselectivity was influenced trend for the solvent effect than those into the previously tested
by the groups attached to the biaryl moieties, ligaBdd6 g pstrates1 Therefore, the best enantioselectivities and reaction
containing different enantiomerically pure binapthyl moieties 5tes were obtained when THFE was used as solvent and the
were also tested (Table 2, entries 5 and 6). Ligawedntaining ligand-to-palladium ratio was 1.1 (Table 3).
R-binaphtyl moieties produced tfiR9 product in 75% ee, while The results of using ligandd—6 under the optimized
ligand 6 containingS-binaphtyls produced th&-9 product in conditions are shown in Table 4. In general, high enantiose-

lower enantioselectivity (30% ee). These results indicate that |ectivity (ee’s up to 88%) with good activity were obtained in
there is a cooperative effect between the configuration of the the glkylation ofS2 Again, enantioselectivity was affected by
biaryl moieties and the configurations of the ligand backbone tne sypstituents at the biaryl moieties and the cooperative effect
that results in a matched combination for ligahdNote that between stereocenters. However, the effect of these parameters

this cooperative effect is highly advantageous, allowing us to \y55 different from those observed in the alkylation i
increase enantioselectivity up to 75% ee (entry 5).

We also performed the reaction at a low catalyst concentration  (14) vans, D. A.; Campos, K. R.; Tedrow, J.: Michael, F. E.; Gagne
(SYPd = 500) using ligandd and5 (entries 7 and 8). Good M. R.J. Am. Chem. So200Q 122, 7905.

2844 J. Org. Chem.Vol. 72, No. 8, 2007
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TABLE 4. Pd-Catalyzed Allylic Alkylation of S2 and S3 with
Ligands 1-62

JOC Article

TABLE 5. Selected Results for the Pd-Catalyzed Allylic Alkylation
of S&

% conversion

% conversion

entry ligand substrate (min)P % eé entry ligand (min)° 1213 % eé!
1 1 S2 100 (120) 889 1 1 100 (30) 65/35 769
2 2 s2 100 (120) 769 2 2 100 (30) 65/35 22R)
3 3 S2 90 (120) 179 3 3 100 (30) 60/40 139
4 4 S2 32 (120) 58 4 4 100 (30) 40/60 729
5 5 s2 19 (120) 56 R) 5 5 100 (30) 65/35 33R)
6 6 s2 42 (120) 729 6 6 100 (30) 80/20 209
7 1 S3 51 (360) 959 7 1 100 (120) 65/35 839)

aConditions: 0.5 mol % [Pd¢{-C3Hs)Cl]2, 1.1 mol % ligand, room
temperature? Conversion percentage of acetat®@and11 determined by
GC. Reaction time in minutes shown in parenthe$&nantiomeric excesses
determined by GC. Absolute configuration shown in parentheses.

Therefore, enantioselectivity was best with ligah@88% ©

aConditions: 0.5 mol % [Pd{-CsHs)Cl]2, 1.1 mol % ligand, room
temperature? Conversion percentage measuredyNMR. Reaction time
in minutes shown in parenthesé®Branched to linear ratio determined by
1H NMR. 9 Enantiomeric excesses determined by HPLC. Absolute config-
uration shown in parenthesesT = 0 °C.

ee). These results clearly show the importance of using modularin Table 5. Interestingly, under nonoptimized conditions, the

scaffolds in the ligand design.

catalytic system containing ligand produced the desired

Regarding the effect of the substituents in the biphenyl pranched isomer as the major product with high activity and
moieties, again substituents in the para position are necessargnantioselectivity (ee’s up to 83%)j. The results indicate that
for high ee’s (entries 1 and 2 vs 3). However, in contrast to the enantioselectivities are highly affected by the substituents in

alkylation of S1, the effect of the type of substituent in ortho

the para position of the biphenyl moieties (Table 5, entrieg)1

positions is more significant. Therefore, enantioselectivities and However, regioselectivity is mainly governed by the substituents
activities are higher when more sterically demanding substituentsat the ortho positions (Table 5, entries4). It should be note

are present (i.e!Bu > Me).
Concerning the effect of the configuration of the biaryl

that the cooperative effect previously observed with substrates
S1 and S2 has the main effect on regioselectivity (Table 5,

moieties, the cooperative effect previously reported with entries 5 and 6). These results are among the best reported so
substrateS1also showed a different tendency and the matched far 15 and it is clear that they represent a major improvement

combination was therefore observed for lig&hgentries 5 and
6).

over other Pd-homodonor bidentate catalytic systéfnthat
predominantly provide the linear achiral product as the major

Encouraged by the excellent results obtained in the alkylation gne,

of cyclic substrates2, we examined the stereoselective allylic
alkylation of the seven-membered cyclic substratusing
ligand 1 (Table 4, entry 7). Interestingly, for this sterically

To sum up, these diphosphoroamidite ligands have provided
good results in different substrates types. The high activities
and enantioselectivities (ee’s up to 95%) obtained for cyclic

undemanding substrate, high enantioselectivities (ee's up togybstrates are particularly noteworthy as is the combination of

95%) were also obtained.

high regio- and enantioselectivitities (regioselectivities up to

In summary the results obtained with cyclic substrates are g5o4 and ee’s up 83%) for monosubstituted subs®8dt@hese

among the best reported so A 7014

To further study the potential of these readily available
ligands, we also tested them in the allylic alkylation of the
monosubstituted linear substrate 1-(1-naphthyl)allyl ace&3dte

(eq 3).

OAc
— CH,(COOMe), / BSA
- (3)
O [Pd(n-C3Hs)Cl], / 1-6
sS4

i " CH(COOMe),

13

CH(COOMe),
=
S
12

facts, along with the promising results obtained for substrate
S1, open up the Pd-catalyzed allylic alkylation reactions to a
new class of ligandsthe diphosphoroamidites. The efficiency
of the ligand design is also corroborated by the fact that these
Pd—-diphosphoroamidite catalysts provide higher activities,
regio-, and enantioselectivities than their Rtiphosphite
analogue® (Scheme 2). In addition, these ligands provide
comparable results to those with related heterodonor phosphite
phosphoroamidite ligands recently described for this prodess.
Origin of Enantioselectivity: Study of the Pd-z-allyl
Intermediates. In order to get more insight into the effect of
the ligand parameters on catalytic performance, we performed
a study of the Pdz-allyl compoundsl4—17, [Pd(z-allyl)(L)]-
BF, (L = diphosphoroamidite ligands), since they are key
intermediates in the studied allylic alkylation reactions (Scheme

For this substrate, as well as controlling the enantioselectivity 3)1 These ionic palladium complexes containing 1,3-diphenyl

of the process, the regioselectivity is also a problem, because a :
. L ) nd cyclohexenyl groups were prepared from the corresponding
mixture of regioisomers may be obtained. Most Pd catalysts palladium allyl dimer and the appropriate ligand in the presence

developed to date favor the formation of the achiral linear . . . >
product 13 rather than the desired branched isomid! of silver tetrafluoroborate, following the previously described

Therefore, the development of highly regio- and enantioselective
Pd catalysts is still a challenge The results are summarized

(16) See, for example: (a) Laurenti, D.; Feuerstein, MpeR6&.; Doucet,
H.; Santelli, M.J. Org. Chem2001, 66, 1633. (b) Canal, J. M.; Goez,
M.; Jimenez, F.; Rocamora, M.; Muller, G.; Daoh, E.; Franco, D.;
Jimenez, A.; Cano, F. HOrganometallic200Q 19, 966. (c) Godleski, S.
A. In Comprehensie Organic SynthesisTrost, B. M., Fleming, I.,
Semmelhack, M. F., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 4,
pp 585-662.

(15) For successful applications of Pd catalysts, see: (&@)tPRre; Pfaltz,
A. Angew. Chem., Int. EA.998 37, 323. (b) Hilgraf, R.; Pfaltz, ASynlett
1999 1814. (c) You, S. L.; Zhu, X. Z.; Luo, Y. M.; Hou, X. L.; Dai, L. X.
J. Am. Chem. So@001, 123 7471.

J. Org. ChemVol. 72, No. 8, 2007 2845
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SCHEME 2

o o o H
o

o} o
0 O _NH O _NH O
-7 -7 =P
o) o)

OAc

65% Yield (15 min) 83% Yield (15 min) 100% Yield (15 min
Ph/\/iph S1 30% ee 80% ee " 75% e(e )
OAc
S2 43% Yield (30 min) 100% Yield (120 min) 100% Yield (120 min)
34% ee 85% ee 88% ee
OAc
P 26% Yield (30 min) 73% Yield (120 min) 100% Yield (30 min)
O s4 29% regio, 33% ee 70% regio, 90% ee 65% regio,83% ee
SCHEME 3. Preparation of Pd—Allyl Intermediates 14—17 SCHEME 4. Diastereoisomer Pd-Allyl Intermediates 142
AgBF
Pdm’aly)u-Cl, + L — = 2 [P aly)L]BFs o§/ 05/
o o
(o]
14 allyl = 1,3-Phy-C3Ha; L =2 R N NH
15 allyl = 1,3-Phy-C3H3; L =3 \ p;) \P,OD
16 allyl = cyclo-CgHg; L = 1 by P HN K
17 allyl = cyclo-CgHg; L = 4 N ! @® Np @ Ph
0”7 =Pd Pn o7 IPA 000
_ Co e Lo 7"
methodology (Scheme 3J.The complexes were characterized 928 Phi—928 ) )
in solution usingH, 13C, and3P NMR spectroscopy. The Ph Nu B s Nu
spectral assignments (see the Experimental Section) were based A syn/syn ynsy
on information fromtH—1H, 33P—1H, and!3C—1H correlation J l
measurements in combination wifil—'H NOESY experi-
ments. _ ) CH(CO2Me), CH(CO,Me),
A. 1,3-Diphenyl Allyl Palladium Complexes.To understand R S
- - ; : (S) ph"ph R pr ™" pp
the differences in catalytic performance observed in the alky-
lation of S1 using ligandsl—6, we decided to study the 1,3- ap;: Phosphorus atom next to C-3,:PPhosphorus atom next to C-5
diphenylallyl palladium complexes containing ligaBdwhich (assigned by'P—H HMBC correlation experiment).

provided productR)-9 in good enantioselectivity) and ligand
3 without substituents on the para positions of the bipheny
moieties (which provided low enantioselectivity in the reversed
enantiomer). In addition, this study allowed us to explain the
important effect of the para substituents of the biphenyl groups
on catalytic performance (see above).

The NMR study of the Pedallyl intermediate containing
ligand 2, [Pd(;*-1,3-diphenylallyl)@)]BF; (14), showed a
mixture of two isomers in a ratio of 1:1 (see the Experimenta
Section). No changes were observed down—&0 °C. Both
isomers could be unambiguously assigned by NOE to the two
syn/syn isomers (Scheme 4). The carbon NMR chemical shifts
indicate for both isomers that the most electrophilic allyl carbon
terminus is trans to the phosphorus at the C-5 positig. (P
Assuming that the nucleophilic attack takes place at the more
electrophilic carbon termind% and based on the observed
stereochemical outcome of the reaction, 53Rpi( product9,

| and the fact that enantiomeric excess9of higher than the
diastereoisomeric excess of the Pd intermediate3 tisemer
must react faster than thfeisomer. This is consistent with the
fact that for both isomers, the most electrophilic allylic terminal
carbon atom is the one trans to the phosphorus at G)5irfP
the B isomer.
The NMR study of the Pdallyl intermediate containing
| ligand 3, [Pd@;3-1,3-diphenylallyl)8)]BF, (15), showed a
mixture of two isomers in a ratio of 1:1 (see the Experimental
Section). One of the isomers could be unambiguously assigned
by NOE experiment to a syn/syn isomé& (Scheme 5).
However, for the other isomer and in contrastl# the VT-
3lP NMR spectra indicated a fluxional behavior for the
phosphorus next to C-3 (Pin isomerB (assigned byP—1H
HMBC correlation experiment) that could not be frozen out until
—80 C. This fluxionability can be attributed to an equilibrium
between syn/syn and syn/anti isomers (Scheme 5) or to the
(17) Deerenberg, S.; Schrekker, H. S.; van Strijdonck, G. P. F.; Kamer, fluxional behavior of the biphenyl moieties. However, the Smdy
P.C.J.;van Leeuwen, P. W. N. M.; Fraanje, J.; Goubitz] fOrg. Chem. of the models suggested that the absence of the para substituents
200Q 65, 4810. in the biphenyl moieties in ligan8l caused a different orientation
(18) Itis well-known that the enantioselectivity in the palladium-catalyzed ¢ the biphenyl moieties in the Pdr-allyl intermediate than
allylic alkylation with soft reagents is controlled by the nucleophilic attack . . . .
to the more electrophilic terminal carbon of the allyl ligand in the Pd(i) for complex14which resulted in a new steric repulsion between
intermediates such ast. See ref 1. one of the biphenyl moieties and one of the phenyl substituents
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SCHEME 5. Diastereoisomer Pd-Allyl Intermediates 152 SCHEME 6. Diastereoisomer Pa-Allyl Intermediates 162
o O’j /O/_) m 0O o) /\ O
(\ Pro (\ P // (\ P 0 CO P, PP > (ijz Py D
l® (o Tpn == 5, @ e \ 0
0-P2~pqg Ph _Py—pg o f Pd Ph bd® Pd ~—
(o Yo 0 Yokl d e dfor =
959\\ o Ph—55.4 \\ (s 954‘T 9120 Jor9 90.8 101.9
Ph . AN N ‘\
" Nu T Nu Nu-
A synisyn B synisyn B' synlanti Nu Nu
A B

CH(CO,Me) CH(CO,Me) CH(COzMe), CH(CO,Me),
2Me), CH(CO,Me), ,Me),

A R S
(S Ph/\/LPh (R pr"ppy (S Ph/\/kph (R) (S) ©

aP;: Phosphorus atom next to C-3;:PPhosphorus atom next to C-5

. - ; aP;: Phosphorus atom next to C-3;:PPhosphorus atom next to C-5
(assigned by!P—!H HMBC correlation experiment). ! P 3 P

(assigned by'P—!H HMBC correlation experiment).

of S1in this isomer (Scheme 5). The formation of the anti SCHEME 7. Diastereoisomer Pe-Allyl Intermediates 172

isomer minimized this new steric repulsion. It should be noted m m

that this syn/anti isomerism is observed at the most electrophilic CO\P P/D (Z\P P/OD

allylic terminal carbon (the one exhibiting the highé3€ o~ %\oé ™ g proé ~o
P |

chemical shifts). Assuming that the nucleophilic attack takes

place at the most electrophilic carbon atom, the attack at syn/ 98297 o8 92%

syn isomeB will lead to the formation ofR)-9, while the attack )

in syn/anti isomeB' will lead to the formation of the opposite N i Nu

enantiomer of producd. A Major (1.8) B Minor (1)
Another important difference between completdsand15

was found in thé3C NMR spectra. For each isomer of complex l 1

15 the electronic differences between both allylic terminal
carbons A(6°C) ~ 1 ppm) decreased considerably compared CH(CO2Me), CH(COzMe),
to those of isomers of4 (A(6*°C) ~ 8 ppm). Therefore, the (R (S
electrophilicity of the allylic terminal carbons fa5 decreased.
In summary, the notable decrease in enantioselectivity apy: Phosphorus atom next to C-3,:PPhosphorus atom next to C-5

observed using the RRitatalyst in comparison with the RO/ (assigned byP—1H HMBC correlation experiment).
catalyst system may be due to either the presence of a syn/syn

and syn/anti equilib_rium or the possibilit_y that th_e nucleophile  gtareochemical outcome of the reaction, 8&ydrf productl0,
?t:teailfﬁv?tetl)gé?r(?r?iyclI(c:ii:‘feerglr:]t?;t(i:(?r:zzgi‘g ejclh F;Z?;‘;er(;rd;e ' and the fact that enantiomeric excessl6fis higher than the
L 2 . diastereoisomeric excesses of the Pd intermediateB, igmmer
combination of both. However, the fact that the allylic terminal ; I . .
must react faster than tifeisomer. This is consistent with the

carbons in complet4 are more electrophilic may explain the . . .
higher activities obtained with the Pxiéatalytic system (Table fact that for both isomers the most electrophilic allylic carbon

2, entries 2 vs 3). atom is the one trans to the phosphorus at C-5 irBti@omer.

B. Cyclohexenyl Allyl Palladium Complexes.In order to In contrast to compled6, the NMR study of the Pdallyl
elucidate the difference in catalytic performance observed with intermediate containing ligand, [Pd(;3-cyclo-CsHg)(4)]BF4
ligands1—6 in the alkylation of cyclic substrate$S2 andS3), (17), revealed the presence of one isomer in excess 1.8:1 (see
we next studied the ionic palladium complexes containing the the Experimental Section). Both isomers could be assigned by
cyclohexenyl groups. In contrast to the alkylation f, the NOE to the two syn/syn isomers (Scheme 7). Another important

substituents in the ortho positions of the biaryl moieties also gjfference between complex&s and17is the lower electronic
have a considerable effect on catalytic performance. For this giterentiation between the more electrophilic allylic terminus
reason, we deudejd'to stydy the cyqlohexenyl alpalladium carbon atoms of both isomers (and B) in complex 17
compl_exes containing I_|gan(1 (whlch pro_wded the best (A(613C) ~ 0.6 ppm) than in complek6 (A(31C) ~ 4 ppm).
enantioselectivity) and ligané (which provided the lowest This low electronic differentiation suggests that the nucleophile

enantioselectivity). . o .
) can attack both isomers at a similar rate. However, the difference

The NMR study of the Pdallyl intermediate containing between the diastereocisomeric ratio and enantioselectivity
ligand 1, [Pd(;3-cyclo-CsHo)(2)|BF4 (16), showed a mixture of ] )
d [Pder-cy oH1o)(2)]BF4 (16) observed in the alkylation 062 (de = 28% vs ee= 5%)

two isomers in a ratio of 1:1 (see the Experimental Section). > . . Lo
Both isomers could be assigned by NOE to the two syn/syn indicates that the nucleophile reacts faster with the minor isomer,

isomers (Scheme 6). The carbon NMR chemical shifts indicated but the relative reaction rates between both isomers is much
for both isomers that the most electrophilic allylic terminus lower than in complexi6. The lower activity observed with
carbon is trans to the phosphorus at the C-5 positio). (P Pd#4 catalytic system may be due to fact that the allylic terminal
Assuming that the nucleophilic attack takes place at the most carbons in complet7 are less electrophilic than with complex
electrophilic allylic carbon terminus and based on the observed 16 (Table 4, entries 1 vs 4).
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Conclusion 3,5-Bis[(3,3,5,5-tetra-t-butyl-1,1'-biphenyl-2,2-diyl)phosphite]-
) . o 3,5-diamine-3,5-dideoxy-1,22-isopropylidene-ribofuranose (1).

_In summary, we have described the first application of pposphorochioridite (2.2 mmol) produced in situ was dissolved in
diphosphoroamidite ligands for the Pd-catalyzed asymmetric toluene (5 mL), and pyridine (0.36 mL, 4.6 mmol) was add&d.
allylic substitution reactions of several substrate types. These(189 mg, 1 mmol) was azeotropically dried with toluenex3
ligands have the advantage of being easily prepared in a fewmL) and then dissolved in toluene (10 mL), to which pyridine (0.36
steps from commercial-xylose, an inexpensive natural chiral mL, 4.6 mmol) was added. The phosphorochloridite solution was
feedstock. In addition, they can be easily tuned so the effect of transferred slowly over 5 min at room temperature to the solution
different substituents and configurations of the biaryl moieties Of 8 The reaction mixture was stirred overnight at®&l) and the
on catalytic performance can be explored. By carefully selecting pyridine salts were removed by filtration. Evaporation of the solvent

. . R gave a white foam, which was purified by flash chromatography
the ligand components, we obtained good results in different over neutral alumina (toluene/NEE 100/2) to produce a white

substrate types. Particularly, for 'Fhe hind.ered disubstitu'ge.d “nearpowder. Yield: 0.55 g, 5296'P NMR, & (CsDe): 149.4 (d, 1P,
substrate51, we found that substituents in the para positions of 5 _p = 4 Hz), 150.7 (d, 1PJe-P = 4 Hz). H NMR, 0 (CeDe):

the biphenyl moieties are needed for good enantioselectivity. 1.12 (s, 3H, CH), 1.24 (s, 9H, CH, 'Bu), 1.25 (s, 9H, Ck} Bu),
However, for cyclic substrateS2 and S3 in addition to the 1.32 (s, 18H, CH Bu), 1.48 (s, 3H, Ch), 1.58 (s, 9H, CH, Bu),
presence of para substituents, the presence of bulky substituent4.62 (s, 9H, CH, ‘Bu), 1.63 (s, 18H, Chl ‘Bu), 3.04 (m, 1H, H-5,
in the ortho positions are necessary for high enantioselectivity. 3.26 (m, 1H, NH-C-3), 3.35 (m, 1H, H-3), 3.40 (m, 1H, NHC-
For the monosubstituted linear substrafe the results indicate  5). 3.56 (m, 1H, H-5), 3.62 (m, 1H, H-4), 3.68 (m, 1H, H-2), 5.33

that enantioselectivities are highly affected by the substituents (d) 1H, H-1,°3-2 = 4 Hz), 7.0-7.6 (m, 8H, CH). 5C NMR, 6
in the para position of the biphenyl moieties. However, (CeDe): 26.7 (CH), 27.0 (CH), 31.9 (CH, 'Bu), 32.0 (CH, 'Bu),

t| t 1| t|
regioselectivity is mainly governed by the substituents at the ?CZ:'}BESHZZB(SU@%S (Ji:i:; Eg)j, 25HOZ)(C55B t;),(é’;GéOH(JCC,_%ui, fg ‘é

ortho positions. Therefore, the presence of substituents in theHZ), 80.8 (C-2), 81.9 (C-4), 104.3 (C-1), 112.2 (CHIeL24.4 (CH=
para positions combined with bulky substituents in the ortho ), 124.5 (CH=), 124.7 (CH=), 124.9 (CH=), 126.9 (CH=), 127.1
positions of the biaryl moieties are necessary to obtain the (CH=), 127.2 (CH=), 127.3 (CH=), 127.6 (CH=), 134.2 (C),
optimum tradeoff between regio- and enantioselectivities. The 134.4 (C), 134.5 (C), 134.7 (C), 141.2 (C), 141.3 (C), 146.6
study of the 1,3-diphenyl and cyclohexenyl-Pdallyl inter- (C), 146.7 (C), 146.8 (C), 147.0 (C). Anal. Calcd (%) for
mediates by NMR spectroscopy allows the understanding of CssHaaNO7P,: C, 72.15; H, 8.89; N, 2.63. Found: C, 72.45; H,
the catalytic behavior observed. This study indicates that the 8.59; N, 2.49.

nucleophilic attack takes place predominantly at the allylic ~ 3,5-Bis[(3,3-bis-t-butyl-5,5"-bis-methoxy-1,1-biphenyl-2,2-

terminal carbon atom located trans to the phosphoroamidite diy!)phosphite]-3,5-diamine-3,5-dideoxy-1,23-isopropylidene-
moiety attached to C-5. ribofuranose (2). Treatment of the corresponding phosphrochlo-

Th_e high activities and enantioselectivities (ee's up to 95%) ggggrigéﬁ ;Q:ng)m%g?#;e;ﬁé?digu d?;ﬁio(slsr?ogg’m%d“n%mvegibﬁs
obtained for cyclic substrate$2 and S3 are particularly 55 purified by flash chromatography (toluene/NEt 100/2) to
noteworthy as is the combination of high regio- and enantiose- produce a white powder. Yield: 0.41 g, 438 NMR, 6 (CsD):
lectivitities (regioselectivities up to 65% and ee’s up 83%) for 1485 (s, 1P), 151.4 (s, 1PH NMR, 6 (CsDe): 1.10 (s, 3H, CH),
monosubstituted substra®4 These facts together with the 1.29 (s, 3H, CH), 1.52 (s, 9H, CH, 'Bu), 1.54 (s, 9H, CH\ Bu),
promising results obtained for substr&g& open up the Pd- 1.55 (s, 9H, CH, 'Bu), 1.58 (s, 9H, Cl Bu), 3.15 (m, 1H, H-5,
catalyzed allylic alkylation reactions to a new class of ligands ~ 3.26 (s, 3H; OCH), 3.31 (s, 3H; OCH), 3.32 (b, 2H, NH), 3.34
the diphosphoroamidites. (s, 3H; OCH), 3.39 (s, 3H; OCH), 3.40 (m, 1H, H-3), 3.50 (m,

1H, H-5), 3.63 (m, 1H, H-4), 3.86 (m, 1H, H-2), 5.39 (d, 1H, H-1,
3)1-2 = 4 Hz), 6.6-7.2 (M, 8H, CH=). 13C NMR, 6 (CeDe): 26.7
(CHg), 27.0 (CH), 31.7 (CH;, 'Bu), 31.9 (CH, ‘Bu), 32.0 (CH,

General Considerations.All reactions were carried out using  ‘Bu), 35.9 (CBu), 41.8 (d, C-5]Jc-P = 22 Hz), 55.1 (d, C-3)c-P
standard Schlenk techniques under an atmosphere of argon. Solvents 15 Hz), 55.4, 55.5 (OC}h), 80.2 (C-2), 82.1 (C-4), 104.4 (C-1),
were purified and dried by standard procedures. 3,5-Dideoxy-3,5- 112.3 (CMg), 113.3 (CH=), 113.4 (CH=), 113.8 (CH=), 114.8
diazido-1,20-isopropylidene-ribofuranosg? and phosphorochlo- ~ (CH=), 114.9 (CH=),115.2 (CH=),128.8 (CH=),129.6 (CH=),
ridite'* were prepared as previously describéd, 3C{'H}, and 134.9 (C), 135.1 (C), 135.3 (C), 156.3 (C), 156.4 (C), 156.5 (C),
31p{1H} NMR spectra were recorded using a 400 MHz spectrom- 156.7 (C). Anal. Caled (%) for £H70N2011P2: C, 64.99; H, 7.34;
eter. Chemical shifts are relative to that of SiMEH and!3C) as N, 2.91. Found: C, 65.01; H, 7.41; N, 2.79.
internal standard or PO, (3'P) as external standard. 3,5-Bis|(3,3-bis-trimethylsilyl-1,1'-biphenyl-2,2-diyl)phosphite]-

3,5-Dideoxy-3,5-diamino-1,29-isopropylidene-ribofuranose 3,5-diamine-3,5-dideoxy-1,22-isopropylidene-ribofuranose (3).
(8). 3,5-Dideoxy-3,5-diazido-1,®-isopropylidene-ribofuranoseé Treatment of the corresponding phosphrochloridite (2.2 mmol)
(2.0 g, 4.1 mmol) was dissolved in a THFRBI (90 mL, 4:1), and produced in situ and (189 mg, 1 mmol), as described for
triphenylphosphine (5.0 g, 19.1 mmol) was added. The reaction compoundl, afforded diphosphoroamidit& which was purified
mixture was stirred overnight at room temperature, and the THF by flash chromatography (toluene/NEt 100/2) to produce a white
was evaporated under vacuum. The residue was extracted with ethepowder. Yield: 0.46 g, 519¢P NMR, 6 (CsD¢): 148.0 (s, 1P),
(3 x 20 mL). Evaporation of the aqueous solution gave the product 154.3 (s, 1P)!H NMR, 6 (CsDg): —0.32 (s, 9H, CH-Si), 0.38
as a yellow oil. Yield: 1.2 g, 779%H NMR, 0: 1.34 (s, 3H; CH), (s, 9H, CH—Si), 0.4 (s, 18H, Ck+Si), 1.13 (s, 3H, Ch), 1.36
1.53 (s, 3H; CH), 1.62 (b, 4H, NH), 2.83 (dd, 1H, H-5 2J5-5 = (s, 3H, CH), 2.92 (m, 1H, H-5), 3.06 (m, 1H, H-3), 3.14 (m, 1H,
13.6 Hz,3J5-4 = 6 Hz), 3.02 (m, 1H, H-3), 3.07 (dd, 1H, H-5, NH-—C-5), 3.29 (s, 1H, NH-C-3), 3.45 (m, 1H, H-5), 3.56 (m,
23-5' = 13.6 Hz,3Js-4 = 3.2 Hz), 3.66 (M, 1H, H-4), 4.46 (t, 1H,  1H, H-4), 3.79 (m, 1H, H-2), 5.47 (d, 1H, H-8);-2 = 4 Hz),
H-2, 3J,-1 = 33,-3 = 4 Hz), 5.77 (d, 1H, H-13);-2 = 4 Hz).1%C 6.9-7.4 (m, 12H, CH=). 13C NMR, 6 (CeDg): 0.56 (CH—Si),
NMR, o: 26.6 (CHy), 26.8 (CH;), 42.9 (C-5), 56.4 (C-3), 81.0 (C-  0.59 (CH—Si), 0.63 (CH-Si), 0.68 (CH-Si), 0.82 (CH-Si),
2), 82.4 (C-4), 104.3 (C-1), 112.1 (CMe Anal. Calcd (%) for 0.86 (CH—Si), 26.8 (CH), 27.1 (CH), 42.6 (d, C-5Jc-P = 20
CgH1eN,O3: C, 51.05; H, 8.57; N, 14.88. Found: C, 51.12; H, 8.64; Hz), 54.4 (C-3), 80.7 (C-2), 82.1 (C-4), 104.3 (C-1), 112.1 (GMe
N, 14.97. 124.8 (CH=), 125.2 (CH=), 125.4 (CH=), 126.0 (CH=), 132.2

Experimental Section

2848 J. Org. Chem.Vol. 72, No. 8, 2007



Sugar-Based Diphosphoroamidite Ligands

(C), 132.3 (C), 132.4 (CH), 132.5 (CH=), 132.6 (CH=), 132.5
(CH=), 135.7 (CH=), 138.1 (C), 156.4 (C), 155.5 (C), 156.0 (C).
Anal. Calcd (%) for G4HeN.O;P,Siy: C, 58.38; H, 6.90; N, 3.09.
Found: C, 58.31; H, 6.84 N, 3.01.
3,5-Bis[(3,3,5,5-tetramethyl-1,1'-biphenyl-2,2-diyl)phosphite]-
3,5-diamine-3,5-dideoxy-1,29-isopropylidene-ribofuranose (4).
Treatment of the corresponding phosphrochloridite (2.2 mmol)
produced in situ and (189 mg, 1 mmol), as described for
compoundl, afforded diphosphoroamidi# which was purified
by flash chromatography (toluene/NEt 100/2) to produce a white
powder. Yield: 0.23 g, 329¢'P NMR, 6 (C¢D¢): 141.8 (s, 1P),
148.0 (s, 1P)*H NMR, 6 (CeDg): 1.29 (s, 3H, CH), 1.48 (s, 3H,
CHg), 2.18 (s, 3H, CH), 2.30 (s, 3H, CH), 2.31 (s, 3H, CH),
2.36 (s, 3H, CH), 2.40 (s, 3H, CH), 2.47 (s, 3H, Ch), 2.49 (s,
3H, CH), 2.50 (s, 3H, CH), 3.14 (m, 1H, H-5, 3.28 (m, 2H,
NH), 3.37 (m, 1H, H-3), 3.42 (m, 2H, H-5, H-4), 4.16 (m, 1H,
H-2), 5.52 (d, 1H, H-133;-2 = 4 Hz), 6.9-7.4 (m, 8H, CH=).
13C NMR, 6 (C¢Dg): 16.9 (CHy), 17.1 (CHy), 17.3 (CH), 17.5
(CHg), 20.9 (CH), 21.2 (CH), 21.3 (CH), 26.7 (CH), 27.0 (CH),
40.3 (d, C-5,Jc-P = 20 Hz), 54.0 (d, C-3Jc-P = 12 Hz), 81.1
(C-2),81.6 (C-4), 104.6 (C-1), 112.2 (CH)e128.5 (CH=), 128.6
(CH=), 128.8 (CH=), 129.6 (CH=), 130.2 (C), 131.4 (CH),
131.5 (CH=), 131.6 (CH=), 131.7 (CH=), 132.3 (C), 132.7 (C),
133.4 (C), 133.6 (C), 134.0 (C), 147.0 (C), 147.1 (C), 147.8 (C),
147.98 (C). Anal. Calcd (%) for £8H46N2O;P,: C, 65.92; H, 6.36;
N, 3.84. Found: C, 65.99; H, 6.42; N, 3.89.
3,5-Bis[((R)-3,3-bis-trimethylsilyl-1,1'-binaphthyl-2,2'-diyl)-
phosphite]-3,5-diamine-3,5-dideoxy-1,-isopropylidene-ribo-
furanose (5). Treatment of the corresponding phosphrochloridite
(2.2 mmol) produced in situ argl(189 mg, 1 mmol), as described
for compoundL, afforded diphosphoroamidite which was purified
by flash chromatography (toluene/NEt 100/2) to produce a white
powder. Yield: 0.33 g, 309¢P NMR, 6 (C¢Dg): 147.2 (s, 1P),
151.2 (s, 1P)H NMR, ¢ (CsDg): 0.43 (s, 9H, CH-Si), 0.45 (s,
9H, CH;—Si), 0.52 (s, 9H, Ch-Si), 0.57 (s, 9H, Ch-Si), 1.12
(s, 3H, CH), 1.38 (s, 3H, CH), 2.79 (m, 2H, H-5 NH—C-3),
3.08 (m, 1H, H-3), 3.23 (m, 1H, NHC-5), 3.38 (m, 1H, H-2),
4.41 (m, 1H, H-4), 5.03 (d, 1H, H-2J);-2 = 4 Hz), 6.8-8.2 (m,
20H, CH=). 13C NMR, 6 (C¢Dg): 0.6 (CH—Si), 0.7 (CH—Si),
1.0 (CH—Si), 1.1 (CH—Si), 1.1 (CH—Si), 26.5 (CH), 27.1 (CH),
42.7 (d, C-5,Jc-P = 16 Hz), 54.4 (C-3), 80.5 (C-2), 81.5 (C-4),
104.1 (C-1), 111.9 (CM#, 125.0 (CH=), 125.1 (CH=), 125.4
(CH=), 127.1 (CH), 127.4 (CH=), 127.5 (CH=), 127.6 (CH=),
127.8 (CH=), 128.2 (CH=), 128.6 (CH=), 128.8 (CH=), 129.1
(CH=), 129.2 (CH), 129.6 (CH=), 131.2 (CH=), 131.8 (CH=),
132.7 (C), 133.0 (C), 133.4 (C), 133.6 (C), 134.7 (C), 135.0 (C),
136.6 (CH=), 136.9 (CH=), 137.7 (CH=), 137.9 (CH=), 153.0
(C), 153.9 (C), 154.5 (C). Anal. Calcd (%) forsgEl7oN20;P,Siy:
C, 65.19; H, 6.38; N, 2.53. Found: C, 65.25; H, 6.29; N, 2.39.
3,5-Bis[((S)-3,3-his-trimethylsilyl-1,1'-binaphthyl-2,2'-diyl)-
phosphite]-3,5-diamine-3,5-dideoxy-1,-isopropylidene-ribo-
furanose (6). Treatment of the corresponding phosphrochloridite
(2.2 mmol) produced in situ ar®l(189 mg, 1 mmol), as described
for compoundL, afforded diphosphoroamiditg which was purified
by flash chromatography (toluene/NEt 100/2) to produce a white
powder. Yield: 0.24 g, 2293P NMR, 6 (C¢Dg): 153.5 (s, 1P),
154.6 (s, 1P)*H NMR, 6 (CgDg): 0.54 (s, 9H, CH-Si), 0.56 (s,
9H, CH;—Si), 0.62 (s, 9H, Ch-Si), 0.67 (s, 9H, Ch+Si), 1.00
(s, 3H, CH), 1.05 (s, 3H, CH), 3.32 (m, 3H, H-3, H-5 NH),
3.48 (m, 1H, NH), 3.60 (m, 1H, H-5), 3.67 (m, 1H, H-4), 4.32 (m,
1H, H-2), 5.05 (d, 1H, H-13);-2 = 3.6 Hz), 6.8-8.2 (m, 20H,
CH=). 13C NMR, ¢ (Cg¢Dg): 0.7 (CH—Si), 0.8 (CH—Si), 0.9
(CHs—Si), 1.1 (CH—Si), 1.2 (CH—Si), 26.7 (CH), 26.9 (CH),
43.0 (d, C-5Jc-P = 28 Hz), 56.3 (d, C-3)c-P = 22 Hz), 80.5 (d,
C-2,Jc-P = 5.2 Hz), 82.2 (d, C-4J)c-P = 6.4 Hz), 104.4 (C-1),
112.3 (CMe), 125.1 (CH=), 125.3 (CH=), 126.0 (CH=), 127.1
(CH=), 127.2 (CH=), 127.4 (CH=), 127.5 (CH=), 127.7 (CH=),
128.2 (CH=), 128.6 (CH=), 128.8 (CH=), 129.0 (CH=), 131.4
(CH=), 131.8 (CH=), 132.4 (C), 132.7 (C), 132.9 (C), 133.1 (C),
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137.0 (CH=), 137.2 (CH=), 137.7 (CH=), 137.9 (CH=), 151.8
(C), 151.9 (C), 154.3 (C), 154.4 (C). Anal. Calcd (%) for
C60H70N207P28i4: C, 65.19; H, 6.38; N, 2.53. Found: C, 65.07;
H, 6.42; N, 2.58.

Preparation of [Pd((53-1,3-diphenylallyl)(2)]BF,. Ligand 2
(48.1 mg, 0.05 mmol) and the complex of [ReCI)(73-1,3-
diphenylallyl)}L (17.3 mg, 0.025 mmol) were dissolved in &I),
(1.5 mL) at room temperature under argon. Agg8.8 mg, 0.5
mmol) was added after 30 min, and the mixture was stirred for 30
min. The mixture was then filtered over Celite under argon, and
the resulting solution was analyzed by NMR.

Isomer 14B: 3P NMR (CDCl), 6: 145.0 (d, 1P, P next to
C-3,J-P= 116 Hz), 148.1 (d, 1P, P next to C-&P = 116 Hz).

IH NMR (CD.Clp), ¢: 1.2—1.7 (m, 42H, CH, CH; t-Bu), 2.81
(m, 1H, NH), 3.52 (m, 2H, H-5, H-$, 3.71 (m, 1H, H-4), 3.84.0
(m, 14H, H-3, N-H, OCHg), 4.57 (m, 1H, H-2), 5.20 (m, 1H, CH
terminal), 5.26 (m, 1H, CH terminal), 5.66 (d, 1H, H30;-2 =
3.2 Hz), 6.24 (m, 2H, CH), 6.44 (m, 1H, CH central), 6:57.2
(m, 16 H, CH=). 13C NMR (CD,Cly), 6: 26.3 (CHy), 26.6 (CH),
31-33 (m, CH, t-Bu), 35-36 (m, C,t-Bu), 38.7 (m, C-5), 53.4
(m, C-3), 56.0 (OCH), 56.2 (OCH), 56.4 (OCH), 78.4 (m, C-2),
79.9 (m, C-4), 92.8 (m, CH terminal), 100.0 (m, CH terminal),
104.9 (C-1), 113.3 (m, CH central), 114.3 (CHel14.5-157.0
(aromatic carbons).

Isomer 14A: 3P NMR (CD,Cly), 6: 144.7 (d, 1P, P next to
C-3,J-P =115 Hz), 148.0 (d, 1P, P next to C-&-P = 115 Hz).

IH NMR (CD.Cly), 6: 1.2—1.7 (m, 42H, CH, CH; t-Bu), 2.81
(m, 1H, NH), 3.52 (m, 2H, H-5, H-%, 3.71 (m, 1H, H-4), 3.84.0
(m, 14H, H-3, N-H, OCHg), 4.66 (m, 1H, H-2), 5.18 (m, 1H, CH
terminal), 5.24 (m, 1H, CH terminal), 5.72 (d, 1H, H30;-2 =
3.6 Hz), 6.24 (m, 2H, CH), 6.44 (m, 1H, CH central), 6-57.2
(m, 16 H, CH=). 3C NMR (CD.Cl,), 6: 26.3 (CH), 26.6 (CH),
31-33 (m, CH;, t-Bu), 35-36 (m, C,t-Bu), 38.7 (m, C-5), 53.4
(m, C-3), 56.0 (OCH), 56.2 (OCH), 56.4 (OCH), 78.4 (m, C-2),
79.9 (m, C-4), 92.8 (m, CH terminal), 99.3 (m, CH terminal), 104.9
(C-1), 113.3 (m, CH central), 114.3 (Che114.5-157.0 (aromatic
carbons).

Preparation of [Pd((%53-1,3-diphenylallyl)(3)]BF,. Ligand 3
(45.2 mg, 0.05 mmol) and the complex of [ReCI)(°-1,3-
diphenylallyl)} (17.3 mg, 0.025 mmol) were dissolved in &I,
(1.5 mL) at room temperature under argon. AggB8.8 mg, 0.5
mmol) was added after 30 min, and the mixture was stirred for 30
min. The mixture was then filtered over Celite under argon, and
the resulting solution was analyzed by NMR.

Isomer 15B: 3P NMR (CD,Cl,), 6: 145.2 (d, 1P, P next to
C-3,Jp-P = 97 Hz), 148.5 (d, 1P, P next to C-B-P = 97 Hz).

IH NMR (CD.Cly), ¢: 0.3—-0.7 (m, 36H, CH-Si), 1.2-1.3 (m,
6H, CHs), 2.9 (m, 1H, NH), 3.4-3.9 (m, 5H, H-3, H-4, H-5, H-5
NH), 4.63 (m, 1H, H-2), 5.48 (m, 1H, CH terminal), 5.52 (m, 1H,
CH terminal), 5.66 (d, 1H, H-3J;-2 = 3.6 Hz), 6.52 (m, 1H, CH
central), 6.77.7 (m, 22 H, CH=). 13C NMR (CD,Cl,), 6: 0—2.2
(CH;—Si), 26.3 (CH), 39.1 (m, C-5), 53.1 (m, C-3), 78.6 (m, C-2),
79.5 (b, C-4), 95.4 (m, CH terminal), 97.1 (m, CH terminal), 104.3
(C-1), 112.2 (m, CH central), 114.1 (CMe 125-155 (aromatic
carbons).

Isomer 15A: 31P NMR (CDCl,), 6: 145.8 (d, 1P, P next to
C-3,J-P =97 Hz), 149.7 (d, 1P, P next to C-35-P = 97 Hz).

IH NMR (CD.Cly), 6: 0.3-0.7 (m, 36H, CH-Si), 1.2-1.3 (m,
6H, CHy), 2.9 (m, 1H, NH), 3.43.9 (m, 5H, H-3, H-4, H-5, H-5
NH), 4.70 (m, 1H, H-2), 5.40 (m, 1H, CH terminal), 5.44 (m, 1H,
CH terminal), 5.71 (d, 1H, H-3J;-2 = 4.0 Hz), 6.52 (m, 1H, CH
central), 6.7#7.7 (m, 22 H, CH=). 13C NMR (CD,Cl), 6: 0—2.2
(CHs—Si), 26.3 (CH), 39.1 (m, C-5), 53.1 (m, C-3), 78.6 (m, C-2),
79.5 (b, C-4), 95.9 (m, CH terminal), 96.9 (m, CH terminal), 104.3
(C-1), 112.2 (m, CH central), 114.1 (CMe 125-155 (aromatic
carbons).

Preparation of [Pd(cyclo-CgHg)(1)]BF4. Ligand 1 (53.2 mg,
0.05 mmol) and the complex of [Rd{Cl)(cyclo-CeHo)]2 (11.0 mg,
0.025 mmol) were dissolved in GDI, (1.5 mL) at room temper-
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ature under argon. AgBK9.8 mg, 0.5 mmol) was added after 30
min, and the mixture was stirred for 30 min. The mixture was then
filtered over Celite under argon, and the resulting solution was
analyzed by NMR.

Isomer 16A: 31P NMR (CD,Cl,), 6: 144.5 (d, 1P, P next to
C-3, J-P = 75.8 Hz), 145.7 (d, 1P, P next to C-3-P = 75.8
Hz).'H NMR (CD.Cl,), 6: 1.2—-1.6 (m, 82H, CH, CH; t-Bu, CH),
1.83 (m, 2H, CH), 3.49 (m, 1H, H-5, 3.70 (m, 2H, NH), 3.78
(m, 2H, H-4, H-5), 4.07 (m, 1H, H-3), 4.38 (m, 1H, CH terminal),
4.72 (m, 1H, H-2), 5.02 (m, 1H, CH central), 5.83 (d, 1H, H-1,
3J;-2 = 4.0 Hz), 5.93 (m, 1H, CH terminal), 7-17.6 (m, 8 H,
CH=). 3C NMR (CD,Cly), d: 18.7 (CH), 26.0 (CH), 26.4 (CH),
26.7 (CH), 28.0 (CHy), 31.6-32.6 (CH, t-Bu), 35.2 (C,t-Bu),
35.9 (C,t-Bu), 38.2 (m, C-5), 53.8 (m, C-3), 78.6 (C-2), 79.9 (C-
4), 91.2 (m, CH terminal), 97.9 (m, CH terminal), 104.9 (C-1),
113.6 (m, CH central), 114.2 (CM)e 125-150 (aromatic carbons).

Isomer 16B: 3P NMR (CD:Cl,), 6: 140.9 (bd, 1P, P next to
C-3, J-P = 75.8 Hz), 148.6 (d, 1P, P next to C-3-P = 75.8
Hz).H NMR (CD.Cl,), 6: 1.2—-1.6 (m, 82H, CH, CH; t-Bu, CH),
3.49 (m, 2H, H-5, H-5, 3.78 (m, 2H, H-4, H-3), 4.21 (m, 1H,
N—H), 4.37 (m, 1H, N-H), 4.54 (m, 1H, CH terminal), 4.62 (m,
1H, H-2), 5.02 (m, 1H, CH central), 5.81 (d, 1H, H?1;-2 = 4.0
Hz), 5.83 (m, 1H, CH terminal), 7:17.6 (m, 8 H, CH=). 13C NMR
(CD.Cly), 6: 18.8 (CH), 26.4 (CH), 26.7 (CH), 28.2 (CH), 28.3
(CHy), 31.6-32.6 (CH;, t-Bu), 35.2 (Ct-Bu), 35.9 (Ct-Bu), 38.2
(m, C-5), 53.8 (m, C-3), 78.7 (C-2), 80.2 (C-4), 90.8 (m, CH
terminal), 101.9 (m, CH terminal), 104.9 (C-1), 113.6 (m, CH
central), 114.2 (CMg, 125-150 (aromatic carbons).

Preparation of [Pd(cyclo-CsHg)(4)]BF,. Ligand 4 (36.5 mg,
0.05 mmol) and the complex of [ReHClI)(cyclo-CeHg)]2 (11.0 mg,
0.025 mmol) were dissolved in GDI, (1.5 mL) at room temper-
ature under argon. AgBK9.8 mg, 0.5 mmol) was added after 30
min, and the mixture was stirred for 30 min. The mixture was then
filtered over Celite under argon, and the resulting solution was
analyzed by NMR.

Isomer 17A: 3P NMR (CDCl,), 6: 148.0 (d, 1P, P next to
C-3,Jp-P = 78 Hz), 149.2 (d, 1P, P next to C-3;-P = 78 Hz).
1H NMR (CD,Cly), 6: 0.9-1.2 (m, 2H, CH), 1.59 (s, 3H, CH),
1.65 (s, 3H, CH), 1.6-2.2 (m, 4H, CH), 2.40 (s, 3H, CH-Ar),
2.60 (m, 18H, CH—Ar), 2.78 (s, 3H, CH—Ar), 3.61 (m, 2H, H-5,
H-5), 3.83 (m, 1H, H-4), 4.18 (m, 2H, H-3, N\H), 4.36 (m, 1H,
NH), 4.75 (m, 1H, H-2), 5.14 (m, 1H, CH terminal), 5.24 (m, 1H,
CH central), 5.83 (d, 1H, H-£J;-2 = 3.6 Hz), 6.02 (m, 1H, CH
terminal), 7.2-7.5 (m, 8 H, CH=). 13C NMR (CD.Cl,), 6: 16.9—
17.3 (CH—Ar), 18.6 (CH), 21.1 (CH—Ar), 26.6 (CH), 28.2
(CHy), 28.8 (CH), 39.2 (d, C-5,Jc-P = 19.2 Hz), 52.6 (d, C-3,
Jc-P = 19.7 Hz), 79.5 (m, C-2), 80.2 (b, C-4), 93.2 (dd, CH
terminal,Jc-P = 31.4 Hz,Jc-P = 5.2 Hz), 96.7 (dd, CH terminal,
Jo-P=33.9 Hz,Jc-P= 5.4 Hz), 104.7 (C-1), 113.7 (m, CH central),
114.1 (CMe), 128.9-138.0 (aromatic carbons).

Isomer 17B: 3P NMR (CD,Cl,), 6: 146.3 (d, 1P, P next to
C-3,J-P = 79 Hz), 151.3 (d, 1P, P next to C-3;-P = 79 Hz).

IH NMR (CD,Cl,), 6: 0.9-1.2 (m, 2H, CH), 1,45 (s, 3H, CH),
1.65 (s, 3H, CH), 1.6-2.2 (m, 4H, CH), 2.42 (s, 3H, CH—Ar),
2.60 (m, 18H, CH—Ar), 2.76 (s, 3H, CH—Ar), 3.61 (m, 1H, H-5),
3.76 (m, 1H, H-3), 3.83 (m, 1H, H-4), 3.97 (m, 1H, H-5), 4.18 (m,
2H, N—H), 4.75 (m, 1H, H-2), 5.24 (m, 1H, CH central), 5.33 (m,
1H, CH terminal), 5.83 (d, 1H, H-£);-2 = 3.6 Hz), 5.88 (m, 1H,
CH terminal), 7.2-7.5 (m, 8 H, CH=). 13C NMR (CDCly), o:
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16.9-17.3 (CH—Ar), 18.7 (CH), 21.2 (CH—Ar), 26.6 (CH), 28.2
(CHy), 28.8 (CH), 37.1 (d, C-5,Jc-P = 16 Hz), 53.5 (m, C-3),
79.5 (m, C-2), 80.2 (b, C-4), 91.8 (dd, CH termindd;P = 31.6
Hz, Jc-P = 8 Hz), 97.3 (m, CH terminal), 104.8 (C-1), 113.7 (m,
CH central), 114.1 (CMg, 128.9-138.0 (aromatic carbons).

Allylic Alkylation of rac-1,3-Diphenyl-3-acetoxyprop-1-ene
(S1). A degassed solution of [Pd@R-CsHs)]2 (0.9 mg, 0.0025
mmol) and the diphosphoroamidite ligand (0.0055 mmol) in
dichloromethane (0.5 mL) was stirred for 30 min. Subsequently, a
solution ofrac-S1 (126 mg, 0.5 mmol) in dichloromethane (1.5
mL), dimethyl malonate (17LL, 1.5 mmol), N,O-bis(trimethyl-
silyl)-acetamide (37@.L, 1.5 mmol), and a pinch of KOAc were
added. The reaction mixture was stirred at room temperature. After
5 min the reaction mixture was diluted withEx (5 mL), and
saturated NECl(aq) (25 mL) was added. The mixture was extracted
with Et,O (3 x 10 mL), and the extract was dried over MgsSO
The solvent was removed, and the conversion was measured by
IH NMR. To determine the ee by HPLC (Chiralcel-OD, 0.5%
2-propanol/hexane, flow 0.5 mL/min), a sample was filtered over
basic alumina using dichloromethane as the eluent.

Allylic Alkylation of rac-3-Acetoxycyclohexene (S2) anthc-
3-Acetoxycycloheptene (S3)A degassed solution of [Pd@GR-
C3Hs)]2 (0.9 mg, 0.0025 mmol) and the diphosphoroamidite ligand
(0.0055 mmol) in THF (0.5 mL) was stirred for 30 min. Subse-
quently, a solution of substrate (0.5 mmol) in THF (1.5 mL),
dimethyl malonate (17LkL, 1.5 mmol), N,O-bis(trimethylsilyl)-
acetamide (37@L, 1.5 mmol), and a pinch of KOAc were added.
The reaction mixture was stirred at room temperature. After 30
min the reaction mixture was diluted with & (5 mL), and
saturated NECl(aq) (25 mL) was added. The mixture was extracted
with EtO (3 x 10 mL), and the extract was dried over MgsSO
Conversion and enantiomeric excess were determined by GC using
an FSp-Cyclodex 25 m column (ii.d. 0.2 mm, film thickness 0.33
mm, carrier gas, 100 kPa He, FID detector).

Allylic Alkylation of 1-(1-Naphthyl)allyl Acetate (S4). A
degassed solution of [Pd@R-C3Hs)]» (1.8 mg, 0.005 mmol) and
the diphosphoroamidite ligand (0.011 mmol) in dichloromethane
(0.5 mL) was stirred for 30 min. Subsequently, a solutiomauf
S4 (113 mg, 0.5 mmol) in dichloromethane (1.5 mL), dimethyl
malonate (171uL, 1.5 mmol), N,O-bis(trimethylsilyl)-acetamide
(370uL, 1.5 mmol), and a pinch of KOAc were added. The reaction
mixture was stirred at room temperature. Afez h the reaction
mixture was diluted with EOD (5 mL), and saturated NJ€l(aq)

(25 mL) was added. The mixture was extracted witfCE{3 x 10

mL), and the extract was dried over MgsO'he solvent was
removed, and the conversion and regioselectivity were measured
by 'H NMR. To determine the ee by HPLC (Chiralcel-OJ, 3%
2-propanol/hexane, flow 0.7 mL/min), a sample was filtered over
basic alumina using dichloromethane as the eluent.
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