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The cationicexoisopropylidenex-allylpalladium complex [Pdf{-CH,CMeC=CMe,)(dppb)I1BAr, (1;
ArF = CgH3-3,5-(CR),), was prepared, and its solid-state structure was determined by X-ray crystal-
lography. The CMgplane of theexaisopropylidene moiety and thg-CH,CMeC plane are not coplanar,
with a dihedral angle of 66.06A reaction betweef and a stabilized nucleophile, Na[CMe(@@e),],
took place at the terminal methylene carbom®H,CMeC to give the corresponding allene exclusively.
On the other hand, a reaction bfwith a Grignard reagent proceeded via an initial nucleophilic attack
at the Pd center to give a conjugated diene. Comfilskowed good catalytic activity in the reactions
between 2-bromo-1,3-dienes and stabilized nucleophiles, and a variety of allenes were obtained in good
yields. The dynamic process of forming the alkylidenallylpalladium complexes from 2-bromo-1,3-
dienes and Pd(0) was also examined.

Introduction dienes, which takes place with clean inversion of the double-

bond configuration (eq 3.

Recently, we reported Pd-catalyzed enantioselective synthesis
of axially chiral allenes from 2-bromo-1,3-dienes and stabilized n/\/\
nucleophiles (eq 1, top),which proceeds via a (1,28 Br

- Nu
butadien-3-yl)palladium (alkylidene-allylpalladium) interme- +paL, sz/gi S
diate (specied\).12 The intermediary alkylidena-allylpalla- A/OE/ @) " H
dium species can be generated by oxidative addition of an alka-Rw_ _, “ P(O)(OR),
2,3-dienyl ester to a Pd(0) specigsand the route was utilized
for dynamic kinetic resolution of the racemic allenic estées) , '
1, bottom). Another reaction via an alkylidemeallylpalladium RN _+Pdly | Ré’z/'g/;_ REX, R“\L )
intermediate is Pd-catalyzed cross-coupling of 2-bromo-1,3- Br ) " >
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In this report, the first crystal structural study on a (1,2,3-
n3-butadien-3-yl)palladium complex, [PgECH,CMeC=CMe,)-
(dppb)]BAr,, is described. Application of the palladium
complex in stoichiometric reactions as well as in catalytic
reactions is also examined in detail.

Results and Discussion

Preparation of [Pd(#3-CH,CMeC=CMe,)(dppb)]BAr F,
(2). The cationic palladium complekwas prepared as depicted
in Scheme 1. A mixture of [Pg-CsHs)(dppb)]Cl, which was
generated in situ from [PdGJ#-C3Hs)]» and dppb, and Na[CMe-
(COMe);] (3m; 1.05 equiv to the Pd complex) was stirred for
ca. 20 min in THF at room temperature to give a dark orange

[Pd] = Pd'(binap)

in thex3-allyl moiety (H2and H in Scheme 2, top). They were
detected as clearly separated sharp resonances at and above room
temperature, and no line-broadening was observed even at 100
°C in tolueneds. In accordance with this, the Pd compléx
showed a pair of well-resolved doubletsiat5.3 and 30.7 with
2Jpp = 46.3 Hz between 23 and 10C in the3P{1H} NMR
spectra in toluenes. These indicate that a—o—x process
involving a (o-allenylmethyl)palladium species is not effectively
operative inl (Scheme 2, top). This is a clear contrast to the
dynamic behavior of analogous (hexatrienyl)palladium com-
plexes (Scheme 2, bottor?) The 7—to—o isomerization inl

is not preferable, because the palladium center becomes more
electron deficient (16eto 14€’) upon isomerization due to the
noncoordinating character of the BAr anion. On the other

solution. The dark color i_ndicates formation of a coordinatively hand, the anion in the (hexatrienyl)palladium species is bromide,
unsaturated Pd(0) species. The Pd(0) species was metastablg,y simyltaneous isomerization and bromide coordination/

(probably solvated by THF) and decomposed to palladium black gissqciation maintain the 16-electron count of the palladium

during prolonged stirring. Addition of stoichiometric Me=
CBr—CMe=CH; (2d)” to this solution and stirring for a few

hours at room temperature lightened the dark color and a pale

yellow mixture was obtained. After removal of an insoluble
precipitate by filtration, the filtrate was evaporated to dryness
under vacuum. Treatment of the residue with a stoichiometric
amount of NaBAf, (ArfF = —CgH3-3,5-(CR),)® in dichlo-
romethane afforded the cationic palladium complex fPtH,-
CMeC=CMe,)(dppb)]BAF, (1). The complex is air- and
moisture-insensitive and can be purified by silica gel chroma-
tography (with CHGJ as an eluent) under air. The complex was
obtained in 95% vyield as a highly viscous oil, which slowly
solidified on standing.

The solution behavior of was studied in a noncoordinating
solvent (CDC4 or tolueneds). In the NMR spectra ofl in

CDCls, no (or very slow) exchange was observed between the

two methyl groups in the isopropylidene moiety (Mand Me
in Scheme 2, top) as well as the two terminal Ztydrogens

(6) Benyunes, S. A.; Brandt, L.; Fries, A.; Green, M.; Mahon, M. F.;
Papworth, T. M. TJ. Chem. Soc., Dalton Tran$993 3785.

(7) Magnus, P.; Westwood, N.; Spyvee, M.; Frost, C.; Linnane, P.;
Tavares, F.; Lynch, VTetrahedron1999 55, 6435.

(8) Brookhart, M.; Grant, B.; Volper, Jr., A. FPrganometallics1992
11, 3920.

center in ther—o—m process.

X-ray Crystal Structure Study of 1. Slow diffusion of
pentane into a concentrated,@tsolution ofl grew prismatic
colorless crystals, and the solid-state structure was determined
by single-crystal X-ray crystallography (Figure %15elected
bond lengths and angles are listed in Table 1. The overall
molecular structure of the complex is distorted four-coordinate
square planar. The Pd(1P(2) bond is longer than the Pd{1)
P(1) bond, which can be attributed to a strongansinfluence
from C(3) than that from C(1). Thexcalkylidene C(3)-C(4)
bond length is 1.292(10) A, which is in a typical range for
olefinic C=C double bonds. The CMeplane of theexc
isopropylidene moiety and thg3-CCMeCH plane are not
coplanar, with a dihedral angle of 66:0&o bonding interac-

(9) Crystallographic data fordzHs1BF24P,Pd: MW = 1491.28; triclinic;
space groufPl; a = 12.9774(11) Ap = 21.5134(17) Ac = 12.9372(7)
A, o = 104.254(4), p = 90.176(3), y = 77.2712(119; V = 3409.7(4)
A3 7 =2;d=1.452 g/crd, u = 4.24 cm?; crystal dimensions 0.4&
0.30 x 0.20 mm; R1= 0.0792 ( > 20(l)); R = 0.1058 (all reflections);
wR2 = 0.2757 (all reflections); maximum/minimum residual density
1.22/-0.72 e/R. Data were collected on a Rigaku PAXIS-RAPID imaging
plate diffractometer with graphite-monochromated Ma Kadiation ¢ =
0.7107 A). Full details of the crystallographic analysis are described in the
Supporting Information.
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Figure 1. ORTEP drawing of the cation in [Pgf-CH,CMeCG=CMe,)(dppb)]BAF, (1) with 30% thermal ellipsoids. The BA;~ anion

and all hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Distances and Angles for 1
Bond Distances (A)

Scheme 3

Pd(1)-P(1) 2.2973(11) PA(BHP(2) 2.3322(16) /g\ 7~ CMe(COMe)
Pd(1)-C(1) 2.205(7) PA(BHC(2) 2.195(7) e AN % 2Me),
Pd(1)-C(3) 2.127(7) cayc2) 1.388(12) dyr  NeICMe(CO-Me),] (Bm) 7 4dm (78%)
C(2-C(3) 1.445(9) C(3YC(4) 1.292(10) P~ P X
C(2)-C(5) 1.520(12) C(4rC(6) 1.509(9) 1
C4)-C(7) 1.502(11) PhCH,MgCl Cl:’/le(COZMe)g
Bond Angles (deg) (6) 5 (0%)
P(1-Pd(1-P(2)  101.42(4) P(BHPd(1-C(3)  102.16(16)
C(1)-Pd(1}-C(3)  67.5(3)  P(2}Pd(1)-C(1) 90.2(2)
C(1)-Pd(1)-C(2) 36.8(3) C(2yPd(1)-C(3) 39.0(2)
C(1-C(2)-C(3)  116.4(7) C(1¥C(2-C(5)  122.4(8) _Pd”Ph
C(3-C(2-C(5)  1203(7) PAd(HCER)-C() 121.2(6) P" % 7(68%) °"
C(3)-C(4)-C(6)  124.5(6) C(3yC@)-C(7)  119.7(6) ~— 8 °
C(2-C(3)-C(4)  136.3(6) C(6yC(4)-C(7)  115.8(7) Scheme 4
tions are observed between the cationic palladium moiety and RZ RS Pd complex 1 R?
the BAF,~ anion. 1% + M-Nu (2 mol %) R1’§.
Reactions of 1 with NucleophilesAlkylidene--allylpalla- ¥ THF, 40°C Y\NU
dium species have been suggested as probable intermediates in 2a.f 3m-o PRy
several Pd-catalyzed nucleophilic substitution reactions to give 28R = Ph R2= B H X < B am: NalGMe(COOM
either allenes or conjugated dienes selectively depending on the 2 R "Gy RS RS H X Br 3';1'K[3&NH%C)(COO?5]2]
nature (stabilized or nonstabilized) of the nucleophilesc- 2c:R!'='Bu,R°=R%=H, X =Br 30: KN(boc),

cordingly, reactions of the Pd complex with a couple of
nucleophiles were examined. A reactionlofith the stabilized
nucleophile, Na[CMe(C&\e),] (3m), proceeded cleanly to give
the allenic producddm in 78% isolated yield. The nucleophilic
attack was highly regioselective at the Celrbon of they®-
allylic moiety (C(1) in Figure 1), and the conjugated diene

2d:R'=R2=R3=Me, X = Br
(2-2e:R'=Ph, R2=Me, R®=H, X = Br
(B)-2e:R! = Me, R = Ph, R® = H, X = Br

2f:R' = Me, R? = Ph, R® = H, X = OTf

form the @E-butadienyl)benzylpalladium intermedia& and
following reductive elimination gives/. The nucleophile-
dependent allene/1,3-diene selectivity shown in Scheme 3 was

which was an expected product from a nucleophilic attack at yreviously predicted by a theoretical stdéignd is consistent
C(3), was not detected at all. On the other hand, a reaction with yith the results of several catalytic reactiéns.

a nonstabilized nucleophile, Ph@WgCl (6), afforded the
conjugated dien in 68% vyield exclusively (Scheme 3).
In the 53-butadienyl ligand ir, the tricoordinate C(3) atom

Application of 1 as a Catalyst Precursor in Allene

Synthesis ReactionThe palladium compleg can be regarded
as an isolable intermediate of the Pd-catalyzed allene synthesis

should be a better-acceptor than the tetracoordinate C(1). And  reaction, and thus it should function as a catalyst precursor in
thUS, the former becomes more electron-rich than the Iatter; thatthe reaction. The pa”adium Comp|é)vvas app“ed to reactions

is, C(1) is more electrophilic than C(3). The stabilized nucleo- of 2-bromo-1,3-dienes (or a 1,3-dien-2-yl triflat€) with
phile 3m attacks C(1) from the opposite side of Pd(1) with stabilized nucleophile8, and the results are summarized in

respect to theypS-allyl plane to produce the allenddm
selectively. The reaction witBitakes place in a different manner,

Scheme 4 and Table 2. In all the cases examined here, the
reactions proceeded cleanly and di- (entrie}, tri- (entries

and a plausible route to the formation of the conjugated diene 7—10), and tetrasubstituted (entry 6) allenesere obtained

7 could be explained as follows. The nonstabilized nucleophile

6 attacks the Pd center instead of thebutadienyl ligand to

(10) Bigot, B.; Delbecq, FNew J. Chem199Q 14, 659.
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Table 2. Preparation of Allenes 4 Catalyzed by Pd Complex binap catalyst gave the axially chiral alleri®)4ent2 of 57%

12 ee in 56% yield (Scheme 7). On the assumption that there is no
entry diene2 nucleophile3 time (h) yield of4P (%) exchange process betweanti-12 andsyn12, the reaction of
1 2a 3m 18 84 @gam) (2)-2ewith 3n’ catalyzed by PdR)-binap should form$)-4en,
2 2a 3n 24 88 @an) in which the relative positions of the Ph group and the Me group
3 2a 30 24 70 @ao) on the allenic terminal carbon are reversed compared with the
4 2b 30 24 79 @bo) allenic product from E)-2e As predicted from Scheme 6,
5 2c 30 36 76 éco .
6 2d 3m 4 91 @dm) however, the product fronZj-2ewas also R)-4enwith nearly
7 @-2e 3am 24 95 gem) identical enantiopurity (58% ee, 61% yield).
8 (E)-2e 3n 72 35 den)©
9 (2)-2e 3n 36 29 den) ;
10 of an 5 90 @en) Conclusions

In summary, we have determined a solid-state structure of
an alkylidenes-allylpalladium complex for the first time. While
the Pd complex reacts with a stabilized nucleophile at the
unsubstituted terminal of thg-allylic moiety to give an allene,
a Grignard reagent attacks at the Pd center to give a conjugated
diene. The nucleophile-dependent selectivity is consistent with

aReaction was carried out with(1.0 mmol) and3 (1.1 mmol) in THF
in the presence of (0.02 mmol; 2 mol %)’Isolated yield by silica gel
chromatography:Remaining substrat&jf-2ewas recovered in 44% yield.

exclusively; no conjugated dienes were detected. In our original
report of the reactioff it was found that the choice of phosphine  previously reported allene versus diene selectivity in alkylidene-
ancillary ligand was important to gain high activity of the ;. 5y|5aliadium-mediated reactions. The Pd complex was found
palladium catalyst. The_best _ch0|ce was the'[r_larylblsphosphlnet0 be a good catalyst precursor for the reactions between
dpbp;* and a Pd species with dppb, which is the phosphine 5 ,.4mq.1 3 dienes and stabilized nucleophiles, giving allenes.
ligand in 1, showed poor performance. As a consequence, the he gynamic process of forming the alkylideneallylpalladium

catalystl showed lower cgtalytic activity,_ and relatively higher_ complexes from 2-bromo-1,3-dienes and Pd(0) was also clari-
temperature and longer time were required for the reactions in ¢oq.

Table 2.

A reaction betweenH)-2e and 3n was especially sluggish
and was incomplete even after 72 h (entry 8). An analogous
reaction with the isomericZ)-2e was also slow (entry 9). On
the other hand, the triflatef, which is isostructural toE)-2e
was much more reactive, and a reaction védthwas complete
within 6 h (entry 10). Oxidative addition of eith2eor 2f to a
Pd(0) species gives an equilibrium mixture of thelienylpal-
ladium 9 and theexcalkylidenesz-allylpalladium 10 (Scheme
5). Triflate anion is a weakes-donor than bromide, and thus
replacement of the anion in the Pd intermediates from bromide
to triflate should drive the equilibrium towarD. This may be
the origin of the different reactivity betwe@eand?2f. Because
a nucleophile attack&0 (not 9) to give an allene in the final
step of the catalytic process, the triflate substi2ftés more
reactive than the bromide substr&e

Preparation of [Pd(33-CH,CHC=CMePh)(dppb)]BArF,
(11). Another alkylidenez-allylpalladium complex, [Pd-CH,-
CHC=CMePh)(dppb)]BAF, (11), was prepared as a pale
yellow, viscous oil from 3-bromo-4-phenyl-1,3-pentadiefe) (
by the method shown in Scheme 1. Since comflerpossesses
two different substituents on tlexcalkylidene carbon, it exists
as a mixture of two isomers (see Scheme 6). Comgléx
prepared fromK)-2econsists ofnti- andsyrrisomers in a 95:5

Experimental Section

General Procedures.All anaerobic and/or moisture-sensitive
manipulations were carried out with standard Schlenk techniques
under predried nitrogen or with glovebox techniques under prepu-
rified argon.'H NMR (at 400 MHz) andC NMR (at 101 MHz)
chemical shifts are reported in ppm downfield of internal tetram-
ethylsilane 3P NMR (at 162 MHz) chemical shifts are externally
referenced to 85% #P0O,. Tetrahydrofuran was distilled from
benzophenone-ketyl under nitrogen prior to use. Dichloromethane
was distilled from Cakl under nitrogen prior to use. [PdG@K
allyl)],*3 NaBAr 8 2-bromo-1,3-diene<2g,22 2b,'¢ 2¢,'2 2d,” and
2¢%9), and 1,3-dien-2-yl triflatf2d were prepared according to the
reported methods. All other chemicals were obtained from com-
mercial sources.

Preparation of [Pd(#3-CH,CMeC=CMe,)(dppb)]-B[C¢H3-3,5-
(CF3)2]4 (1). A mixture of [PACI3-CsHs)]2 (84.5 mg, 462«mol/

Pd), dppb (200 mg, 468mol), and Na[CMe(C@Me),] (82.0 mg,

488 umol) was placed in a Schlenk flask, and to this was added
dry THF (5 mL) under nitrogen. The mixture was stirred at room
temperature for 20 min, then Mé&=CBr—CMe=CH, (2d, 98.0

mg, 560umol) was added to the flask by means of a syringe. After
stirring the reddish-orange solutionrf6 h atroom temperature,

all the volatiles were removed under reduced pressure. To the

molar ratio. No exchange was detected between the two isomersresidue were added NaB&r(470 mg, 53Qumol) and CHCI, (5

It was found that the relative configuration of the PhiteC
moiety in 2e did not affect formation ofL1; that is, ¢)-2e
also afforded11 with the identical isomeric distribution
(anti-11/synl11 = 95:5). Apparently, there is a rapid exchange
process betweesyn andanti-intermediated 2, which have a
bromide counteranion, and they reach thermodynamic equilib-
rium prior to termination of the exchange by NaBAwreatment.
The observations shown in Scheme 6 imply that the difference
betweenE- and Z-isomers of the bromodiene substrate might
show no influence in the alkylidene-allylpalladium-mediated
asymmetric allene synthesis. A reaction &)-Qe with Cs-
[C(NHAC)(CO,EL),] (3n") at 30°C in the presence of a P&)-

(11) dpbp= 2,2-bis(diphenylphosphino)-1:biphenyl. See: Ogasawara,
M.; Yoshida, K.; Hayashi, T.Organometallics200Q 19, 1567, and
references therein.

mL), and the mixture was stirred over night at room temperature.
The precipitates were removed by filtration, and the filtrate was
evaporated to dryness under reduced pressure. The yellow residue
was chromatographed on silica gel with CH&$ an eluent to give
the complex (655 mg, 95% vyield) as a pale yellow, viscous oil.
Recrystallization from EO/pentane gave colorless, prismatic
crystals.'H NMR (CDCl): 6 0.95 (s, 3H), 1.551.89 (m, 4H),
1.83 (s, 3H), 1.96 (s, 3H), 2.32.51 (m, 4H), 3.05 (dJur = 8.6

Hz, 1H), 4.03 (d Jup = 5.1 Hz, 1H), 7.23-7.28 (m, 2H), 7.34
7.56 (m, 19H), 7.597.63 (m, 1H), 7.7£7.77 (m, 10H)3'P{1H}
NMR (CDCl): ¢ 15.3 (d,Jpp = 46.3 Hz), 30.7 (dJpp = 46.3

(12) The specific rotation value faten of 58% ee is §]2%% —38.7 €
1.26, CHC}). The absolute configuration denwas deduced by the Lowe
Brewster rule; see: (a) Lowe, Ghem. Commurl965 411. (b) Brewster,
J. H.Top. Stereochem.967, 2, 1.

(13) Tatsuno, A.; Yoshida, T.; Otsuka, Borg. Synth.1979 19, 220.
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Scheme 5
Ph Ph ~
/Sﬂ'\ [Pd%(dppb)] /Sﬂf\ dissociation of X~ Ph/Z'//T\ X
coordination of X~ b
X X,Pd(dppb) Pd(dppb)
2e (X=Br)or 9 10
2f (X = OTY)
Nu~
[Pd°(dppb)]
.V\/Nu
Ph—//
Scheme 6
Ph e, B |
/SA [P(cppb)] =13
A ., Pd(dppb)
anti-12
g [
(B)-2e F - F -
Br ¢, Ph, * BAr', Ph., ~ BAT4
#~-Pd(dppb) NelPATd F//ﬁ * )
Ph Pd(dppb) Pd(dppb)
ﬂ anti-11 (95:5) syn-11
[Pd°(dppb)]
x— Ph - Br
Ph/gA L=
Br syn2 Pdppd)
(2)-2¢ — ¥
Scheme 7 purified by silica gel chromatography (with hexane) to giMg.2.6
Ph mg, 68%) in pure form!H NMR (CDCl): 6 1.67 (br, 3H), 1.76
pay 57%ee 56%yield Ph, (s, 3H), 1.79 (s, 3H), 3.48 (s, 2H) 4.46 (dii= 1.8 and 0.8 Hz,
= T Pd(Rybinap . T\ 1H), 4.85 (br, 1H), 7.137.16 (m, 3H), 7.227.26 (m, 2H).13C-
Br - {*H} NMR (CDCly): 6 20.3, 21.9, 22.9, 37.6, 113.7, 125.6, 127.0,
(E)-2e 58% ee (H) 4en
61% yield 128.1, 128.6, 135.1, 140.8, 146.4. EI-HRMS: calcd fauHGs
Pd/(R)-binap Nu = G(NHAG)(COOE), 186.1409, found 186.1413.
Preparation of Allenes 4 Catalyzed by Pd Complex 1:
Ph/g/\ +3n N\ Fz\_ General Procedure.A mixture of the palladium compleg (6.0
Br Ph Nu mg, 4.0 mmol) and the nucleophiB(0.22 mmol) was dissolved
(2-2e (S)-4en in THF (3 mL), and to this was added the diene subst2ai@. 20

mmol) via a syringe. The mixture was stirred at appropriate

Hz). Anal. Calcd for GHsiP:BF»4Pd: C, 53.96; H, 3.45. Found: temperature until total consumption of the substrate, then filtered
C 53.95 H. 3.41. ' T through a short pad of silica gel to remove precipitated inorganic

Stoichiometric Reaction of 1 with Na[CMe(CO:Me),]: Prepa- salts. The silica gel pad was washed with a small amount 4 ,Et
ration of 4dm. A mixture of 1 (502 mg, 337 mmol) and Na[CMe- and the combined solution was evaporated to dryness under reduced
(COMe);] (3m, 59.1 mg, 352 mmol) was placed in a Schlenk flask Pressure. The residue was chromatographed on silica gel to give

and dissolved in dry THF (5 mL). After stirring f& h atroom allene4 in pure form. All the allenes obtained here are known
temperature, the solution was filtered through a short pad of.Si0  €ompounds and were characterized by comparison of their spec-

The silica gel pad was washed with a small amount ebBhree troscopic data with those reported previouglgifi?* 4an,'* 4ag?

times, and the combined solution was evaporated to dryness undefP0,* 4ca** 4dm.2c dem?c 4er?).
reduced pressure. The yellow residue was chromatographed on silica
gel (hexane/EO = 1:1) to give the allenddm (63.2 mg, 78%) as
a colorless oil. All the spectroscopic data are consistent with those
reported previouslys

Stoichiometric Reaction of 1 with PhCHMgCI: Preparation
of 3-Benzyl-2,4-dimethyl-1,3-pentadiene (7)To a THF (2 mL)
solution of1 (149 mg, 0.10 mmol) was added Ph@#yCl (0.97
M in THF, 0.21 mL, 0.20 mmol) at room temperature. The colorless
solution turned dark brown in color immediately. After stirring the
mixture for 1 h, the mixture was partitioned between ether and
water. The organic layer was washed with water and brine
successively and then dried over MgS@he crude product was ~ OM700538P
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