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ABSTRACT

(DtBPF)PdX ,
o} @— X
0 S/C = 100-1000 A \Pd/
AP+ R R r Fe "N
¢
R NaO'Bu R Q;EK X
X =Cl, Br r-100°C .
solvent, 1M 80-100% conv
X = Cl (DtBPF)PdCI,
X = Br (DtBPF)PdBr,

o-Arylation of various ketones with aryl chlorides and bromides using the well-defined and air-stable (DtBPF)PdX 2 (X = Cl, Br) catalysts gave
80—100% vyield of the coupled products under relatively mild conditions at low catalyst loadings. The X-ray structure of (DtBPF)PdCI , revealed
the largest P —Pd—P hite angle (104.2 °) for a ferrocenyl bisphosphine ligand. 3P NMR monitoring of (DtBPF)PdCI ,-catalyzed reaction of
4-chlorotoluene with propiophenone indicated that DtBPF remained coordinated in a bidentate mode during the catalytic cycle.

Toward the end of the last century, there was a paradigm studied the applications of Pd-based N-heterocyclic carbenes
shiftin the area of €C bond forming reactions, in designing and diaminochlorophosphines, respectively,dearylation
complex organic molecules via Pd-catalyzed coupling. of ketone enolates, while Ch&nand Buchwalé have
Among the various cross-coupling reactions, such as Heck,independently reported asymmeteiearylation using chiral

Suzuki, Stille, Sonogashira, Negishi, and Kumada, Pd- atropoisomeric bisphosphine-based nickel catalysts.

catalyzedo-arylation of carbonyl compounds has emerged

as a powerful new €C bond forming method. Seminal work
from the groups of Hartwityand Buchwald identified
palladium precursors such as Pd(OAand Pd(dba} in

By virtue of their adjustable electronic, steric, and bite
angle properties, bidentate ferrocenylphosphines have be-
come a very important class of ligands in transition-metal-
catalyzed reactions in organic synthésisl'-Bis-substituted

conjunction with bulky, electron-rich monodentate or biden-  ferrocenylphosphines have been particularly successful for
tate phosphines as viable catalytic systems for such trans-a wide range of Pd-catalyzed-C and C-heteroatom cross-

formations. Nolath and Ackermah have also effectively
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coupling reaction8.Recently, our group has reported the
superior catalytic activity of the air-stable, preformed catalyst
1,1'-bis(di-tert-butylphosphino)ferrocene palladium dichlo-
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ride (DtBPF)PdC] in Suzuki coupling of a wide variety of
aryl chlorides® In continuation of our studies toward
developing simple and elegant catalytic processes fe€C

The X-ray structure determination of (DtBPF)Pd(ig-
ure 2) has been useful in explaining the structaetivity

bond forming reactions, we report herein the application _

studies of (DtBPF)Pdghnd its analogous bromide complex
in thea-arylation of ketone enolates with aryl bromides and
chlorides. We also report the X-ray crystal structure of
(DtBPF)PdC} with a view to understand its unique catalytic
activity in comparison to the respective in situ catalytic
systems and other examples of palladium complexes 6f 1,1
bis-substituted, bidentate ferrocenylphosphines.

Figure 1 illustrates the various Pd complexes of ferroce-

R R R =Ph, X =Cl (DPPF)PdCl,

_\p/ X R =Pr,X =Cl (DiPPF)PdCl,

o Spg”” R=Cy, X=Cl (DCPF)PdCl

Ve \x R =Bu, X = Cl (DtBPF)PACI,

@7—/P\ R =Bu, X = Br (DtBPF)PdBr,
R R R=1Bu,X=1 (DIBPF)Pdl,

Figure 1. Bis(phosphino)ferrocene—PdXomplexes.

nylphosphines employed in this study, while Table 1 shows
their relative reactivity in the arylation of a model system

Table 1. Performance of Pd—Bisphosphinoferrocene-Based
Catalysts in the Arylation of Propiophenone with
4-Chlorotolueng&

entry precatalyst conv® (%)
1 (DPPF)PdACl, NR
2 (DiPPF)PdACl, 14
3 (DCPF)PACl; 42
4 (DtBPF)PdCl, 88
5 (DtBPF)PdBr; 89
6 (DtBPF)Pdl, 12
7 Pdy(dba)s/DtBPF NR

a@Reaction conditions: 3 mmol of 4-chlorotoluene, 3.3 mmol of
propiophenone, 0.06 mmol of catalyst, 3.3 mmol of N&® 3 mL of THF,
60 °C, 3 h reaction time? Conversion was determined by GC.

(propiophenone with electron neutgsra-chlorotoluene) at

1 M substrate concentration in THF solvent at €D for a
reaction period of 3 h. Both (DtBPF)PdCind (DtBPF)-
PdBr, led to high conversions, while the Ritha/DtBPF in
situ generated catalyst gave no activity under identical
conditions (Table 1, entries 4 and 5 vs entry 7). Among the
preformed catalysts, the activity increased in the order Ph
< i-Pr < Cy < t-Bu. This observation was similar to our
earlier observation on Suzuki coupling of aryl chloritlesd
Buchwald-Hartwig aminations? Surprisingly, (DtBPF)Pdl
catalyst gave only 12% conversion.

(8) (@) Colacot, T. J.; Parisel, Serrocenes: From Materials and
Chemistry to Biology; Wiley: Chichester, UK, in press. (b) Colacot, T. J.
Chem Re. 2003 103 3101 (see references therein). (c) Colacot, T. J.
Platinum Met. Re. 2001,45, 22. (d) Colacot, T. J.; Quian, H.; Cea-Olivares,
R.; Hernandez-Ortega, 8. Organomet. Chen2001,637—639, 691.
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Figure 2. (DtBPF)PdC} complex. Selected bond lengths (A) and
angles (deg): PdP1 2.3466(16), PdP2 2.3503(15), PdCI1
2.3607(15), Pe-CI2 2.3532(15); PAPd—P2 104.22(5), Cl4-Pd—

CI2 83.66(5), PL—Pd—CI2 159.98(6), P2—Pd—CI2 88.17(5), P1—
Pd—CI1 88.74(5), P2—Pd—Cl1 160.82(5).

relationship of the catalyst. As shown in Figure 2, Pd has a
distorted square planar geometry with the two phosphorus
atoms in ecis configuration. Notably, the PPd—P bite angle

of the bidentate ligand in (DtBPF)PdCIs the largest
(104.22°) in the series of bisphosphinoferrocene complexes
of PAdCL.8211This is in agreement with the X-ray structure
of an oxidative addition product, (DtBPF)Pd(Br)(4-CN—
CsHs) (104.28°), reported by Hartwig et & Although the
reported bite angle of the isopropyl analogue (DiPPF)RdCI
is 103.98,112 this catalyst has not been very active for
o-arylation and aryl chloride Suzuki couplifig-his suggests
that, in addition to the larger bite angle, the bulky, electron
rich t-Bu groups on the phosphorus atoms play a crucial role
in providing the apt electronic and steric balance necessary
to facilitate the oxidative addition and subsequent reductive
elimination steps during the coupling of challenging sub-
strates, such as aryl chlorides.

The in situ catalyst system generated from(Bla) and
DtBPF ligand in 1:1 molar ratio has shown no activity in
the model reaction after 3 h (Table 1, entry 7), although there
are reports on the use of DtBPF ligand in conjunction with
Pd precursors in Suzuki,Buchwald—Hartwig aminatiof:

(9) Colacot, T. J.; Shea, H. Arg. Lett.2004,6, 3731.

(10) Hagopian, L. E.; Campbell, A. N.; Golen, J. A.; Rheingold, A. L,;
Nataro, C.J. Organomet. Chen2006,691, 4890.

(11) (a) (DIPrPF)PdGI P—Pd—P= 103.59°: Elsagir, A. R.; Gassner,
F.; Gorls, H.; Dinjus, EJ. Organomet. Chen200Q 597, 139. (b) (DCyPF)-
PdChb: P—Pd—P= 102.45°: see ref 10. (c) (DMPF)PdCIP—Pd—P=
99.3°: Bianchini, C.; Meli, A.; Oberhauser, W.; Parisel, S.; Passaglia, E.;
Ciardelli, F.; Gusev, O. V.; Kal'sin, A. M.; Vologdin, N. \Organometallics
2005 24, 1018. (d) (DPPF)Pd@l P—Pd—P=97.98: Butler, |. R.; Cullen,
W. R.; Kim, T. J.; Rettig, S. J.; Trotter, Organometallics1985,4, 972.

(12) Mann, G.; Shelby, Q.; Roy, A. H.; Hartwig, J. ®rganometallics
2003,22, 2775.

(13) Itoh, T.; Mase, TTetrahedron Lett2003,46, 3573.

(14) Hamann, B. C.; Hartwig, J. B. Am. Chem S0d.998,120, 7369.
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ketonea-arylation?® and Heck coupling® This observation || N

prompted us to have a closer look at the influence of Scheme 1
stoichiometry of Pd:DtBPF in the ketorearylation reac-

tions (Table 2). A control experiment performed in the o R O
Cl 1.1 equiv NaO'Bu O
Q : 2
THF-d8. 1M 1H NMR: 24% conv
Table 2. Effect of Pd:L Ratio and Concentration on the -
L
d

Activity @{Q‘ @{QL
N o I1I) tgglls/loigpai precursor 0 O SWI(;/jéZt%EZ);DdCIZ Fe >P N é /Pd(O)
JOE Q)V Trreqmeoes () =7k Ax
60°C, THF, 3 h a1
31p NMR P NMR
[s] PA:DtBPF  conve 5= 63 ppm 4= 54ppm
entry Pd precursor (mmol/mL) mole ratio (%)
1 Pday(dba)s 1 no ligand NR
2 Pdy(dba)s 1 1:0.5 70 peak characteristic of (DtBPF)PdGtomplex (63 ppm)
3 Pdy(dba)s 0.5 1:1 35 completely disappeared during the catalytic cycle with the
4 Pds(dba)s 0.33 1:1 31 formation of a new singlet at54 ppm. This singlet could
5 (DtBPF)PACly 1 11 80 be attributed to an active catalytic species, (DtBPF)P#(8).
aConversion was determined by GC. The absence of a peak at ca. 25 pfiraharacteristic of a

mono-uncoordinated bidentate ligand, unlike in the case of
the stoichiometric reaction, indicates that DtBPF ligand
absence of DtBPF gave no reaction. Interestingly, when Pd  possibly retains its bidentate coordination mode during
(dba) and DtBPF were employed in a 1:0.5 molar ratio at catalysis, under these conditions. The fact that no transient
1 M substrate concentration, 70% conversion to the dESirEdspecieS are detected in the NMR time scale suggests that
product was observed (Table 2, entry 2 vs Table 1, entry 7). (n>-DtBPF)Pd(0) could be the ground state of the reactfon.

However, at lower substrate/catalyst concentrations, a Pd:  The identification of the pre-isolated complexes (DtBPF)-
DtBPF ratio of 1:1 gave modest to moderate conversions pqc}, and (DtBPF)PdByras efficient catalysts in the-ary-
(Table 2, entries 4 and 5). Very interestingly, the preformed |ation of propiophenone with 4-chlorotoluene prompted us
complex, (DtBPF)PAG] with a formal Pd:DtBPF ratio of  to investigate their generality with respect to various other
1:1 gave the highest conversion within 3 h at 1 mol % gypstrates. Catalysis using (DtBPF)PdEti to high conver-

catalyst loading, even at high substrate concentration (Tablesjons at room temperature in the arylation of propiophenone
2, entry 6). The above results indicate that, for the in situ

systems, the optimum Pd:DtBPF ratio is 1:%5This
difference in reactivity behavior could be explained based
on the formation of Pd(0)(DtBPFRand differential release ~ Table 3. Room Temperature (DtBPF)Pd&Catalyzed
of the ligand to form the active species at various ligand ®-Arylation of Aryl Bromides
ratios and concentrations. This is in agreement with Buch- 0 2 mol % (DIBPF)PACI, Q
wald’'s observations on the influence of Pd:L ratios in  an.p « ©)\/ 1.1 equiv NaO Bu ©)Kr”
amination using Pd(dbg)XantPhos in situ systents. 1M, THE

Hartwig also observed that a Pd(dgBxBPF molar ratio entry
of 1:0.5 is optimal in thex-arylation of ketoneg? Using3'P o :
NMR spectroscopy, his group monitored the stoichiometric 1 /©/ Ead G /@fr 86 (51)
reaction of the oxidative addition product and postulated that cl

one of the phosphorus atoms may decoordinate to form a , /©/Bf i Br
MeC

substrate conve (%) i entry  substrate conv* (%)

tricoordinate palladium center upon enolate coordination. To weEn OMe
test this hypothesis, we also monitored the fate of the /©/Br
3
MeC

86 (65)

preformed (DtBPF)PdGlcatalyst ino-arylation by NMR 78" F

(Scheme 1).

H Br 13
While reacting 4-chlorotoluene with propiophenone in /@fr P8 C[
THF-ds at 1 M substrate concentration, in the presence of  peo wEn Pr

NaOBu base and 5 mol % of (DtBPF)PdGbading, 24% . . Br
conversion was observed after 2 h atFtrthermore, the ° @r 9o (80) | /©/ 98 (96)
1 u

(15) (@) Shaughnessy, K. H.; Kim, P.; Hartwig, JJFAm. Chem. Soc. aConversion was determined by GC. Isolated yields reported in

ﬁg?tgllé){g’ %2?;7(&)5 Boyles, A. L.; Butler, I. R.; Quayle, S.Tetrahedron parenthese®. With 0.1 mol % of (DtBPF)PdG| 100°C, dioxane.
(16) A réviéwer suggested that free dba ligand released from the reaction

of Pdy(dba) with DtBPF might inhibit the catalysis. We are also currently

studying the reaction of B@llbay with DtBPF at different stoichiometries. : - : ;
(17) Klingensmith, L. M.; Streiter, E. R.; Barder, T. E.; Buchwald, S. with challenglng aryl bromides (Table 3)' Electron-rich

L. Organometallic2006,25, 82. substrates as well as sterically hindered substrates were
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efficiently converted to the desired product under mild
rgacuon cqndmon; (Table 3, entries-@ and 8). Howeyer, Table 5. Effect of the Ketone Substrate in the
highly sterically hindered substrates, such as 2,6-diisopro- pigpr)pdcy-Catalyzeda-Arylation

pylbromobenzene, gave very low conversions. This method

. 2 mol % (DtBPF)PdCl, o
(room temperature) also allowed us to carry out selective 0 1.1 equiv NaO'Bu - )J\r Ar
arylation using a dihalogenated arene substrate, where ArCl+ RAR 100 °C, dioxane, 1 M &
coupling occurred only at the-€Br center (Table 3, entry ontry  substrate product conve (%)

1). (DtBPF)PdC] was tested at low loadingS(C 1000/1)

. . o ) 1
for an unactivated bromide with high conversion (Table 3, O 1 O o ‘ 99 (95)
entry 3). O O
The activity of (DtBPF)PdGI catalyst in the ketone 2 o
o-arylation was tested using very challenging aryl chloride , ©fk ‘ 99 (95)
substrates (Table 4). While sterically hindered aryl chlorides, F O
o o
3 Meo\©)k MeO O 98 (91)
Table 4. Effect of the Aryl Chloride Substrate in the o O
(DtBPF)PdC}-Catalyzedo-Arylation of Propiophenone 1% O 99 (82)
0 2 mol % (DIBPF)PAC, o 4 /@A O
1.1 equiv NaO'B Ar MeO
v O e (Y S S e
. . . FiC FoC O 98 (60)
entry substrate conv® (%) i entry substrate conv® (%)
; cl CcF. O CF,
: 99 (91) : Q O 99 (92)
1 99 (86) .4 s
| o ®
/©/ 96 (95) OMe oo

4K

o
i
Cl !
5 /@E 91 (90) 3
o

Gl 7 O OMe
P8 /@/OMe 93 (61) 9 ‘
99 (93) E o o O 98 (90)
el g
MeO

OMe

aConversion was determined by GC. Isolated yields reported in

parenthesed. The reaction was performed using dioxane at 100 2 Conversion was determined by GC. Isolated yields reported in

parenthese$.47% bisarylation product determined by GC.

such as 2-chlorea-xylene and chloromesitylene, proceeded  In conclusion, we have identified well-defined and air-
smoothly at 60C in high conversions (Table 4, entries@), stable (DtBPF)PAX(X = Cl, Br) catalysts for the arylation
the electron-rich 4-chloroanisole required higher temperature of various ketones with aryl chlorides and bromides in
to reach full conversion (Table 4, entry 7). Inversely, the excellent yields, under mild reaction conditions, and low
effect of the ketone substrate was also studied using difficult catalyst loadings (S/@ading up to 1000/1) with very good
aryl chlorides, such as 2-chloroxylene and 4-chloroanisole ~ reproducibility, in comparison to the respective in situ
(Table 5). Various acetophenone derivatives reacted effi- Systems. Preliminary NMR investigation of the Pd:DtBPF
ciently with sterically hindered 2-chlonmrxylene to give the ~ ratios of the preformed and in situ systems in catalysis
products in excellent isolated yields (Table 5, entrie$). indicates that the well-defined catalyst (DtBPF)PdiSla

We also tried to understand the effect of substrate, base preferred choice. The mechanistic and structural studies to
and stoichiometry on monoarylation versus diarylation. understand the lower activity of (DtBPF)Rdh comparison
Sterically crowded aryl halides (e.g., 2-chlarexylene) gave to that of its analogous chloride and bromide counterparts,
only monoarylation products, while sterically less hindered are in progress.
substrates such as 4-chloroanisole led to both mono- and .
bisarylation products even when stoichiometric amounts of _Acknowledgment. We thank Dr. Glenn Yap of Univer-
the reagents were used (Table 4, entry 7). The selectivity SIY of Delawarg for X-ray structure determination. Fred
toward the monoarylated product was, however, increasedHancock and Bill Tamblyn, Johnson Matthey CCT, are
by increasing the amount of base, while the selectivity of acknowledged for useful discussion and encouragement.
the bisarylated product was improved by using excess of

4-chloroanisole (Table 5, entry 8). Supporting Information Available: Experimental pro-

cedures, characterization data, and a X-ray crystallographic

(18) No free ArPBu, due to DtBPF cleavage under catalydiearylation data of (DtBPF)PdQI This material is available free of

conditions was observed. For DtBPF cleavage under O-arylation conditions, charge via the Internet at http://pubs.acs.org.
see: Shelby, Q.; Kataoka, N.; Mann, G.; Hartwig, JJFAm. Chem Soc.
2000,122, 10718. OL702430A
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