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Pentaphenylferraceny] di-tert-butylphosphine has been prepared in high yield from a. two-step
synthetic procedure, and the scope of various cross-coupling processes catalyzed by compiexes.
bearing this ligand has been investigated. This ligand creates a remarkably general- palladium

catalyst for ary] halide amination and for Suzuki cou

pling. Turnovers of roughly 1000 were dbseived

for amtinations with unactivated aryi bromides or chlorides. In addition, complexes of this ligand
catalyzed the formation of selected aryl ethers under mild conditions, The reactions encompassed
electron-rich and électron-poor aryl bromides and chlorides. In the presence of catalysts containing

this ligand, these ary) halldes coupled with acy

clic or cyclic secondary alkyl- and-arylamines, with

primary alkyl- and arylamines, and with aryl-and primary.alkylboronic acids. These last couplings
provide thie first. general procedure for reaction of terminal alkylboronic acids with aryl halides
without toxdc or expensive bases. The ligand not.only generates highly active palladium catalysts,
but i€ is air stable in solution and i the solid stéte, Palladium{0) complexes of this'ligand are-also
air stable as a solid end react only slowly with oxygen in solution.

Introduction

The development of ligand structures for palladium-
catalyzed cross-coupiing. processes has advanced dra-
matically in cecent years. The preparation of new Tigand
structures and the study of ligands. whose potential for
catalysis was previously untapped have led to the activa-
tion of aryl chlorides under mild conditions,’~* high

conversions with remarkably low catalyst loadings,5='%,

and the invention of new transformations,' =2 Electron-
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vich; sterically-hindered rhonodentate ligands have been
a particular focus of these studies -3 Trialkylphos-
phines, aryl dialkylphosphines, and heterocyclic carbenes
have all shown high activity, in combination with pal-
ladium precursors, for coupling reactions with aryl
chilorides. In many cases, the coupling reactions urider
study have been classic. Suzuki®> and Mizoroki—Heck.
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reactions. -3 but in other cases these reactions have
been the more recently discovered amination of aryl
halides,!1337 etherification of ary! halides," and c-aryl-
ation of carbony! compounds.'!~18

Ferrocenyl ligands are now abundant.® In many cases,
these ferrocenyl ligands are bidentate and have proper-
des such as large bite angles that are created by the
specific distance between the two cyclopentadienyl
groups. " In addition, the ferrocenyl structure cart
generate planar chirality, and the stereochemistry of
these planar-chiral ligands can be controlled by diaster-
eoselective lithiation‘? of enantiopure N.N-dimethylfer-
rocenylethylamine. 344

Several years ago, we began investigating a sterically
hindered analogue of bis(diphenylphosphino)ferrocere,
1.1"-bis{di-tert-butylphosphina)ferrocene, ' to perhaps
gerierate more active catalysts and to rank the relative
importance of steric and electronic effects on reductive
eliminations. This ligand generated complexes that
showed, for the first time, coupling of pherioxides with
unactivated aryl halides. 78 However, mechanistic stud-
jes showed that this ligand cleaved to form the mono-
phosphine, di-tert-butylphesphi noferrocene.*” Complexes
of this ligand showed activity toward aryl halide etheri-
fication that was greater than the activity of complexes
generated from 1.1'-bis(di- tert-butylphosphino}ferrocene.
Yet, we later showed that perarylation of the unsubst-
tuted Cp of di-zert-butylphosphinoferrocene occurred prior
to the etherification process during an induction period
and that this perarylation generates the true catalyst for
etherification.? When prepared in pure form, catalysts
containing di- rerr-butylphesphino pentaphenylferrocene
showed higher sctivity for the formation of ary! ethers
from aryl halides than did those containing the unsub-
stituted di-tert-butylphosphinoferrocene,

In the present work we show that this di-tert-bu-
tylphosphino pentaphenylferrocene, which we refer to as
Q-pheos from the first name of the initial discoverer, is a
remarkably general ligand for cross-coupling processes,
includifig-Stiziiki reactions of aryl and primary alkylbor-
onate esters, selected ary} halide etherifications at room
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temperature, and almost all aryl halide aminations. In
separate manuscripts we have shown that complexes of
this ligand catalyze in high yields the arylation of
malonates.*® the arylation of cyanoacetates,”®* and the
Heck arylation of olefins at room temperature.’ The
figand is prepared in two steps in high yield and is air-
stable indefinitely as a solid and in solution.

Results and Discussion

1. Ligand Synthesis and Properties. Despite the
unusual structure of Q-phos, it is prepared in only two
steps, as shown in eq 1. Monolithiation of ferrocene and

<z 1. 4BoLt <gli’mau);. Pd{OCAc),

Fo e
Geb 2. GiP(#Bu); & NaG-7Bu
95110 °C,12-18h

guenching with chlorodi-tert-butylphosphine,$ followed
by palladium-catalyzed perarylation®® of the crude prod-
uct, generated the ligand in an overall yield of about 40~
65%. During some preparations of this ligand, the
material was fsolated by recrystallization from pentane
in air instead of by column chromatography. [n practice,
the monolithiation of ferrocene and the quenching of this
anion with the chlorophosphine required specific proce-
dures to obtain high ylelds because the monolithjation
of ferrocene is not straightforward. However, selectivity
for monolithiation vs dilithiation that was roughty 4:1
was observed after following literature procedures®
involving addition of tert-butyllithium in THF at 0 °C.
To generate the initial monophosphine, we evaporated
the THF, added pentane to solidify the product, and then

~+ gdded THF to generate.d-ratio of pentane*THF that was

5:1, Addition of the chlorophosphine in this medium led
to selective reaction with the monolithiated ferrocene and
a selectivity for formation of di-tert-butylphosphinofer-
rocene vs 1,1°-bis(di-tert-butylphosphino)ferrocene that
was roughly 10:1. We reasoned that this soivent mixture
would partially dissolve the monolithiated species and
Jeave the dilithiated material in the solid phase. A typical
workup involved adsorption of the solid on silica, washing
of the silica with pentane to remove the ferrocene, and
then elution of the product all at once with ether. This
procedure generally provided 60—80% yields of material
that was pure enough to carry forward. Treatment of this
product with sodium fert-butoxide and 5 mol % palladium
acetate in neat phenyl chioride formed the pentapheny}-
ferracenyl ligand in roughly 90% yield by NMR spectro-
scopy based on the starting di-tert-butylphosphinofer-

(49) Beare, N. A,; Hartwig, J. F. J. Org. Chem. 2002, 67, 541=555.

{50) Stauffer, S. R Beare, N.; Stambuli. J. P.. Hartwig, J. F. .J. Am.
Chem, Soc. 2003, 123, 46414642,

(51} Stambuli, J. P.; Stauffer, S. R, Shau?musy.. K. H.; Hantwig.
3. F. J Am. Chem. Soc. 2001, 123, 2677—2618.

(52) Sander, R.; Mueller-Werstertofl, U. T. .. Organomet. Cherm.
1996, 512, 219~224.

(53) Miura, M.; Pivsaart, S.; Dyker, G.; Helermann, J.; Satoh, T.:
Nomura, M. Chem. Commun. 1998, 18891880,
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rocene. Recrystallization gave generally 60—-80% yield for
the perarylation step and an overall yield of 40-65%
based on ferrocene.

Despite its sterically crowded structure, the NMR
spectra of Q-phos were unremarkable. There was no
evidence for hindered rotation about the Cp—aryl c-C
bond when free in solution; the usual pattem for a phenyl
group was observed, The two tert-butyl groups were
equivalent and showed typical coupling to the phospho-
TUus.

The ligand is indefinitely stable in air and was stored
on the benchtop during studies on catalytic methods.
Moreover, the ligand is air stable in solution. A sample
of this ligand was left in berzene solution for two months
with no evidence for formation of the phosphine oxide.
This air stability is no doubt a kinetic phenomenon and
may result from a steric hindrance of the ligand that is
exacerbated by a preferential conformation of the free
ligand that places the electron pair toward the aryl
groups on the ferrocene.

We prepared other arylated di-tert-butylphosphinofer-
rocenes for studies on the effect of steric and electronic
perturbations on catalytic activity. These ligands were
prepared by arylation of di- tert-butylphosphinoferracene
with p-bromoanisole. p-bromo trifluorotoluene, and 3,5-
dimethylbromobenzene. We also prepared 1-di-tert-bu-
tylphosphino-1°.2",3" 4"-tetraphenyferrocene and l-di-tert
butylphosphino- 1°,2",3' 4'-tetra-o-tolylferrocene, although
yields were low for synthesis of these tetraaryl materials.
Brief attempts were made to prepare the arylated ligands
by generating the anfon of di-tert-butylphosphinocyclo-
pentadiene and allowing it to react with pentaphenyicy-
clopentadieny! iron chioride® that was generated Insitu,
However, this procedure led to exchange of cyclopenta-
dienyl groups, and 1,1%-bis-di-tert-butylphosphino fer-
rocene was the major product,

2. Catalytic Chemistry of Palladium-Q-phos Com-
plexes. A. Palladium-Catalyzed Amination of Aryl

_ 'Halldes. Palladium complexes of Q-phos are general

W,
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TABLE 1. Reaction of Aryl Halides with Diphenylamine
in the Presence of a Combination of Pd(dba), and

PhsFcP(1-Bu); as Catalyst
eniry ‘aryl habide product conditions® sokated yekd (%)
& 1 molve
1 @’ NPy NaO-+Bw/Toluene 99
ATt h
i Mol
2 ©/ NPy NeO-tBufTokene 98
100°G. 211
(e} NPR: 1 more
3 O 0 NaO-MBuToene 0
MeO' MeO 80°C, 128
& NPy mome
4 @ (I NaO-+BufToksens 99
Gy oHy AT, 4N
c NPh:  y mome
5 @ 1 NsO-+BYTouene 98
CHy CHy 80 . 21h
> KPh2 1 motse
& O U NaO--Buffolene 96
NC NG a5°C, 210
a NPz oSmoi%
T O: a NaO-+Bu/Toluens 95
oM ome  100°C.5h

+ A 1:2 ratio of Pd{dba); to ligand was used.

TABLE 2. Reaction of Aryl Halides with
N-Methylanitine in the Pr of a Combination of
Pd(dba); or PA{0AC); and PhsFcP(-Bu); as Catalyst

ety aryl nalde prosuct congiions® B0l yield(%)
& N 0.5 mol%
1 /0/ O O NaO-toulTolomne  63°
ey MoO W00°C, 250
Me

< N 0.5 moin
2 O:O NaO-+8uTousne  83°
CHy 100°C. 28 h
& R 1 %
> ST OO0 Ee
NC 45°C, Y9
Me
-9 N
ST OO
5. %) My

"

1 mof%
NaG-18uToluens 93
100°C, 20

catalysts for the coupling of aryl bromides and chloridessid «n s o 1.9 265 Crpdidbalg to ligand was used. & PA(OAS); was ised

with both primary and secondary aromatic and aliphatic
amines. Examples of these coupling reactions are pro-
vided in Tables 1—9. Only small amounts of hydrodeha-
Jogenation product formed from most reactions. Selec-
tivity for monoarylation of primary amines was as high
or higher than has been seen with any monodentate
ligand, S5 and this selectivity allowed for reactions of
unhindered primary amines to accur with unthindered
aryl chlorides in high yields. In addition, acyclic second-
ary amines, such as dibutylamine, coupled in high yleld
with even electron-rich aryl halides.

Table 1 shows that diphenylamine couples with a

variety of aryl bromides to form triarylamines in high,

yields. Reactions of aryl bromides occurred at room
temperature, even for the somewhat hindered 2-bromo-
toluene. Reactions of aryl chlorides required heating to
occur in reasonable reaction times, but heating at 100
*C formed the triarylamine product in nearly quantitative

(54) Ruble, J. C.; Latham, H. A.; Fu, G. C. J. Am. Chem. Soc. 1897,
1149, 1492~1493,

(55) Wolfe, J. P.; Tomori, H.: Sadigni, J. P.; Yin, J. J.: Buchwald, S,
L J Og Chem. 2000, 65, 1158~1174.

(56) Grasa, G. A.; Viclu, M. S.; Huang, J. K.: Nolan, S. F. J. Org.
Chem. 200). 66. 7T128-T731.
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as the palladium source,

yield in all cases examined. Reactions of N-methylaniline
(Table 2) also occurred in high yields for the substrates
examined. o-Chlorotoluene coupled with this secondary
amine in high yield, and electron-rich and electron-poor
para-substituted aryl bromides also reacted in good
yields. The reactions of morpholine with aryl halides are
summarized in Table 3. This cyclic secondary amine
coupled with aryl bromides and chlorides in good to
excellent. yields, with one exception. The coupling of
morphsline with o-bramotoluene occurred in low ylelds.

> The coupling of dialkylamines with ortho-substituted ary! -

bromides is generally a poor reaction for catalysts bearing
monophosphines, Reaction of cyclic dialkylamines with
ortho-substituted aryl halides has occurred with catalysts
bedring bisphosphines.’” Other than this substrate com-
bination, good yields were observed in all reactions of
morpholine tested.

Table 4 summarizes the reactions of dibutylamine, a
representative acyclic secondary amine, with aryl bro-

g‘n Wolfe. J. P.. Buchwald, S. L. J. Org. Chem. 2000, 65, 1144
1157,

J. Org. Chem, Vol. 67, No, 16, 2002 5555
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TABLE 3. Reaction of Aryl Halides with Morpholine in

Kataoka et al.

TABLE 5. Reaction of Aryl Halides with Anlline in the

the Pr of a Combination of Pd(dba)z and Presence of a Combination of Pd{dba); and
PhsFeP(-Bu); as Catalyst PhsFcP(¢-Bu); as Catalyst
entry wy s product conations®  isol, yielis) iy concitions®  isoigted yieki(%)

]
2

5 mors
NaO +HBuTovers 54
100, 18 h

-

of

7§ i
SOO0
XS

fmor%
Ne-1BuTolvene 95
TO°C, 270

Q0

1 mol%
NaO-+BulTolsane 96
1W0°C, 2th

1 Mol

<.

o

HaOr- BT
100°C 1 h

by
%

g

]

g

NeOt-BuTolene 38
0°C. 2Th

1 moi%e
NeOtBu/Totuene s
a5, N

Q
gd
XGRS

H
Q

*p |:2 ratio of Pa{uba)to ligand was used.

TABLE 4. Reaction of Aryl Halides with
Di-pbutyiamine in the Pr of s C
Pd(dba); and PhsFcP(t-Bu); as Catalyst

conditions®  isolstod yleld(%)

bination of

1 mol%
NaO-1-Bu/Tolene €9
63°C, 20h

NEu; g moi
Q' NaD-tBu/Tousre 09
PROC RT,17h

NoO-1-8u/Tolvens 37

CHy
NBU; 1 mom
O NaD-18u/Tohmne &8

Ct NBuy 0.5 ma%
.‘,s«m, 2, NaOABuTokene B4
, xS 100°C, 200

& NBuz 1
B gl e k- R
NG NG 160°C. 8N
o NBu,
0.5 mol%
] Q Q NaO-18s/Toluane 4%
100 °C, 27 h

2A 1:2 ratio of metal to ligand was used.
#pd(DAL)s was used instead of Pd(dba); as a paliadium source.

mides and chlorides. In general, the couplings of acyclic
secondary amines with aryl halides are more challenging
than-reactions of cyclicraecondary amines. Reactions of
artho-substituted ary) halides with acyclic dialkylamines
are generally poor reactions, even with bisphosphines,
and reactions of electron-rich ary} halides with acyclic
secondary amines can give large amounts of hydrodeha-
logenation product.5' Catalysts bearing Q-phos as
ligand do not solve the synthetic problem of coupling
acyctic dialkylamines with ortho-substituted aryl halides,
but they do provide high yields for reactions of less

1 oM
NaO-1-BuTolvene 95
70°C. 150

BSepe
2 @E‘; @;‘p
O
o TotoR
g g0

+ A 1:2 ratio of Pd{dba); to ligand was used.

1 moi%
NaO-18u/Touons 87
70°C. 15h

0.5 mot%
KsPOJOME
100*C. 150

w

1 mats
NeO-1-Buffolvere 86
70°C. 15h

hindered electron-rich or electron-poor aryl bromides and
chiorides. For example, reaction of 4-chloroanisole and
reaction of 4-bromobenzonitrile both provided ylelds of
over 90%. Reactions of aryl chlorides were conducted at
100 *C, but most reactions of aryl bromides occurred
smoothly at lower temperatures in reasonable reaction
times.

Reactions of primary amines with aryl bromides or aryl
chlorides also occurred in high ylelds in most cases.
Coupling of anilines is typically one of the most general
arnination processes, In accord with this assertion,
coupling of aniline with electron-rich and electron-poor
aryl chlorides and with unhindered or ortho-substituted
aryl bromides or chlarides (Table 5) occurred in high
yields in the presence of catalysts bearing Q-phos. The
amination of 4-chlorobenzonitrile with aniline in the
presence of NaO-¢-Bu as base in toluene solvent gave the
coupled product in 73% yield. Arene that is formed by
hydrodehalogenation was aiso detected by GC/MS. In
contrast, the same reaction in the presenre of the
insoluble and wesksr base KsPO, in DME sbivent gave
97% yield of 4-cyanodiphenylamine after 15 hat 100 °C.
This combination of K3PO, and DME has been used in
the past for aminations of base-sensitive aryl halides,
such as 4-cyanohalobenzenes @

In many cases, halobenzonitriles react with slow
rates, despite their favorable electronics. The ‘H NMR
chemical shifts of benzonitrile and sodium tert-butoxide
in CeDs changed upon mixing, but a strong nitrile
infrared band was still present. These data suggest that
the nitrile coordinates to the alkali metal of the base. This
coordination may cause the coupling of halobenzonitriles
to differ from the coupling of substrates that do not
coordinate to the counterion of the basess.. &l .

More challenging for catalysts bearing monodentate
ligands is the coupling of primary aliphatic and benzylic
amines. Often when conducted with catalysts bearing
monodentate ligands, reactions of these substrates pro-
vide more of the product from hydrodehalogenation than
do reactions of secondary amines or reactions of primary
amines catalyzed by bisphosphines.S’s™%! Also when
conducted with these catalysts, reactions of primary

(58) Marcoux, J.-F : Wagaw, S.; Buchwald, S. L. J. Org. Chem. 1897,
62, 1568—1569.
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{58) Guram. A. S.; Rennels, R. A.; Buchwald, S. L. Angew. Chem.,
Int. Ed. Engl. 1995, 34, 1348—1350.

wAten-

55
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TABLE 6. Reaction of Aryl Halides with Benzylamine
in the Presence of a Comblination of Pd(dba); and
PhyFcP(r-Bu)z as Catalyst

JOC Articte

TABLE 7. Reaction of Aryl Halides with s-hexylamine
in the Presence of Pd(dba); and PhsFcP(-Bu); as
Catalyst

eary aryl habds peodue condiions® _ isolated yisld|%) antry  aryt halide product conditions”  tsciated yield{%)
ﬁ. " 2 mol%
. Oz"' ,@/ CHPn LISt ohmne & 1 Qc U“m: NsO-fBu/Toluene  92°
MeO Mo " 100°C, 41 MeDd' MO " 70°C, 180
a N, — a Ny ol
< NS fhaal- " LI SRR SV i
we e " 100
o] "'Q-I,Fh 1 moM% Ci nm, 1 mol%
3 Q’ /@’ KPOJOME 5 3 < £y KibOgDME o
NG Ne 130 °C. 20h NC NC 1d0°¢. 1an

-

c‘ 3, 1 moi%
O OO e =
100°C, Sh

H
o N,
S G gl Y
CHy CHy 100°C, 44
* A 1:2 ratio of Pd(dbal; to tigand was used. b PO{OAc): was used
as the palladium source. © Reaction of 4-chlorobenzonitrile with

benzylamine in the presence of NaOtBu in toluene a1 50 °C for 24
h gave 76% yield of coupled product

amines often produce mixtures of secondary and tertiary
amines from competing mono- and diarylation. Yet, the
catalysts that provide the highest turnover frequencies,
particularly for reactions of aryl chlorides, bear mone-
dentate ligands 2623 Thus, a catalyst bearing a mono-
dentate ligand that provides high selectivity for coupling
vs reduction and mone- vs diarylation could provide both
high activity and high selectivity. Of course, reactions of
hindered aryl halides generate less diarylation product.s
In addition, reactions of hindered aryl halides generally
produce less hydrodehalogenation product from reactions
of primary amines than do unhindered aryl halides
because steric effects promote reductive elimination at
the expense of f-hydrogen elimination.® Thus, reactions
of unhindered aryl halides with unhindered primary
amines are among the most challenging classes of aryl
halide amination.

The selectivity of catalysts bearing Q.phos for reactions

*** of primary amine$ wis rénarkable, Reactions of benzyl-

amine with unhindered aryl chlorides occurred in good
to excellent yields in all cases, as shown in Table 6. The
lowest yield was again observed with chlorobenzonitrile,
but the yield of coupled product was sull 76% when
conducted with NaO-t-Bu as base. Again the yield was
tmproved when the reaction was conducted with K;PO4
in DME solvent at 100 °C for 20 h. In the presence of
the phosphate base, coupling te form N-{p-cyanophenyi)-
benzylamine occurred in 95% yield. Coupling of benzyl-
amine with 4-chloroanisole, a prototypical deactivated
aryl chloride, formed N-benzylanisidine in 93% yield.
To abserve selective monoarylation of benzylamine, 1.2
equiv of amine versus aryl-halide was employed. The
reaction of a 1:1 ratio of benzylamine and 4-bromoanisale
formed the mono Marylated praduct in 82% yield, but
the ratio of mono to diarylated amine was only 8.1:1.
However, the reaction conducted with a 1.2:1 ratio of
amine to bromoanisole formed the coupled product in 93%

72]((75017%7;(. M. S.: Hartwig, J. F. J. Am. Chem. Soc. 1986, 118.
(61) Wolfe, J. P.: Wagaw, S.: Buchwald. 5. L, J. Am. Chem. Soc.
1996, /18, 7215-7216.
{82) Hartwig, J. F.; Richards, S.; Barafiano, D Paul, F. J, Am.
Chem. Soc. 1956, 118, 3526—3633.
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n_ 1 mol%
Y% Ly S 7
NC NC 70°C.31
1

Qa 0’ ti"'”“ Na“g-rl-‘aulfumm 9
PROC PHOC 50°C.43h

»

t

1 moi%
S ol el T
. tBy 100°C.2h 97v
x i 1 mol%
7 Q’ X=8r NaO-18u/Tolens 85
100°C, 10h
OMe OMe
8 X= "~ /- 95
@ Q’ wHe 5G4 h
OMe
6 G @ GV 4
9 . Na-/Bu/Tolwens 87
HhC Hy v mHex  1%6°C, 10h
CHy CHy 2 mol%
10 g:( C;( wtex  NuO-tBuTToiusne 87
o N 100 -C, 10N
s H
W
1 roi%
11 (Ic' ‘It NaO-rBuTolene 87
oMo one 100°C, 8h

N 1 mol%
12 %u %nw NeO-£8ul Toluene 94
100 °C. 181
1 mol%
13 Br Morbex  N2O-1Bw Towene 997
N o 100 °C. 4

* A 1:2 ratio of Pd{dba)2 to ligand and a 1:1.2 ratio of ArX to
amine was used. ? Pd(OAc)z was used as the.palladium soygce.
« Toluene solvent, 24:1 ratio of mono:diarylition” ¢ THF solverit,
49:1 ratio of mono:diaryladon. <2.2:1 ratio of ArX to amine.

isolated yteld after 2 h at 80 °C in the presence of 1 mol
% catalyst. The ratio of secondary to tertiary amine was
19:1, as determined by GC.

Similar results were obtained for reactions of hexyl-
amine, as shown in Table 7. The electron-rich and
sterically hindered o-chloroanisole reacted with this
amine to form M-hexyl c-anisidine in 97% yield. Unhin-
dered aryl bromides also reacted with hexylamine in high
yields. For example, reaction of hexylamine with 4-tert-
butyl bromobenzene in toluene at, 100 *C for, 2 h gave
95% yield of arylamine, and the same reaction in THF
at B0 °C for 8 h gave 94% yield of arylamine. A mono:
diarylation selectivity of 49:1 was observed when con-
ducting the reaction with only 1.2 equiv of amine per aryl
halide in THF solvent for 2 h at 100 °C; the selectivity
was too high to measure accurately when the reaction
was conducted in dioxane. The reactions of 2-substituted
aryl halides with n-hexylamine occurred with high
selectivity, even when 1.0 equiv of amine per aryl halide
was used. For example, 2-chlorotoluene reacted with 1
equiv of n-hexylamine to form the monoarylated amine

J. Org. Chem. Vol. 67, No. 16, 2002 5557
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TABLE 8. Reaction of Base-sensitive Aryl Halides with
Amines in the Pr of a Combination of Pd{dba);
and PhsFeP(r-Bu); as Catalyst, KsPOy as Base and

. Monoglyme as Solvent

condhons’  vtaed

Ty wpreee e

Ny Y ol %

3 0 TP kO, DME W

100°C. 24
6 OW rra -

L] HN,
™ peos e
a e,

s ,O/ n) oo s

op o 100°C, 20h

»

« A 1:2 ratio of Pd{dba); to ligand was used.

in 02% isolated yield, and the ratio of mono- to diarylated
amine was 24:1. Ary] chlorides with two ortho substitu-
ents also coupled in high yields (entry 10). Again, one
ofthe lower yields was observed for reaction of 4-chlo-
robenzonitrile in the presence of tert-butoxide as base.
However, reaction in the presence of potassium phos.
phate as base at 100 *C generated the coupled product
in a higher yield of 92%. Pd{dba)z. Pdy(dba)sCHCl3, and
Pd(OAc); were all useful metal sources. The reaction of
4-tert-butylbromobenzene with n-hexylamine initiated
with the three precursors gave 90, 92, and 34% yield,
respectively.

Reactions of amines with several base-sensitive aryl
halides were conducted successfully at 100 °C with the
combination of potassium phosphate as base and DME

* “as solVerit.?%43 These results are summarizediin.Table 8.
Hexylamine, N-methylaniline, aniline, and dibutylamine
all reacted with methyl 4-chlorobenzoate in yields rang-
ing from 86 to 99%. The proper choice of base and solvent
was fmportant. Reactions in the presence of phosphate
base did not occur in high yield in toluene or THF solvent,
but did occur efficiently in DME solvent. Reactions of
4.chioronitrobenzene with morpholine occurred in low
ylelds in the presence of phosphate base, but reaction of
this substrate with aniline did occur in good yields. The
combination of Cs;CO, and DME solvent was also useful
for the amination of base-sensitive aryl halides. For
example the reaction of methyl 4-chlorobenzoate with

:hexylamine took place after 20 h at 100 °C in 83% yield.
This yield is essentlally identical to that of the same
reaction (entry 1) conducted with phosphate base.

We also evaluated reactions of aryl bromides and
chlorides with low catalyst loadings. These results are
summarized in Table 9. Reaction of morphoaline with
polyl bromide and chloride, reaction of A-methyl aniline
with p-tolyl bromide and reaction of hexylamine with
o-tolyl chloride all occurred to completion in the presence

6 3é33) Wolle, J. P.: Buchwald, S. L. Tetrahedron Leir. 1997, 38,6359~
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TABLE 9. Reaction of Aryl Halides with Amines at Low
Loadings of Pd{dba); and PhsFcP{¢-Buj,

sy aryt halde ... pioguct goneitions _isol. yield(%)
I\ ™\ Qéu
' —-< >—-a N O N O 00°C 1en %
/ 7 toluens
7\ ™\ %%
—-< } KN —< >—N Q 100°C. 19h 9%
2 & \.../o ./ twtuene
Me, Me 0.06% |
3 <i>_.a, .,,_Q —{ ) 100°C. 190" g%
] Ph tolusne
%

. 0,1%
P ct HaeyNHy 100°C, 190
ohsene

*A 1:2 ratio of metal to ligand was used.

of only 0.1 mol % catalyst and a reaction temperature of
100 *C. Reaction of Amethyl aniline with p-tolyl bromide
also proceeded to completion with only 0.05 mol %
catalyst.

B. Suzuki Couplings. i. Coupling of Arylboronic
Acids, Tables 10—13 summarize the scope of the coupling
of arylboronic acids with aryl bromides and chlorides.
These reactions occur in high ylelds with electron-poor
to electron-rich aryl chlorides and bromides and with a
variety of arylboronic acids. Table 10 summarizes the
reactions of electron-poor to electron—neutral aryl bro-
mides. In most cases, reactions of electron-poor to elec-
tron—neutral aryl bromides occurred at room tempera-
ture. Reactions of clectron-poor ary! chlorides occurred
atonly 50 °C. When low catalyst loadings were evaluated
for reactions of electron-poor aryl bromides, we found that
the reaction of 4-bromobenzophenone with phenylboronic
acid was complete after only 1 h at 100 "C when
conducted with 0.0005 mol % catalyst. These results
correspond to an average turnover frequency of roughly
20000/h. In most cases, these reactions were conducted
using KF as base, although reactions also eccurred when
KiPO¢ was used as base.

Table 11 shows reactions of electron-rich aryl bromides,
reactions of.ortho-substituted electron ~neutral ary} bro-
midés 3t ‘elevated temperatures, and reactions of aryl
bromides containing potentially reactive functional groups.
Electron-rich aryl bromides were viable substrates for
reactions with electron-rich or electron-poor and ortho-
substituted arylboronic acids. Again KF was used as base.
Reactions occurred at room temperature in many cases.
Both Pd{OAc)z and Pd(dba); were useful sources of
palladium, Even the combination of PdCl; and Q-phos
as catalyst generated coupled preduct, but the reaction
was slow. For example, the reaction of 2-bromotoluene
with phenylboronic actd In toluene at room temperature
in the presence of 1 mol % of Pd(DAc); or Pd(dba), and
Q-phos gave the biphenyl in 95% isolated yield after 24
1. The same Téaction, but with PdCl; as the catalyst
precursor, gave 88% yleld after 3 days.

In some cases, highly hindered products were gener-
ated 8455 2 2. Disubstituted biaryls were formed under the
standard conditions. In addition, 2,6,2"-trisubstituted
biaryls were produced in high yield in the presence of 2
mol % of palladium and K;PO, as base. Potentially
reactive ortho substituents, such as chloride, were toler-

2450 Ceilths, C.; Leadbeater. N. E. Tetrahedron Lett. 2000, 41,
165) Watanabe, T.; Miyaura, N.; Suzukl, A. Synfert 1992, 207-210.
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TABLE 10. Coupling
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of Arylborenic Aclds with Electron Deficient and Electron—Neutral Aryl Bromides at Room

Temperature Using a Combination of Pd(dba); and PhyFcP(¢-Bu); as Catalyst

‘© entry anyt halide * boronic-acid

conditions®  isolated yield (%)°

Br Chey
ST X
PROC B{OH),

@

g o

:
g

aRaRe

3

E
=
K

@

£

nddg

<9

£ %
QQ
? 3

..

2

Q
3

f:
]

@
Q

2

10

o a d

#
g

QQeR

T

&

12

g-
S

3
q

B

Q

=]

B

o™

14

£

# Reaction conditions: 1:2 ratlo of metal to ligangd'and 0.40 or 0.50 mmot of ArBr; entry 1-3,,1.1.mot equiv. of ArB{OH); to ArBr; entry.
2 mL of solvent. > All yields are for product judged pure by GC and 'H NMR spectroscopy.

4~13,1.3 mol equiv of ArB{OH); 1o ArBr;

PhOC

§

88%%
O e
’%

1 mofke
KF(2

oquiv) ¢8®
Toluena
RT,18h
‘ 0.0006 mol%
’/‘ KaPO,/Toluene o4
g 1W00°Cth
PROC CFa
KF(2 F 24
) ol
NC OMe
:(F(B MTHE
v] N
NC CHO
O 0.5 mol%
/"/ KF{3 equWWTHF 87
O 40°C, 12h
NC OMe
1 mol%
KsPOL2.20quiv)  88°
Toluene
O.N $0°%C.17h
O 0.5 mot%
O }rt:(‘faquiv) sg®
e
OuN CHy o WTRb
0.5 mol%
KF(3 chquv)erF o
OHC'
I
g(s ::Jiv)ffHF o5
O My 2o

1. moi%
KF(3 equiv)/THF 97
AT.2d

o8
K3POQu/Tolene
100°C. 47 h

1 mot%

KF(3 squiv)’
Tolusre, AT, 141

ated in the aryl halide reagent. Even 2,6-dichlorobro-
moarenes coupled with 2-tolylboronic acid in good yield.

Similar substrate scope was observed for reactions of
aryl chlorides, as summarized in Table 12. Again, paten-
tially reactive ortho substituents, such as a carbomethoxy
group, were tolerated in the aryl halide reagent. Electron-
poor chloroarenes reacted in a general fashion under the
standard conditions of KF base at 45 °C reaction tem-
peratures. Electron-rich aryl chlorides coupled with aryl-

BNSDOCI: <XP,___._ . 2400233A_ .1 >

boronlc acids in good yields at 100 °C, Ortho-substituted
arylboronic acids coupled with ortho-substituted aryl
chlorides when 2.5 mol % of catalyst was used (entry 10).

it, Coupling of Alkylboronic Acids. The coupling
of alkylboronic acids with aryl halides is rare and
generally has occurred with only thallium or silver
bases. %57 In most cases, sp’—sp? coupling processes

{66) Sato, M.; Miyaura, N.; Suzuki, A. Chem, Lett, 1989, 1405-1408.
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TABLE 11. Coupling of Unactivated Aryl Bromides with Arylboronic Acids in the Presence of a Combination of

Pd(dba); and PhsFcP(¢-Bu); as Catalyst

“m - enry CC aryihalde  boronic acid product conditons®  isol. yiatd (wy®
8 CHy Ol 1 mom% [POR)
[} (I KF(2WToluane 98 ~
N oMe 8O &, 100°C, 160 P
Ct
g G OMa ‘ 0.571.0 mol% {PdL)
s st i
OMe B{OH), O RT,Sh
8r
Q/ OH)y Q/% 0.5/1 mol% (PdA.)
3 KE(3)idioxane %
{ ) 00 °C. 98h
OMs
B OMe
CHy 1 mol% (PdL)
SN o EER
BIOMy o :
-0 o (Y CHO
“ OHE O 172 moi% (POAY
JRFS LS 2 weligeare s
o B(OHD, < )
& o 1 mot% (PAL)
/O/ KyPO)Tolusne 87
5 +Bu B(OH)y .y CHy o0 °C, 15h
CHy
cHy, C 112 triot (PO}
/@[ e PO (3)Tovene 85
7 HC B BOH), o 100°C, 16 b
CHy CHy
CHy 24 momk (F
& K(,:?é(:ﬂw :um "
00 °C.
[ oMy B{OH)y %
(o] 172 mol% (PdL}
[ E I‘ ] KF(3)/THF %
9 & BOH)g AT, 14h
-]
o
- O o Q) zomem,
- .. o . .. . e
W1, Wi 7 BOH), O dc"’ 100°C, 140 o . e v

1:2 ratio of metal to ligand and 1.1~1.5 equiv of aryl boronic acids were used. * All yields are for product Judged pure by GC and 'H

NMR spectroscopy.

involving boron reagents have been conducted with air-
sensitive trialkylboranes, such as 9-BBN derivatives.
Recently, trifluoroalkylborates®® and dialkylpinacolbo-
rates® have been used in couplings with aryl halides, and
alkylboronates have been used with aryldiazonium salts
without added base.” The coupling of ¢yclopentylberonic
acld has been conducted successfully with a common
base,” and complexes of standard arylphosphines can
catalyz#‘some couplings of n-alkylboronic acids with ary!
bromides in good ylelds.” In contrast. we have shown
that the coupling of ralkylboronic acids with aryl
bromides or chlorides catalyzed by complexes of Q-phes

(67) Chemier, S. R.: Trauner, D.; Danishefsky. S. J. Angew. Chem.,
Int. Ed. 2001, 40, 45444568,

(68) Molander, G. A.; lto, T. Org. Lett. 2001, 3, 393396,

(69) Zou, G.; Falek, J. R. Terrahedron Lett. 2001, 42, 5817~5819.

(70} Andrus, M. B.: Song, C. Org. Lete. 2001, 3, 3761 —3764,

{71) Littke, A Dal. C.; l§u. C. J. Am. Chem. Soc. 2000, 122, 4020~

(72) Molander, G. A.: Yun, C.-S. Tetrahedron 2002, 58, 1485-1470.
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occurs in a general fashion in the presence of potassium
phosphate in toluene solvent.

Table 13 summarizes the coupling of alkylboronic acids
with aryl halides. In every case tested, n-butylboronic
acid coupled efficiently with aryl bromides or chlorides.
Even the reaction of electron-rich and ortho-substituted
2-chloroanisole gave 90% yield of n-butylarene. The
combination of K3PO, and toluene at 100 *C was impor-
tant to observe high yi#1d€ Thi'¥eaction of 2:chlorotolu-
ene with n-butylboronic acid in the presence of KF In
THF solvent gave low conversion. Thus far, efficient
reactions have been limited to those of terminal alkyl
boronic acids. For example, sec-butylboronic acid reacted
slowly, and mixtures of sec-butyl and n-butylarenes were
produced. Only 55% yleld (GC) of the desired sec-
butylarene was produced. To overcome the slow reaction
rates of secondary alkylboronates, we investigated reac-
tions of sec-butyl zinc chloride. This substrate was more
reactive, and coupling of this reagent with 4-tert-butyl-
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TABLE 12. Coupling of Aryl Chiorides with Arylboronic Aclds in the Pr of a Combination of Pd(dba); and

PhsFcP(r-Bu); as Catalyst

eniry wyl hatide boronic acid - .. product conditions®  isol. yield (%)°
a CHy 1 mot%
s KE{3 equiv) THF o
Ne B(OH), o) o BT
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§

F
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¢ o
H,C ct

L aeTe .

233,

§

2
2@

ha,

§

%

QQ
000
v

3
%

E
be

1 mol%
KF(3 equivy THF 98
50C. 15h

1 mot%
KF(3 aquiv)) THF 96
S0°C, 158h

¥

1 toi%
KF(3 squivll THE o
1

1 mot%e
KF(3 equivil THF 92
100°C, 20 h

0.5 moi%
KF(3 eaquivi/THF 96
45°C

1 mal%
KF(3 squivifToluene 08
80 °C, 3 days

5 mor%

KsPOL{3 equiv) 8y
Toluone

80°C.23h

#

5 md%
KF{3equivifToluane 97
86 °C, 26N

Q

2.5 mol%

Ca,COs(2 suiv) 8
dioxane

100 ¢C. 34d

#1:2 ratio of metal to ligand and 1.1~ 1.5 equiv of aryl boronic acids were used. b Al ylelds are for product judged pure by GC and H

NMR spectroscopy.

boronic acid occurred at room temperature to form the
sec-butylarene in 76% yield.

3. Palladium-Catalyzed Etherification. Palladium
complexes bearing Q-phos catalyzed couplings to form
aryl ethers at low temperatures. In fact, the pentapher-
yiferracenyl ligand was first isolated during the develop-
ment of palladium-catalyzed etherifications of aryl ha-
lides, as described in the Introduction. This structure now
appears to be the ligand that was bound to the active
catalyst in the first couplings that formed diaryl ethers

and tert-butyl ethers in high yields from unactivated aryl

halides.*® Although this ligand was discovered during
studies that focused on the formation of aryl ethers from
ary! halides, the scope of etherifications catalyzed by
complexes of this ligand is narrower than the scope of
aminations and Suzuki couplings catalyzed by complexes
of this ligand. Yet, these complexes do allow for some
types of etherifications under remarkably mild condi-
tions.

As described in communication form earlier,® com-
plexes of this ligand catalyze some couplings of aryl

2400233 1>

halides with alkoxides, siloxides, and phenoxides at room
temperature. The scope of these etherifications at room
temperature and at 80 °C Is shown in Table 14. Electron-
rich phenoxides and fert-butoxide coupled with electron—
neutral or electron-poor aryl bromides to form aryl ethers
in the presence of 5 mol % catalyst. Even electron-rich
aryl halides such as bromoanisole reacted with tert-
butoxide to give useful yields of tert-butyl aryl ethers,
although 80 *C was required for full conversion. Com-

lexes of this ligand also catalyzed the formation of tert-

4 ‘Butyldimethylsilyl ary] ethers from sotiium tert-butyldi-

methylsiloxide and aryl bromides or chlorides. These
couplings were limited to electron—neutral or electron-
poor aryl halides, but they did occur at reom temperature
in many cases. Of course, this product is more easily
converted to the unprotected phenol than is the tert-butyl
aryl ether.™ In addition, etherifications were conducted
with Q-phos in an intramolecular fashion. Although

(73) Greene, T. W.; Wuts, P. G. M. In Protective Groups in Organic
Synthesis, 3rd ed.; John Wiley and Sons: New York, 1981: p 587.
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TABLE 13. Reactions of Alkylboronic Acids with Aryl
Halides in the Presence of a Combination of Pd{dba);
and PhsFcP{£-Bu): as Catalyst

ontry arylhaide  alkyl-M prodict  conditions”  yield {%)°

nBy 1 malh
1 H’{Q’m A~ B, mﬂ KPOJfoivene 82
100C, 25200
o Bt mot%e
2 AN BOHI g KPO/Tohane 83
MeQ) 160 °C, 30n

T 0%
KyPOSTotene 34
1W0°C, 1Bn

1 mol%

KyP O fTolene
100°C, 120

1 mors
KFOfouene ™
100°C. 48 h

1 ol
X POgTanwne
100°C. 180

o Oy 1 mot%
7 1.&;/0’ \ﬂ '_5‘/0)\‘ :‘g?é"&h ®
# 1:1 ratio of metal to ligand and 1.1—1.5 equiv of boronic acid
was used. ¢ Unless otherwise stated, all reaction yields are for
material determined to be pure by GC and 'H NMR spectroscopy.
¢ Yield estimated by GC using the response (actor for the product
inentry 1.

Ko

NC'O,”BU

5 o
X

TABLE 14. Inter- and Intramolecular
Palladium-catalyzed Etherification of Aryl Halides in the
Presence of a Combination of 5 Mol % Pd(dba); and
PhsFcP(¢-Bu); as Catalyst

ety ot hatide prockact corditions®  yela®
1 O—e Q—oﬁ ReO48u RT.47THh %
A Chon nor gun e
3 OTBS R, 16 on
. MeQ MO RuOC¢H,4-OMe  RT.70h 9%
s O—x X=Be OR ReO-MRu AT ISN  TI%
6 ROTBS 80°C. 120 T9%
7 X RzO-+8u 00°C.6h 2%
3 ReOTBS 8D°C. 1%  78%
) .yw-—@-& uoo RaO-+Bu 80°C, 121 E7%
A
w0 X=By ReO-+BU AT, 6M  08%
11 ot ROTES RAT.2th 0%
12 Yl ReO-+8U RT, 4% %
1 o,n—@—x Nelr O,N—O—OR RuO+Bu AT.9h 9%
" X=Ct ReO-tBy AT, 5h  S3%
oH
15 (IV @:} 80°C,05h 2%

e
OH .
16 n=1, AT, Sh S
Lt B (*] a2 RT,0Sh 6%
SUOI SO
1" . .
19" B T -

» Reactions conducted in toluene solvent with a 1:2 ratio of metal
to ligand 0.5 mmol ary] halide substrate and 1.2 equiv of alkoxide
or siloxide in 2 mL of toluene. Y Yields are for material judged pure
by GC and 'H NMR spectroscopy.

nxt AT, 1Sh  TI%
ax2 RY, 10 min QA%

yields were modest for cyclizations of substrates that bear
hydrogens a to oxygen™ and can undergo f§-hydrogen

{74) Torraca, K.; Kuwabe, S.; Buchwald, S. J. Am. Chem. Sac. 2000,
122, 1290712908,
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elimination from alkoxide intermediates, cyclization of
tertiary alcohols occurred in high ylelds and in one case
in only 10 min.

A comparison of these cyclizations in the presénce of
paltadium and Q-phas to those conducted with the parent
FcP{t-Bu): revealed the importance of steric hindrance.
The intramolecular cyclization of the substrate in entry
16 and 17 in the presence of a catalyst containing FeP-
{¢-Bu), occurred more slowly than those in the presence
of catalysts containing Q-phos. Moreover, extended times
and higher temperatures for reactions catalyzed by
complexes of F¢P(t-Bu); generally produced ketone prod-
uct from f-hydrogen elimination of the intermediate
palladium alkoxide. Thus, the perarylated structure of
ArsFcP{-Bu); is important for both high activity and to
suppress, at least partially, S-hydrogen elimination.

4. Comparison of Substituted Q-phos Ligands. In
addition to evaluating the scope of couplinig reactions
catalyzed by palladiurn complexes of Q-phos, we evalu-
ated the catalytic activity of complexes containing ana-
logues of Q-phos that bear substituents on the aryl
groups. As stated in Section 1, we prepared several
modified versions of Q-phos that contained electron-
donating, electron-withdrawing, and more hindered aryl
groups on the bottom ring of the ferrocene. In addition,
we prepared less substituted versions of these ligands,
such as tetraphenylferrocenyl derivatives.

Table 15 shows a comparison of the activity of substi-
tuted Q-phes ligands for the coupling of /+hexylamine
with p-bromo tert-butylbenzene. Modifled ligands were
investigated for this reaction because this substrate
combination would reveal the effects of ligand substitu-
ents on hydrodehalogenation and diarylation processes.
In general, para-substituents had little or no influence
on the reaction rates or selectivity. Para substituents on
the Q-phos analogues had a similarly small effect on
Suzuki reactions catalyzed by complexes containing the
Q-phos analogues. These studies do not provide firm data
to support or refute the presence of an interaction of these

pendant.aryl groups with the palladium.center. However, & & .

the absence of para substituent effects argues against
the direct interaction of an aryl group of these ligands
in the structures of complexes that lie on the reaction
pathway and that control rates and selectivities

Table 16 shows the activity of several Q-phos analogues
toward the coupling of aryl bromides with pmethoxyphen-
olate. This reaction discriminated between the actlvity
of the various Q-phos derivatives. The more electron-poor
ligand containing p-CF3 groups generated less active
catalysts than did the more electron-rich ligands lacking
a para substituent or containing the electron-donating
p-OMe group. Perhaps the CFa-substituted ligand is less
tightly bound to the metal, and the catalyst is less stable.

The ligand lacking the fifth phenyl group én thi¢ bottom
cyclopentadieny} group formed complexes that displayed
dramatically lower activity in the coupling reactions. The
formation of aryl ethers by the reaction of 4-bromotoluene
with sodium p-methoxyphenolate (entry 2 of Table 16)
occurred in much lower yields when conducted with the
tetraary} version of Q-phos than it did when conducted
with the parent ligand. The structures of the tetrapheny!
and pentaphenyl ligands, as determined by X-ray dif-
fraction, are provided in Figure 1. Clearly. the unsub-
stituted position of the bottorn Cp ring is located beneath
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TABLE 15. Effect of Ligand Aryl Group Substituents on Selectivity for Coupling of an Unhindered Aryl Halide with

an Unbranched Primary Amine

/\/\/\
B NH; 1.2e0. ]

wes

PA{OAc), ! ligand {1/2 mol%)
solvent, 100 °C, 30 min

t-Bu t-Bu
H
e
Hox
t-Bu t-8u

ontry ligand sovent  BU 1-Bu
1 PheFcP{+BU); toluens 1 4] $5 “
2 THF 1 0 97
3 t.4-gioxane 5 0 85 <1
4  (CFyPh)FcP(rBu);  toluens 30 min 2 1" 81 2
L) 1th 3 0 84 )
& {(pOMoPh)FcP{#By); toluene 1 ] 84 15
S i A Ao
A Fe ar
Ar—@-m
PheFeP{tBL);  {CFaPh)sFcP(rBU); (P OMBPh)sFcP(1-Bu),

Ar

TABLE 18. Comparison of the Activity of Q-phos
Analogs for the Formation of Diaryl Ethers

& : 4 W—Q—We Z
mO Poidua), / tigend (/7.5 mote) m@/
.5 mott
1'culuu'|¢a Otts

oy ArX temp. igand teme () yald
1 80°C PhyFcP(t-Buly 2 -]
2 ’_O_B' Ph,FeP{-Bulp Y 3
3 (POMePh)FeP{Bu)y 3 ]
P (CFsPh)gFeP(Bu)z 18 2
NE N MaFnog I ..
6 Q_quo"c PrFed (80}, 3 52
? 24 »95
8 (POMIPR)FEP(REU); 3 ]
BT S TR I b e T eV
10 (CF sPhIFP{ti), 3 #
1 - >05
12 (Xyiy FeP(tBu)y a "
13 2 >05
14 80°C PhFePrBu)y -] 1
PRy <GPl C—P(Bul,
Fe Fe Fe
a- o M?—g—u':ﬂ P:h@’ ™
Ar Me fn
ArPhaPhyFcP(#-Bu)y MagFcP(r-Bul; AroPhePh,Fel(tBu)y
Armp-OMeCyH,={p-OMaPhHFeP{1-Bu),
ArapCF yCyH =l{CFyPRIgFcP(HBU),
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Ara3 S-MeCegHaa{Xyiy)FeP{1-Bujp

the phosphorus ligand. Thus, the four phenyl groups are
oriented away from the position where the metal center
would reside and from the site of reaction.

The ferrocenyl ligand containing five 3,5-dimethylphen-
yl groups should be more hindered than the parent
Q-phos at the site of the metal and the coupling process,
We, therefore, considered that it could generate more
active catalysts. However, this ligand generated catalysts
that displayed low activity for amination and Suzuki
reactions. We did not pursue chemistry with this ligand

24002334 __1 >

in depth, but it seems plausible that metalation of the
xylyl methy! groups deactivates the catalyst or that the
mare hindered ligand is too weakly bound to the metal
to generate a stable catalyst.

5. Mechanistic Comments. At this time, we have
obtained little mechanistic data on the coupling reactions
catalyzed by complexes containing Q-phes. However,
some comments can be made on the relationship between
this system and related systems for which mechanistic
studies have been conducted.” In most cross-coupling
reactions of chioroarenes, the reaction rates are belleved
to be controlled by the rate of oxidative addition.”
Transmetalation and reductive elimination are more
rapid, and the resting state of the catalyst is a palladium-
0) complex.’> We have gencrated the Q-phos-ligated
palladium(0) complex {Pd[PhsFcP(-Bu)z|} by addition of
this ligand to CpPd{allyl}.?® As is the case for most tert-
butylphosphine palladium complexes. the stable pal-
1adium(0) species containing this ferracenyl ligand is two-
coordinate.

We recently showed that Pd{P{t-Bu)s); is less stable
thermodynamically than the combination of the Pd{0)
complex and free aryl chlorides or ortho-substituted ary!
bromides.” This unusual thermodynamic stability of the
Pd(0) complex was also observed for the Pd(0) complex
of Q-phos { Pd[PhsFcP(t-Bu)2lz}. No arylpalladium halide
was observed by 3P NMR spectroscopy when the Pd(0)
complex of Q-phos was treated with phenyl chloride at
room temperature.or 100 °C. Yet, oxidative addition of
the aryl halide ts'a Pd{0) complex bearing Q-phos must™
occur, albeit in an endothermic fashion, because the
catalytic coupling reactions accurred in all cases at 100
°C. After this oxidative addition, transmetalation of
boronic acids, transmetalation of alkoxides, or conversion
of the palladium-bound halide to an amide by reaction

{75) Akcazar-Roman, L. M.; Hartwig, J. F. J. Am. Chem. Soc. 2001,
123, 12905~12908.

{76) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94. 10471062,
12g;’) Roy, A.; Hartwig, }. F. J. Am. Chem. Soc. 2001, 123, 1232~
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FIGURE 1. ORTEP diagrams of PhsFeP(t-Bu)y and PhFeP- g, 303.0 mmol) and heated to 110 °C for I8 h. The solution, . . ...,

{¢-Bu)z.

of amine and base presumably gerierates the intermedi.
ate that forms the C—C, C—0, or C—N:bond in the final
product by reductive elimination.™

Sumimary. In summary ‘we have shown that the
monophosphine ligand (PhsFcjP{t:Bu); (Q-phos), which
owes its existence to sequential P~C bond cleavage of
bis(di-tert-butylphosphinolferrocene-and pentaarylation
of the resulting monophosphine cleaviage product. ob-
served during aryl halide etherifications, is a structure
‘that generates highly active catalysts for amination and
Suzuki reactions, The figand is air stable and can be
prepared in two steps. Equally importantito the catalyst
activity is a lesson about catalyst structure and activity
that i$ emphasized by the genesis of this ligand. The
activity of catalysts that gave ether product from unac-
tivated aryl halides for the first time can be-attributed
to a sterically hindered structure of the starting bis(di-
tert-butylphosphino)ferrocene, but the pretise structural
features.of the Hgand that gave rise to this activity are
far removed. from those of the original bisphosphine.
Often, -phosphine-ligated ratalysts underge P—C cléeav-

(78) Hmwug.’J. F. Ace. Chizm. Res, 1'9.98...3:1,?852;880‘ '
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age™ and intramolecular ligand C—H activations.®#! In
this case, a highly active catalyst for. a variety of cross-

couplings was generated by reactions that usually deac-

tivate the catalyst.

Experimental Section

Ceneral Methods. Reactions were loaded in a drybox-and
were conducted using 4 mL vials that were sealed with a cap
aontaining a PTFE septum. Toluene was distilled from sodium
arid benzophenone and stored in the drybox; Elementa)
arialyses were performed by Adantic Microlabs:Int., Norcrass,
GA. Yields refer to-isolated yields of compounds of greater than
95% purlty as determined by.capiliary gas chromatography
{GC). Yields reported are.an average of two or more runs. Both
GC and GC/MS analyses were conducted with an HP-1 methyl
silicone column. Reagents were purchased from commercial
suppliers, or prepared by standard procedures. 2-(2-Bromophen-
yl)methyl acetate?' and sodium tert-butyldimethylsiloxide,®
were prepared by literature procedures.

A. Ligand Preparation. P(CsH FeCsH)(¢-Bu)s. To a
solution of: Cp;Fe (10.00 g, 53.80 mmol) in THF (25 mL}-st 0
*C was added +Buli (31,60 mL, 53.80 mimof) over § min. The
solution. was stirred for 20 min, after which' time the solvent
wias removed under vacuum. The-residue was rediséolved in
a mixture of pentane (100 ml) and THF (5 mL}), and CIP(¢-
Bl): (5.330 g, 20.50'mmeol) was added, Thie mixture was strred
for 3 h, after which time degassed MeOH. (1 mL) was added.
The solvents were then removed in vacuo. The product was
purified by filtration through a plug. of silica gel under
nitrogen. Unreacted ferrocene was eluted all at once with
pentane, and the phosphine was then eluted all at once with
diethy! -ether. Crystallization from pesitane of the waterial
obtainied from stlica ge] ylelded 7.58 g (78%) of product, H
NMR (CiDd} 6 1.23 (d, 10.9 Hz, 18 H), 4,04 (s, 5H), 4.08 {m,
2H), 4.17 {m, ZH); “C{'H) NMR (C¢Da):: 8 31 05 (d, 13.9 Ha),
32.78.(d, 22,9 Ha), £9.20 (d. 2.7 Hz),.60.79, 73.23 (d, 12.3 Ha),
78.10 {d, 31.2 Ha); ¥P{IH)} NMR {CsDy): 8 27.54 (s). Anal.
Ca!gd for CysHnFeP: H: B.24,C:: 65.47; Found: H: 8.34,C:
65.51.

P(CsHFeCsPhg{t-Bu);. A mbxure of P(CsHiFeCiHy)(r-
Bu)y (1,000.g: 3:030 mmol). Pd(OAc): (0.035 g. 0.156 mmol),
and NaO-£8u (2.93 g. 30.5.mmol) was dissolved in PhCl (34.10

was filtered through Celite, and PhCI'was temoved In vacud.”
Silica gel chromatography-eluting with pentane/Et0 (80/1)
gave 1,466 g (68%) of P(C;HFeCsPho(e-Bu)y as 8 pink/red
solid. 'H (CoDs): 6 1.07(d..11.0 Hz. 18H, Mex), 4.42 (¢, 1.7 Hz,
2H,CsHY, 4.67 (d, 1.0-Hz, 2H; CsHY. 6.95-6.97 (m, I5H, m.p-
CeHy): 7:44-7.48 (. 10H, oCeHa). BC{'H} NMR (CsDs): &
31,31 {d, 13,8 Hz, CMey), 33.31 (d, 24:8 Hz, CMey), 76.41 (d.
26 Hz. CsH), 78.58(d, 11.4 Hz, CsHo), 8549 (d, 416 Hz, ipso-
C4HJ, 88.38 (s, GePhy), 12667 (s, CePha), 12747 (s, CsPhy),
133.23.(s. CsPhi), 136,32 (s, CsPh). PP{IH} NMR-(CeDy): &
25.49 (s). Anal. Caled for CaHoFeP: C, 81.12: H. 6557
Found: -C, 81.41; H, 6.54. _

1Cs(CeH:p CFaYy FelCsHiP{# Buk anid [Co(Cel-p OMe)]-

Fe[CsHP(#Bu);). Stmilar procedures were used to prepare

substituted derivatives, [CH{CeH-pCENsIFE[CHPEBWL
- 189 g 37,3%, purifiéd by crystailization from.pentane. WO

NMR {300 MHz, CeDa) 4 0.97 (d, J = 11.1 Hz, 18]}, 4.10 {br
5, 2H), 4.47 (or s, 2H), 7.04~7.11 (m, 20H): BC NMR (75 MHz,
GDQ 8 31,1 (d, J= 133 Ha), 33.5 (d, J=24.7 Ha), 76.8, 78.4
(d, J=9.0Hz), 874, 87.9 {d. J = 220 Ha), 124.7 (q. J = 272
Ha2), 1248 (d, J= 3.4 Hz), 1297 {q, J= 32,4 H2), 133.0: 138.9;
3P{*H} NMR (300 MHz, CsDg) 8 23.6. [Cs{CeHi-p-OMe)s|Fe-
[CsHP(¢-Bu)g). 93.8 mg 3.6% yield; purified by crystallization

(79) Garvou, P. E, Cfiem, Rev, 1985, 85, 171-85,

: {80) Ryabov, A, D. Chiern. Rev. 1690, 50, 403-424.
(81) Bruce, M. 1, Angéiw, Chem, 1971, 16.73=86. . )
(82) Mann, G.; Hartwig, J.F. J. Oig. Chem; 1997, 62. 5413~5418,
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from ether at =30 "C. 'H NMR (300 MHz, C¢D¢) 8 113 (d. /=
1.1 Bz, I8H), 3.22 {s, 15H). 451 {br s, 2H), 4.73 {br 5. 2H),
6,62 (d, J= 8.7 Hz, 10H), 7.47 (d, J = 8.7 Hz, 10H): BC NMR
(75 MHz, CeDe) 8 31.4 (d, J=:13.5 Hz), 33.4 {d, J = 24.6 Ha2),
54.5, 76.3, 78.4 (d. J = 11.1 H1), 848 (d, J = 39.9 Hz), 87.6,
113.1. 128.6, 134.3, 158.6; 3'P{'H} NMR (300 MHz, CsDs} ¢
26.5, Anal. Calcd for CaHeOsPFe: C, 73.95; H, 6.67. Found:
C. 73.76; H, 6.40.

P{CsH.FeCsHPh) (¢-Bu)z. A mixture of P(CsH FeCsHg){c-
Bu) (0.500 g, 1.500 mmol), Pd{OA); (0:0175 g, 0.0781 mmol),
and NaOCsHe-4-OCH, (2.230 g, 15.30 mmol) was. dissoived in
PHCl (17.10 g 152.0.mmol) and heated &t 110 °C for I8 h.
The solution was filtered thidugh Celite, and PhC) was
removed in vacuo, The solid materials were redissolved in
THF, concentrated, and layered with pentané at —35 °C. A
bulk sample that was analytically pure was not avallable, but
3 sample of roughly 80% purlty containing orange crystals of
the tetraphengferrocenyl phosphine was obtained (0.451 g,
47.4%). 'H (CeDe): 4 1.09 (d, 11,1 Hz, 18H, CMey), 4.01 (broad
s. 2ZH, CsHy). 4.33 (t. 1.7 Hz, 2H, CsHJ), 5.01 (s, I1H, CsHPHY),
6.93-7.14(m, 12H, mp-CsHPhJ, 7.30 (dd. 7.2 Hz. 0.9 Hz, 4H,
oCsHPh), 7.66 (dd, 7.7 Hz, 1.7 Hz, 4H, ¢-CsHPhy). PC{'H} 8
31.00 (d, 13.6 Hz, CMey), 33.01 (d, 22.4 Hz, CMe3). 76.51 s,
CHCPhy), 77.15 (s, CsHJ, 78:31 (4. 9.7 'Hz, CsH4), 81.86 (d.
33.5 Haz, 1pso-CsHd), 87.50 (s, CHC,Phy), 88.12 {s, CHCPhy).
126.70 (s, CsHPhJ), 127.68 (s, CsHPhy), 127.80 (s, CsHPhY),
130.99 (s, CsHPh,), 131.05 (s, CsHPhy), 132.68 (s. CsHPh,
136.66 (5. CsHPh4), 137.87 (s, CsHPh). 3P{'H} NMR (CeDs):
6 25.34 (s). HRMS: n¥e Caled; 634.2452; Found, 634.2444.

PICsH,FeCs{3,5-Me:CeHa) s (£-Bu)s, A mixture of P(CsHe-
FeCsH;)(eBu); (200 mg, 0.608 mmgl), PA{OAC); (14 mg, 0.061
mmol)}, and NaO-t-Bu (582 mg; 6.06 mmol) was disselved in
11.2'g (60.6-mmol) of 5-bromo-mxylene-and heated at 110 *C
for 18 h. The.solution” was Tiltered: through Celite- and then
concentrated by heating at 80 °C under vacuum. The product
was isolated from the:crude concentrated solutfon by silica.gel
chromatography. A yellow byprodisct fraction eluted first with
an eluent of 100:1 pentane Et;0. The red product was then
eluted with a 80:1 mixture. of pentane/Et;0 to give 154 mg
(30%) of PICiH(FeCs(3.5-MezCeHa)s)(#-Bu)y as a red solld that
was. judged to be roughly 95% pure by *H NMR spectroscopy.
‘H NMR 6 7.27 (s, 10 H), 6.70 {(s. § H). 4.83 (q, 1.6 Hz, 2 H),
4.68 (t, 1.6 Hz, 2 H), 2.07 {5, 30 H), 1.12 (d, 10.8 Hz. I8 H);
SPLIHY NMR (CoDal: & 26.13 (s).
¢ PCsHsFeCsMes)P(2Bu)i. .Cp*H (97 figl 071 mmol) was
dissolved in 3 mL of THF. n-Buli {0.285 mL of 3 2.5 M
solution, 0.713 mmol} was added dropwise, and the solution
was stirred for 15 min to precipitiite Cp*Li. Felacac)y (181 mg,
0.713 mmol) was.added; and-the solution was-stirred for 20
min, In a separate visl, CsHsP(e-Bu): (200 mg, 0.951 mmeol),
which was: prepared from NaCp and CIP(¢-Bu)z, was treated
with 0,285 mlL of & 2.5M solutién of BuLi (0.71 -mmol) of
n-Buli at roomn temperature in 3 mL of THF. The resuiting
LI{CsHP(e-Bu)s] was added to the-solutioh-of Cp* fron complex,
and the resulting mixture was stirred for 16 h; After this time,
the solution was filtered through Celite and the solvent
evaporated. Silica gel chromatography was-conducted under
nitrogen first washing the. column with pentane-and then
eluting product with.a 4!) mixture of pentdne and toluene,

. The product fractions were combined, the solvent was removed,

and theé product was tallized from pentane to provide
51 mg (18%) of product, "H NMR &.1.25(4, 108 Hz, 18 H),
1.81 (s, 15 H), 3,686 . 1.4. Hz, 2 H), 3:85 (broad s, 2H); 1C
NMR & 11.499 (s), 31.20 (d; 13.8 Hz), 32,90 (d; 24 Ha), 73.74
(d.-2.2 Ha), 74.17°(d, 10,0 H2), 79.01 (4, 31.1 HzZ), BO.08 (s); I'P
NMR 23.06 (s). Anal. Calcd for ExHyFeP C, §3.00; H 8.32,
Found: C, 68.82, H, 9.37. .

Amination of Aryt Halides. General Methods, Proce-
dure A. A typical proccdure is given for the reaction of entries
1 and 2 in Table 1. A 4 mL vial was charged with bromoben.
zéne (171 mg, 1,10 mmof), diphenylamine (163 mg, 1.00 mmol),
Pd{dba) (5.9 mg, 1 mol %), PhsFcP(¢-Bu); (7.1 mg, 2 mol %),
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and sodium tert-butoxide {{44 mg, 1.50 mmol). Anihydrous
toluene (2 mL) was added into the mixture, and the vial was
then sealed with a cap containing PTFE septum. The reaction
mixture was stirred at room temperature for 1' h. After the

-starting ary! halide was consumed, as determined by GC, the

reaction solution was directly adsorbed onto stlica gel, and the
product was isolated by eluting with hexane/ethyl acetate to
give 244 mg (39%) of triphenylamine as a white solid. Reaction
of chiorobenzene (62 mg, 0.55 mmol) with diphenylamine (85
mg; 0.50 mmol).proceeded at 80 °C over 21 h.to %ive triphen-
ylatine (121 mg. 98%). 'H NMR (400 MHz, COClL): 67.26 (1.
6H, 7.2 H), 7.11 (d, 6H, 7.6 Hz), 7.02 (app.t. 3H, 7.2 and 7.6
Haz). BC{*H)} NMR (100 MHz, CDCly): 4 147.83, 120.17.
124,14, 122.63. GC/MS (E]): 'miz 245 (M%),

General Methods. Procedure B. A typical procedure is
given for the regction-of entry 6 in Table 7. A 4 mL vial was
charged with 4-tert-butylbromiobenzene (108 mg, 0.51 mmol),
Pd(OAd): (3.1 mg, 1 ol %), PhsFcP(+-Bu); (7.1 mg, 2 mol %),
and sodlum tert-butoxide (60 mg, (.60 mmol). Anhydrous
toltiene ‘'was added, and the vial was sealed with a cap
coritalning PTFE septum and removed from: the drybox, 80
miof n-hexylamine was-added to the vialthrough the septum
using a syringe. Reaction mixture was then heated to 100 °C
for:2 by to give the title compound {113 mg; 95%) as a'colorless
oit. "H NMR (300 MHz, CBCly): & 7.‘25_%:1. 2H, 8.4 Hz), 6.:62
(d.:2H, 8.4 Hz), 3.51 (bs, 1H), 3:14 (1, 2H, 7.2 Hz); 1.66 (.
2H), 1.34~1.43 {m, 6H), 1.34 (s, 9H, t-Bu), 0:96°(t, 3H, 6.3 and
6.9 Hz). *C{'H} NMR (100 MHz, CDCls): d 146,14, 139.75,
125.92, 112.35, 44,11, 33,75, 31.63; 31,53, 29.58, 26.86, 22.62,
14,05. GC/MS(ED: m/z233 (M*). Anal, Caled for CHnN: C.
82.34; H. 11.82; N, 6.00. Found: C, 82.55; H, 11.82: N. 6.06.

Reactions of Aryl Halides with Boronic¢ Acids. General
Procedure A. A typical procedure is givén for the reaction of
entry 1 1n Table 10. A 4 mL vial was charged with 4-bro-
mobenzophenone (268 mg, 1.03 mmol), o‘tolylboronic acid (152
thg, 1.52 mmol}; KF (1 16 g, 2.00 mmol), Pd(dba)z (5,8 mg, 1
mol %); and PhsFeP(¢-Bu): (7.1 mg, 2 mol %). Anhydrous
toluéne {2 ml) was added to the mixture, and the vial was
sealed with a cap aontaining PTFE septum and reimoved from
thé drybox. The reaction solution was stirred at room tem-
perature for 18 h, ARer the starting aryl halide was consumed,
the reaction solution was directly absorbed onto silica gel. and
the coupling product was isolated by eluting with hexane/ethyl
acatate to give 275 mg-(98%) of 4-(2-methylphenyl)benzophen-
on¢asasold, -, | ... .

General Procedure B: A typlcal. procedure is given for

‘the reaction of entry 1 in Table 13 A 4 mL.vial was
‘with &tert-butylbromobienzene {213-mg; 1.00- mmol), Pd(dba)z
{5.8:mg. 1 mol %), PheFcP(¢-Bu)z (14.2 mg, 2 mol %), KsPO,

(430 mg, 2.02 mimol, powdered), and s+ bitylboronic acid (124
mg, 1,21 mmal), Arihydrous-toluene (2 mbL)and a stirring bar
were atded, and the vial was then sealed with a cap containing
a PTFE septum and removed from the drybox. The.reaction
mixture was stirred at 100 °C for 2.5:h, After the starting aryl
halide' was consumed as determined by GC, the reaction
solution.was cooled to room temperature. The reaction solution
was then adsorbed onto silica gel directly, and the product was
isolated by eluting with ethyl acetate/hexanes to give 175 mg
{92%) of 4-tertvutyl-1-n-butylbenzene.as coloriess oil. Kugel-
rohr distillation was, ysed. for further pupificatipn. .

General Procedure for the Formation of Di
A 4 ml vial was charged: with:2-bromotofuéne (86 mg, 050
maiol, Pdidba)z, 14 mg (00025 mmol), PhyFeP(tBu)z (26 mg,
0.38 ‘mmol), and sodlum p-methoxyphenoxide (88 mg, 0.60
minol). Anhydrous toluerie (2.5 mL) was added. and the vial
wiis sealed with acap containing & PTFE séptum and removed
from the drybox. The reaction mixture was heated at 40 °C
fot 24 or 70 h at room temperature. The reaction solution was
then adsorbed onto silica gel, and the product was isolated by
elyting with ethyl acetate/nexanes (0 to 10% gradient) to give
106 mg (83%) of diaryl ether. 'H NMR (CDCly) 6 2.33 {s. 3H),
3.83 (s, 3H), 6:83~6.96 (m,.5H), 7.05 (t, 7.4 Hz, 1H}, 7.16 {¢,
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7.7 Hz, 1H), 7.27 (d, 7.3 Hz, 1H); 3C('H} NMR (CDCly): &
16.19, 5§5.59, 114,71, 117.93. 119.27, 123.01, 126,91, 128.99,
131.23, 151,00, 155.21, 155.74.

" * - General'Procedure for the Palladium-Catalyzed Ether-

AL N O

BNSOOCID: <XP,

ification of Aryl Halides Using rert-BUONa (entry 1,
Table 14). A typical procedure is given for the reaction of entry
| in Table 14. A 4 mL vial was charged with iromobenzene
(63 mg, 0.40.mmol), Pdidba); (1 1.5 mg, 0.0200 mmal), PhsFcP-
(¢-Bu)z {14.2 mg, 0.0200 mmol}, and sodium tert-butoxide (47
mg, 0.48 mmol ? Anhydrous toluene (2.mL) was added, and

the vial was sealed with a cap containing a PTFE septum and.

removed from the drybox. The reaction mixture was stirred
at roorn temperature for 23 h. The reaction solution was then
adsorbed onto silica gel, and the groduct was isolated by
eluting with ethyl acetate/hexanes (0 to 10% gradient) to give
58 mg (87%) of tert-butoxybenzene,

General Procedure for the Palladium-Ca Ether-
{fication of Aryl Halides with Sodium tert-Butyldimeth-
ylstloxide. The reaction conditions and results are shown-in
Table 14, A typical procedure is given for the reaction of entry
3 in Table t. A 4 mL vial was.charged with 2-bromotoluene
{86 mg. 0.50 mmol), Pd(dba); (14.0 mg, 0.0243 mmol), PhsFcP-
(+-Bu)z (1B.0 mg, 0.0254 mmol), and sodium tert-butyl-di-
methylsiloxide ( 2 mg, 0.60'mmol). Anhydrous toluene (& mL}
was added to the vial, and the vial was sealed with a cap
containing » PTFE sepitum and removed from the drybox, The
reaction mixture was stirred at room temperature for 48 h.
The reaction solution was- then adsorbed-onto silica gel, and
the product was isolated by eluting with.ethyl acetate/hexanes
(0 to 10% gradient). to give 110 mg (99%) of 2-{tert-butyl-
dimethylsilyloxy)toluene,

General Procedure for the Palladium:Catalyzed In-
tramolecular Etherification. The reaction conditions arid

Hgerty, Cn RESSN
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reésults are shown in Table 14, A typical procedure is given
for the reaction of entry 19 in Tablé 14. A 4 mL vial was
charged with 4-(2:bromophenyl)-2-methyl-2-butanol {37 mg.
040 mmol), Pd(dba)z (11.5-mg. 0.0200 mmol), PhsFcP{-Bu):
(14.2 mg, 0.0200 mmol), and sodium tert-butoxide (46 mg, 0.48
mmol), Anhydrous toluene (2 mL) was added Into the vial, and
the vial was sealed with a cap tontaining a8 PTFE septum and
removed from the drybox. The reacdon mixture was stirred
at room temperature for 10-min. The reaction solutlon was
adsortied onto sifica ge! and issiated by eluting with 5% ethy!
atetate In Hexanes to-give 60 mg (93%) of 2;2-dimethylchroman
as a colorless ofl, '"H NMR (300 MHz, CDCly); & 7.10~7.06
(e, 2H), 6.86~6.78 (m, 2H), 2:80 {dd, 6.8, 6.5 Hz, 2H), 1.82
(dd, 6.6, 6.9 Hz, 2H), 1.35 (s, 6H). *C NMR (100 MHz,
CDCly): 6 22.21, 26.65, 32.55, 73.86, 116.98, 119.33, 120.67,
126.98, 129.20, 153.73. GC/MS: m/z 162 (M*).
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cednres. spectroscoplc and elemental ‘analytical data on iso-
lated compounds, and details of the X-ray structure determi-
nation, This. material is available free of charge via the
Internet at http//pubs.acs.org.
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