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The new air-stable PdgIPR,(Ph-R)}, complexes, readily prepared from commercial reagents, exhibit
unique efficiency as catalysts for the Suzukiyaura coupling reactions of a variety of heteroatom-
substituted heteroaryl chlorides with a diverse range of aryl/heteroaryl boronic acids. The coupling reactions
catalyzed by the new complexes exhibit high product yields-@®%) and high catalyst turnover numbers

(up to 10 000 TON).

Introduction required protection/deprotection stratedgi@Recently, PdGH
L . . (PPh), and Pd(OAcYD'BPF catalysts (BPF = 1,1-bis(di-

The Suzuki-Miyaura coupling reaction represents one of the et hytyIphosphino)ferrocene) were reported to offer improved
most widely utilized methods in organic synthe$eRecent  oqyits compared to the Pd-L catalysts with electron-rich bulky
pioneering advances in the development of efficient catalysts ,onodentate phosphine ligands such dBup and PCy-
have significantly extended the scope of the reaction to include (biphenyl), but high catalyst loadings (5 mol %) were typically
aryl chlorides as coupling partnérblany catalysts for the cross- required’® It was shown that Pd-L catalysts with bulky
coupling reactions of aryl chlorides with a range of steric and
electronic substitution patterns are now extensively developed. (2) Leading references: (a) Barder, T. E.; Walker, S. D.; Martinelli, J.
However, catalysts for the general and efficient cross-coupling g-?DB%’%hW;'dv ? EJ_- Qm-t.ChﬁmJ- 5;?305#27] 3635‘;4696- (g)hWaJIktter,
reactions of heteroatom-substituted heteroaryl chlorides remaingy 5004 43 1871-1876. (c) Yin. J; Rainka, M. bo Zhang. X-X.
underdeveloped. Buchwald, S. LJ. Am. Chem. So2002 124, 1162-1163. (d) Kirchhoff,

The cross-coupling reactions of heteroatom-substituted het-J: H.; Dai, C.; Fu, G. CAngew. Chemint. Ed.2002 41, 1945-1947. (e)
Liu, S-Y.; Choi, M. J.; Fu, G. CChem. CommurR001, 2408-2409. (f)

groaryl chlorides are of S|gn|f_|cance to the pharmaceutical Kataoka, N.; Shelby, O.: Stambuli, J. P.; Hartwig, JJFOrg. Chem2002
industry because of comparatively lower cost of heteroaryl 67, 5553-5566. (g) Zapf, A.; Jackstell, R.; Rataboul, F.; Reirmeier, T.;
chloride raw materials and the prevalence of heteroatom- Monsees, A.; Fuhrmann, C.; Shaikh, N.; Dingerdissen, U.; BelleCem

; ; P ; _ Commun2004 38—39. (h) Harkal, S.; Rataboul, F.; Zapf, A.; Fuhrmann,
substituted heterobiaryls in biologically relevant targets. How C.. Riermeier, T.: Monsees, A.: Belier, Mdy. Synth, Catal2004 346

ever, the Cr0§5‘C0Up|ing reaCtions. of such substrates arej742-1748. (i) zapf, A.; Ehrentraut, A.; Beller, MAngew. Chem Int.
generally considered to be problematic because these substrated. 2000 39, 4153-4155. (j) Bei, X.; Turner, H. W.; Weinberg, W. H.;

can bind to the metal center and deactivate the cathlysthe Guram, A. S.; Petersen, J. L. Org. Chem1999 64, 6797-6803. (k) Bei,
t het | halid ith het t bstit ¢ ith labil X.; Crevier, T.; Guram, A. S.; Jandeleit, B.; Powers, T. S.; Turner, H. W.;
past, heteroaryl halides wi eteroatom substituents with labil€ yng, 7.; Weinberg, W. HTetrahedron Lett1999 40, 3855-3858. (1)

protons such as—OH, —COOH, —SH, and —NH, were Bedford, R. B.; Cazin, C. S. J.; Hazelwood, S.Angew. Chemlnt. Ed.

genera”y found to be unsuitable Coup"ng partn”e%'and 2002 41, 4120-4122. (m) Bedford, R. B.; Cazin, C. S.Ghem Commun
2001, 1540-1541. (n) Li, G. Y.; Zheng, G.; Noonan, A. B. Org. Chem.

2001 66, 86778678. (0) Gstottmayr, C. W. K.; Bohm, V. P. W,

(1) Recent selected reviews: (a) Miyaura, Tap. Curr. Chem2002 Herdtweck, E.; Grosche, M.; Herrmann, W.Angew. ChemInt. Ed.2002
219 11-59. (b) Kotha, S.; Lahiri, K.; Kashinath, Dietrahedron2002 41, 1363-1365. (p) Navarro, O.; Kaur, H.; Mahjoor, P.; Nolan, S.JP.
58, 9633-9695. (c) Bellina, F.; Carpita, A.; Rossi, Bynthesi2004 15, Org. Chem2004 69, 3173-3180. (q) Navarro, O.; Kelly, R. A., ll; Nolan,
2419-2440. (d) Hassan, J.; Sevignon, M.; Gozzi, C.; Schulz, E.; Lemaire, S. P.J. Am. Chem. So2003 125, 16194-16195. (r) Colacot, T. J.; Shea,
M. Chem Rev. 2002 102, 1359-1469. (e) Littke, A. F.; Fu, G. CAngew. H. A. Org. Lett.2004 6, 3731-3734. (s) Dai, Q.; Gao, W.; Liu, D.; Kapes,
Chem, Int. Ed 2002 41, 4176-4211. L. M.; Zhang, X.J. Org. Chem200§ 71, 3928-3934.
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New Catalysts for SuzukMiyaura Coupling Reactions

SCHEME 1. Syntheses of PAG{ PR,(Ph-R')}, Complexes
HPR,
R‘—< >—Br [R‘—< >—PR ]
Pd cat. ?
NaO'Bu
A J PdCl,(COD)

o,

O

(A-E,B', E')

monodentate phosphine ligands were more susceptible to

deactivation by heteroatom-containing reaction substfétes.
As part of our effort to develop efficient and scalable
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processes to pharmaceutically relevant targets, we are interested

in the Suzuki-Miyaura coupling reactions of certain bulky
heteroatom-substituted heteroaryl chlorides with aryl/heteroaryl
boronic acids. Our study of the state-of-the-art Pd-L catalysts
under typical conditions afforded results that were not optimum
for the syntheses of specific target molecules of interest. We
therefore initiated studies to investigate new Pd-L catalysts. In
particular, we studied new dialkylphenylphosphines in which
the phenyl is unsubstituted at the ortho position (unlike the
Buchwald dialkylphenylphosphine ligands in which the phenyl
is substituted with another phenyl group at the ortho position).

Herein, we describe in full the syntheses, characterization, and

activity of new PdCH PR,(Ph-R)} , complexes, and their scope
and limitations as catalysts for the Suzukiiyaura coupling
reactions of heteroatom-containing reaction substrates.

Results

Syntheses and Characterization of PAG[PRy(Ph-R")}»
Complexes.The PdCK PRy(Ph-R)}, complexesA—E (R =
‘Bu) with gradual increase in the basicity of the phosphine

(3) Recently, others and we have communicated the development of
catalysts and conditions for more general and efficient SuzMikyaura

coupling reactions of heteroatom-substituted heteroaryl chlorides; see: (a)

Kudo, N.; Perseghini, M.; Fu, G. @ngew. Chemint. Ed 2006 45, 1282—
1284. (b) Billingsley, K. L.; Anderson, K. W.; Buchwald, S. Angew.
Chem, Int. Ed. 2006 45, 3484-3488. (c) Guram, A. S.; King, A. O.; Allen,
J. G.; Wang, X.; Schenkel, L. B.; Chan, J.; Bunel, E. E.; Faul, M. M;
Larsen, R. D.; Martinelli, M. J.; Reider, P. @rg. Lett 2006 8, 1787
1789. (d) Billingsley, K.; Buchwald, S. LJ. Am. Chem. So@007, 129,
3358-3366.

(4) For other examples of direct SuzuiVliyaura coupling reactions of
NH2-substituted heteroaryl chlorides; see: (a) Thompson, A. E.; Hughes,
G.; Batsanov, A. S.; Bryce, M. R.; Parry, P. R.; Tarbit,B.Org. Chem.
2005 70, 388-390. (b) Itoh, T.; Mase, TTetrahedron Lett2005 46,
3573-3577. (c) Cooke, G.; de Cremiers, H. A.; Rotello, V. M.; Tarbit, B.;
Vanderstraeten, P. Hetrahedron2001, 57, 2787.

(5) The Suzuki-Miyaura coupling reaction of NiHsubstituted chloro-
pyridine with pyridin-3-ylboronic acid with more efficient Pd-sulfonated
S-PHOS ligand catalyst was reported recently; see: Anderson, K. W.;
Buchwald, S. L Angew. Chemlnt. Ed. 2005 44, 6173-6177.

(6) The cross-coupling reactions of Mdubstituted heteroaryl tosylates
have been described; see: Gunda, P.; Russon, L. M.; Lakshman, M. K.
Angew. Chemlnt. Ed 2004 43, 6372-6377.

(7) For Suzuki-Miyaura coupling reactions of Ni=substituted heteroaryl
bromides and aryl halides, see citations in refs 3b and 4.

(8) Protection/deprotection strategies were employed for the Suzuki
Miyaura coupling of 3-amino-2-chloropyridine, see: (a) Caron, S.; Massett,
S. S.; Bogle, D. E.; Castaldi, M. J.; Braish, T.®rg. Process Res. De
2001 5, 254-256. For Pd-L-catalyzed Suzuki coupling reaction of COOH-
substituted bromopyridines, see: (b) Meier, P.; Legraverant, S.; Muller,
S.; Schaub, JSynthesi003 551-554. For related Negishi coupling of
heteroatom-substituted aryl chlorides and amino-chloropyridines, see: (c)
Miller, J. A.; Farrell, R. P.Tetrahedron Lett1998 39, 6441-6444.

A @pgz_p@m
. OPF:%_‘VP_@H
oo
: OF—Q
0 @%—jﬁﬁ@o\
: @;—@
R QIO N,

oIgY
FIGURE 1. New PdCH PR,(Ph-R)}> complexes.

ligands were prepared (Figure lAdditionally, the cyclohexyl
analoguesB’' and E' (R Cy) were also prepared for
comparison (Figure 1). The complexes were readily prepared
in two steps from commercially available reagents (Scherd 1).
The palladium-catalyzed cross-coupling reaction of inexpensive
aryl bromides with HPR afforded the desired dialkylphe-
nylphosphines, which were reacted with Pg{CIOD) to afford
the desired air-stable PAPR,(Ph-R)}, complexes.

The complexesA—E, B', and E' were characterized by
spectroscopy and elemental analysis. TH®NMR spectra of
the complexes showed single downfield-shifted resonance for
the phosphine ligands (compared to free phosphine) consistent
with the binding of the phosphine ligands to the palladium
center. Elemental analyses for the complexes were also con-
sistent with the indicated structural formulas. THé NMR
spectrum of complek in the presence of an internal standard
unambiguously confirmed the presence of two phosphine ligands
on the palladium center. Additionally, theCH3 resonance for
theBu group in thetH NMR spectrum of compleg appears
as a 1:2:1 triplet (overlapping doublet of doublet) with a broader
middle peak establishing the trans orientation of the two
phosphine ligands on the palladium cerferThe Raman
spectrum of comple showed a PdCl stretch at 295 cmt.

(9) The compleB has been reported previously; see: Mann, B. E.; Shaw,
B. L.; Slade, R. M J. Chem. Soc. A971, 2976-2980.

(10) The PCyPh ligand used in the preparation of complBkx was
purchased from Aldrich Chemical Co. and used as such. The corplex
was also prepared as shown in Scheme 1. For alternate synthesis of complex
B, see ref 9.

(11) ThetransPdCh(PRs), structures are generally observed with most
small to moderate sized monodentate phosphine ligands. Trans structure
was confirmed for compleB previously, similarly based ofH NMR and
IR data, see ref 9.
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TABLE 1. Influence of Base on PdCK PBux(Ph-H)}» TABLE 2. Influence of Solvent on PdCH{ P'Buy(Ph-H)}»
(B)-Catalyzed Cross-Coupling Reaction (B)-Catalyzed Cross-Coupling Reaction
(HO)ZBOCFa (HO)ZBOCF3
~>-cl ) CFs )l ) CFs
\ N cat. B (1 mol%) \ N \ N cat. B (1 mol%) \ N
Base/aq. Toluene Base/aq. Solvent
100 °C 100 °C
entry base conv (%) entry solvent conv (%)
1 KOAc >99 KOACc base
2 N&C0s3.HO 96 1 p-dioxane 74
3 CsF >99 2 BuOH >99
4 K2COs >99 3 DME trace
5 CsCOs >99 4 DMAC trace
6 K3sPOy >99 5 CHs:CN >99
; ga('j\lBHu gg’ CsF base
Y2 6 p-dioxane >99
9 NaHCQ 40
7 BuOH 95
10 KFHF 79
11 KHCGO; 57 8 DME 44
9 DMAC 97
aReaction conditions: heteroaryl chloride (1.0 equiv), aryl boronic acid 10 CHCN >99

(1.5 equiv), base (2.0 equiv), 10% aqueous solvent(BiL/mmol), reaction

time (6 h). The conversions are based on GCMS A% conversion of the
starting heteroaryl chloride to the desired product in the presence of an
internal standard.

a8 Reaction conditions: heteroaryl chloride (1.0 equiv), aryl boronic acid
(1.5 equiv), base (2.0 equiv), 10% aqueous solvent(BiL/mmol), reaction
time (6 h). The conversions are based on GCMS A% conversion of the
starting heteroaryl chloride to the desired product in the presence of an
internal standard.
The characterization data are most consistent with the depicted

trans-PdCh{ PR,(Ph-R)}, structures shown in Figuret. TABLE 3. Evaluation of PdCl{ PRy(Ph-R')}, Catalysts for
Catalytic Activity of PdCI { PRy(Ph-R')}» Complexes for Cross-Coupling Reactions of Aryl Chloride*
Suzuki—Miyaura Coupling Reactions. The PdCH{ PRy(Ph-
018~

R)}. complexes were evaluated as catalysts for Suzuki

Miyaura coupling reactions. Initial studies were performed with QCI
complexB in which the phenyl is unsubstituted '(R H). A cat. (1 mol%)

variety of bases were investigated for the reaction of 2-chloro- cho#gg'%‘“a”e

3-methylpyridine with 4-trifluoromethylphenylboronic acid,

using 1 mol % of catalydB in aqueous toluene at 10C. Many entry catalyst conv (%)
different bases were found to promote high conversions (Table

1 A 65

1). Bases such as KOAc, CsF,®0;, CCO;, and KPO, were 2 B 67
particularly efficient and exhibited high conversions to the 3 B’ 71
i i ; 4 c 75
desired product. Similarly, a variety of aqueous solvents were : 5 as
investigated for the same model reaction in the presence of 6 E 920
KOAc and CsF bases, both of which showed optimum results 7 E’ 84
in toluene solvent. An interesting influence of solvent on reaction 8 PdChL(D'BPF) 16

conversion was observed (Table 2). With KOAc base, the  aReaction conditions: aryl chioride (1.0 equiv), aryl boronic acid (1.5
highest reaction conversions to the desired product were equiv), K.COs (2.0 equiv), 10% aqueous 1,4-dioxane-¢8 mL/mmol),
observed im-butanol and acetonitrile solvents. With CsF base, reaction time (5 h). The conversions are based on GCMS A% conversion
the highest reaction conversions to the desired product wereOf starting aryl chloride to the desired product in the presence of an internal
observed inp-dioxane and acetonitrile solvents. These results standard.
indicate that the catalyst performance is strongly influenced by
base and solvent combinations and a variety of combinationscatalyst A with an electron-withdrawing substituent on the
can be used. However, optimum base/solvent combinations arephenyl (R = CFs) showed the lowest conversion, while the
also likely to be dependent on the nature of the reaction catalystE with an electron-donating substituent on the phenyl
substrates. (R" = NMey) showed the highest conversion. Tieet-butyl and
The comparative performance of catalyatskE, B', E', and cyclohexyl analoguesB(vs B, E vs E’) showed essentially
PdCL(D'BPF) was evaluated by using the reaction of 2-chloro- comparable performance, while catalygt showed slightly
m-xylene with p-tolylboronic acid as a model reaction (Table higher conversion tharB, and E showed slightly higher
3). The reaction conditions employed 1 mol % of catalyst in conversion thatk' for this reaction. However, the performance
the presence of ¥CO; base and dioxane/water (10/1 v/v) solvent of the tert-butyl and the cyclohexyl analogues of PeER:-
at 100 °C. The catalystsA—E, B’, and E' showed good (Ph-R)}, catalysts is also likely to be influenced by the nature
conversions (entries-17) whereas the PdgD'BPF) catalyst of the reaction substrates.
showed very poor conversion (entry 8). For catalystsE, the The catalyst8—E were further investigated for the reactions
performance exhibited a correlation between the basicity of the of selected heteroatom-containing aryl/heteroaryl chlorides with
phosphine ligand and the catalyst activity. The catalyst activity aryl boronic acids (Table 4). All reactions showed good
gradually increased with gradual increase in basicity of the conversions establishing the compatibility of the catalysts to
phosphine ligand coordinated to the palladium center. The heteroatom-containing reaction substrates. For the reaction of
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TABLE 4. Evaluation of PdCl{P'Buy(Ph-R')}, Catalysts for
Cross-Coupling Reactions of Aryl and Heteroaryl Chlorides with
Arylboronic Acids?

R
(HoypB— %5
— ‘/R
Ar-Cl ar— %
cat. (1 mol%) =
K,CO3/aq. Toluene
100 °C
Entry Ar-X R Cat. Conv.(%)
1 O— p-Me (o 73
2 FGC' p-Me D 88
3 p-Me E 95
4 pCF; B >99
/ \
5 <;A\CI p-Me B >99
6 NH, o-Me B >99
7 | — p-Me E >99
sl % pme E > 99°

aReaction conditions: aryl/heteroaryl chloride (1.0 equiv), aryl boronic
acid (1.5 equiv), KCO; (2.0 equiv), 10% aqueous toluene<@ mL/mmol),
reaction time (12 h). The conversions are based on GCMS A% conversion
of starting aryl/heteroaryl chloride to the desired product in the presence
of an internal standard.0.1 mol % catalyst.

2-chloro-5-fluoroanisole witlp-tolylboronic acid (entries13),
catalystE showed better conversion than catalyStsand C,
which is consistent with the catalyst activity trend described
above. The catalysB efficiently catalyzed the reaction of
2-chlorothiophene with aryl boronic acids bearing both electron-
poor and electron-rich substituents (entriest4. The reaction

of 2-chloro-3-aminopyridine withp-tolylboronic acid was
efficient even in the presence of 0.1 mol % of catalygentry

8), conclusively establishing the compatibility of the catalysts
to heteroatom-containing reaction substrates including amino-
substituted pyridines.

Utility of the PdCI »{ P'Buy(Ph-NMey)}, Catalyst (E) for
Suzuki—Miyaura Coupling Reactions of Heteroatom-Con-
taining Substrates. The utility of complexE for the general
Suzuki-Miyaura coupling reactions of heteroatom-substituted
heteroaryl chlorides was further explored. The catalysifi-
ciently catalyzed the reactions of a variety of Néibstituted chlo-
ropyridines with a range of aryl boronic acids to afford the de-
sired products in high isolated yields (Table 5). The reactions
were all efficient irrespective of the position of the free NH
group on the pyridine ring and the electronic nature of the aryl bo-
ronic acids (entries-16). A crowded aryl boronic acid with two
ortho substituents also participated effectively (entries 7 and 8).

The catalystE efficiently catalyzed the reactions of other
heteroatom-substituted six-membered heteroaryl chlorides with
aryl boronic acids (Table 6). The heteroaryl chlorides based on

JOC Article

TABLE 5. PdCI{PBu,(Ph-NMey)}, (E)-Catalyzed Reactions of
Aminochloropyridines with Arylboronic Acids 2

Z Ar-B(OH), 2N
HzN—/\jCI H2N—:\)—Ar
& cat. E (1 mol%) N

K,COgz/aq. Toluene
100 °C

=N =N

(entry 1, 93%) (entry 2, 95%)

NH, H,N
=N =N

(entry 3, R =CF3, 92%) (entry 5, R = CF3, 90%)

(entry 4, R = OMe, 93%) (entry 6, R =F, 93%)

/\ /\
=N =N

(entry 7, 98%)P (entry 8, 92%)?

a8 Reaction conditions: heteroaryl chloride (1.0 equiv), aryl boronic acid
(1.2—-1.5 equiv), KCO; (2.0 equiv), 10% aqueous toluene<@ mL/mmol),
reaction time (812 h). The yields correspond to isolated products of greater
than 95% purity based on NMR, GCMS, and/or HPLC analys&smol %
catalyst.

TABLE 6. PdCly{PBu,(Ph-NMey)}, (E)-Catalyzed Reactions of
Other Six-Membered Heteroaryl Chlorides with Arylboronic Acids?2

y Ar-B(OH), 2N
vZ g 0
XyN cat. E (1 mol%) Xy N
K>COs/aqg. Toluene

X: CR, N 100 °C
Y: R, OR, SR, COOR
o~ o N 0
/ N=N \ >=N \
—S
(entry 1, 97%) (entry 2, 95%)
N
N en ¢ ‘>—®o
=N =N N
—S MeOOC
(entry 3, 94%) (entry 4, 89%)P
-0
N N 0
>N =N b
—S -0

(entry 5, 99%)° (entry 6, 98%)°

a8 Reaction conditions: heteroaryl chloride (1.0 equiv), heteroaryl boronic
acid (1.2-1.5 equiv), KCOs (2.0 equiv), 10% aqueous toluene-(8 mL/
mmol), reaction time (1224 h). The yields correspond to isolated products
of greater than 95% purity based on NMR, GCMS, and/or HPLC analysis.

other heterocycles such as pyrimidines and pyridazines, and®0.01 mol % catalyst, anhydrous toluene solvéiit.1 mol % catalyst.

other heteroatom substituents such -a®Me, —SMe, and
—C(O)OMe reacted effectively with a variety of arylbo-
ronic acids to afford the desired products in high isolated
yields.

The catalystE also efficiently catalyzed the reactions of
heteroatom-substituted six-membered heteroaryl chlorides with
heteroaryl boronic acids (Table 7). A range of heteroaryl boronic
acids participated effectively to afford the desired products in
high isolated yields. Similarly, the reactions of five-membered

heteroary! halides (chlorides and bromides) with both aryl- and
heteroaryl boronic acids proceeded efficiently (Tablé2g).

The catalysk also effectively catalyzed the reaction of lH
substituted pyridines with aryl and heteroaryl boronate esters

(12) Leading references for the cross-coupling reactions of five-membered
heteroaryl halides: (a) Charles, M. D.; Shultz, P.; Buchwald, SOig.
Lett 2005 7, 3965-3968. (b) Hooper, M. W.; Utsunomiya, M.; Hartwig,
J. F.J. Org. Chem 2003 68, 2861-2873.
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TABLE 7. PdCIl{PBuy(Ph-NMey)}, (E)-Catalyzed Reactions of
Six-Membered Heteroaryl Chlorides with Heteroarylboronic Acids?

Het-Ar-B(OH), =
Z
Y—/\'—CI Y—/\'—Het-Ar
Xy N cat. E (1 mol%) XyN
Base/ag. Solvent
X:CR,N 100 °C
Y: OR, SR, NH,
— , —
HZNWO N/ N \ .7
N= N = N
HyN
(entry 1, 97%) (entry 2, 95%)
NHZ —O
7\ - 7 N\ -
/ N /
Y =N N
—O0 F
(entry 3, 88%) (entry 4, 97%)
7\ - 7 N\ -
N / 6] /
>N ) N /7 N=N ) N
S F F

(entry 5, 92%) (entry 6, 99%)

a Reaction conditions: heteroaryl chloride (1.0 equiv), aryl boronic acid
(1.2—1.5 equiv), base (2:03.0 equiv; KOAc for entries 1, 4, and 6 3RO,
for entries 2 and 3, and KHC{or entry 5), 10% aqueous solvent<3
mL/mmol, n-butanol for entry 1, 1,4-dioxane for entries-2, and CHCN
for entries 5 and 6), reaction time (5:20.0 h). The yields correspond to

isolated products of greater than 95% purity based on NMR, GCMS, and/

or HPLC analysis.

Guram et al.

TABLE 8. PdCIy{PBu,(Ph-NMey)}, (E)-Catalyzed Reactions of
Five-Membered Heteroaryl Halides with Aryl- and
Heteroarylboronic Acids?

Ar-B(OH),
x X5 Het-Ar-B(OH), x %
> =~ < i
R -~CI(Br) 4>cat. E (1 mol%) R —~Ar(Het-Ar)
X:0,S,CR,N,NR __Base
aq. Solvent
100 °C

GO O

(entry 1, 96%) (entry 2, 93%)

o 1

(entry 3, 95%) (entry 4, 95%)

e T

7 7»7—0 K \ |

@N \y NHJ
(entry 5, 88%) (entry 6, 95%)

a8 Reaction conditions: heteroaryl halide (1.0 equiv; halideCl for
entries 1, 5, and 6, halide Br for entries 2-4), aryl boronic acid (1.2
1.5 equiv), base (2.0 equiv;3RO, for entries -5, KOAc for entry 6),
10% aqueous solvent {3t mL/mmol; 1,4-dioxane), reaction time{32
h). The yields correspond to isolated products of greater than 95% purity
based on NMR, GCMS, and/or HPLC analysis.

acid. For heteroaryl boronic acids, TONs of 2800 were
observed for reactions tested under low catalyst loading condi-

(egs 1 and 2), indicating both boronate esters and boronic acidsions. A TON of 490 was observed for the reaction of 6-chloro-

to be suitable and complementary coupling partners.

o
T m
O
=N

cat. E (1%)
96 %

BuOH/H,0

KOAc
92 %

M

o FHC

cat. E (1%)
BuOH/H,0O
KOAc

Catalyst Turnover Numbers (TONs). While 1 mol % of
catalysts (100 TONs) was typically employed to study and
establish the scope of the new catalysts for Suzikiyaura

2,4-dimethoxypyrimidine with 2-fluropyridin-3-ylboronic acid;

a TON of 250 was observed for the reaction of 4-chloro-2-
(methylthio)pyrimidine with 2-fluropyridin-3-ylboronic acid; and

a TON of 500 was observed for the reaction of 2-chloroben-
zoxazole with 6-methoxypyridin-3-ylboronic acid. The reaction
of 2-chlorobenzonitrile wittp-tolylboronic acid was found to
proceed to completion in the presence of only 0.01 mol % (TON
10 000) of catalysE to afford the desired industrially significant
intermediate, OTBNd-tolylbenzonitrile), in high yieldP¢

Deactivation Studies of PACK P'Bu,(Ph-NMey)} , Catalyst

(E). The results summarized above clearly establish that catalyst
E is not prone to deactivation by heteroatom-containing
substrates. To further establish the stability of catalysts
selected reactions were performed in the presence of potentially
deactivating chelating substrates such as 4-aminopyrimidine and
2-aminopyridine. For the reactions of 2-chlarexylene and
3-amino-2-chloropyridine wittp-tolylboronic acid (Table 9),
catalystE was found to efficiently catalyze the reactions even

coupling reactions, lower catalyst loadings to achieve higher in the presence of 50 mol % of the chelating substrates.

TONSs were briefly investigated with catalystin some case's

Comparable conversions were observed in the presence and

Catalyst TONs were found to be dependent on the nature of absence of the added chelating substrates. The results indicate

the reaction substrates. For aryl boronic acids, TONs of $000
10000 were observed particularly with electron-rich aryl boronic

acids and electron-poor heteroaryl chloride coupling partners

(entries 4-6, Table 6). A TON of 850 was observed for the
reaction of 2-chloropyridin-4-amine with 4-fluorophenylboronic

(13) The catalyst TONs were investigated under otherwise typical reaction

conditions without further optimizations. For experiments with heteroaryl
boronic acids, 0.1 mol % cataly& was employed, and the TONs were
determined from calibrated HPLC product area %.
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that catalysk has a high tolerance to chelating substrates under
the described reaction conditions.

Current Limitations. While catalystE efficiently catalyzed
the Suzuki-Miyaura coupling reactions of a range of reaction
substrates, the reactions of certain substrates were found to be
inefficient under the reaction conditions investigated. These
include reactions of alkyl boronic acids with both aryl and
heteroaryl chlorides, the reactions of pyrazole boronate ester
with chloro-aminopyridines, the reactions of 2-chlorobenzothia-
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TABLE 9. Deactivation Studies of Complex E-Catalyzed Miyaura coupling reactions of heteroatom-substituted heter-
Suzuki—Miyaura Reactions® oaryl chlorides can be ascribed to the unique combination of
electronic and steric properties of the new phosphine ligands.
(H0)23©7 The electron-rich nature of the new phosphine ligands promotes

Al : Ar'@ the oxidative addition of the €CI bond4 while the steric

cat. E (0.1- 1.0 mol%
K,CO.

00r50 25 L oru properties of the new phosphine ligands appear to be particularly

aq. Solvent favorable for the coupling reactions of heteroatom-containing
100°C substrates.
NH, NH, In comparison to the previously reported catalysts (RdCl
SN SN (PPh)z*2and PdG)(D'BPF)* for the Suzuki-Miyaura coupling
Lo L reactions of heteroatom-containing substrates, the new,PdCl
N {PRy(Ph-R)}.%¢ catalysts and the recently reported,faky/
Entry Ar-Cl lorll  Conv.(%) PCy3215 and Pddba/PR:biphenyf? catalysts provide a sig-

nificant advance. Owing to the specific combination of ligand

! 0 94 electronic and steric properties, the new RIER,(Ph-R)}»

2 al 50 mol% | >90 | id - b d ield d

3 50 mol% Il > 90 catalysts provide unique substrate scope, product yields, an
catalyst turnovers for the cross-coupling reactions of heteroatom-

NH substituted heteroaryl chlorides.

4 2 0 > 99

5 @Cl 50mol% 1 > 99 .

6\ 50 mol% Il > 99 Conclusions

aReaction conditions: aryl or heteroaryl chloride (1.0 equiv), aryl boronic The new air-stable PAZIPR(Ph-R)}, complexesA~E, B/,
| Itons: | . uiv), | I . : - A
acid (1.5 equiv), KCOs (1.5-2.0 equiv), 10% aqueous solvent(@ mL/ and E' are readily available in two simple steps from com-

mmol), reaction time (entries-13, 10 h; entries 46, 20 h), catalystloading ~ Mercially available starting materiaﬂl%.Thg complexes ef-
(Pd %: entries 3, 1 mol %; entries 46, 0.1 mol %), and solvent (entries  ficiently catalyze the SuzukiMiyaura coupling reactions of a

1-3, aq toluene; entries46, agp-dioxane). The conversions are based on  variety of heteroatom-substituted heteroaryl chlorides with a
GCMS A% conversion of the starting heteroaryl chloride to the desired yarse range of aryl- and heteroaryl-boronic acids. The
product in the presence of an internal standard. exceptional performance of the catalysts for the cross-coupling
reaction of heteroatom-substituted heteroaryl chlorides is at-
tributed to the unique combination of electronic and steric
properties of the new monodentate phosphine ligands. The new
) ) ligands and new metaligand complexes are currently being
Discussion explored for other pharmaceutically relevant applications.

The new air-stable PdgIPR,(Ph-R)} > complexes are readily _ )
prepared in two steps from the cross-coupling reactions of Experimental Section

commercially available aryl b_romides and dialkylphosphine Syntheses of PAGE PR,(Ph-R')}» Complexes (A: R= 'Bu,
reagents followed by the reactions of the generated phosphineR' = p-cF;; B: R ='Bu, R =H;B": R=Cy, R =H; C: R

with PdCh(COD). The new complexes catalyze the Suzuki = Bu, R' = 3,4,5-tri-OMe; D: R = Bu, R = p-OMe; E: R =
Miyaura coupling reactions of a variety of substrates. The Bu, R = p-NMey; E: R = Cy, R' = p-NMe,). The syntheses
coupling reactions are influenced by the nature of the base andwere typically performed on a 4.0 mmol scale of the aryl
solvent employed; however, a number of base and solventhalide. A toluene or xylene solution of dialkylphosphine (1.0 equiv),
combinations provide good results. The performance of pdCl aryl bromide (1.0 equiv), Na®u (1.5 equiv), and Pdba
{PR,(Ph-R)}, catalysts is influenced by the electronic properties (1 Mol %) was stirred at 96 30 °C for 12 h. The reaction was
of the phosphine ligands coordinated to the palladium center, €00€d to ambient temperature and filtered through a short silica
For Suzuki-Miyaura coupling reactions, the catalyst activity gel plug. The silica gel plug was rinsed with toluene or dioxane.

. . . ) o . . The combined filtrate was concentrated under vacuum and the
increases with the increase in basicity of the phosphine ligand. regjque was dissolved in THF. Alternatively, the combined filtrate

Thus,_ while aI_I catalysts exhibit gooq ability to catalyze the \yas used as such. The P@OD) (0.35-0.40 equiv) complex
coupling reactions, cataly& and E’ with the most electron-  was added as a solid and the reaction mixture was stirred at ambient
rich phosphine ligands, in particular, show the highest activity. temperature for 12 h. For compléX, a 2:1 reaction mixture of
The catalystE efficiently catalyzes the SuzukMiyaura commercially available PGPPh and PdG{COD) in THF was stirred
coupling reactions of a variety of heteroatom-substituted het- at ambient temperature for 12 h. The reaction mixture was filtered,
eroary' Chlondes Wlth a range Of ary| and heteroary' boronic a.nd the ye||0W SO“d was Wa.shed W|th pentane a.nd dl’led Under
acids. Many diverse electronic and steric substitution patterns
i (14) The electronic properties of the new ligands (particularly in

on both cou%hng [.)I_a(';t,::ers ar? f\INe” toée{;ateg' The Cat?lyr?t complexesD, E, andE') are likely to be comparable to'Bu; and PR-
tumo}/er numbers ( s) are in gencg y the nature of the (biphenyl) ligands because of the presence of an electron-donating group
reaction substrates. For aryl boronic acids, catalyst TONs up toin the para position of the phenyl ring. However, sterically, the new ligands
10 000 are achieved particularly with electron-rich aryl boronic afe( 1";;3"):’ to be SIQmeWhat Slma”eff thé}“ttﬁ(?l% sfgiol;%(t?lpfgenfyl) |lgand5-|

: ~ : or earlier examples ol relate - alysts Tor general
acids _and (_electron poor aryl/heteroaryl ChIorlde_s. For heteroaryl Suzuki-Miyaura coupling reactions, see: (a) Shen, Tétrahedron Lett.
boronic acids, catalyst TONs up to 500 are achieved. However, 1997 38, 5575-5578. (b) Wallace, D. J.; Chen, C. Yetrahedron Lett

sterically demanding reaction susbtrates require higher catalyst2002 43, 6987-6990.
loadings (TON 56-100) (16) The new PRPh-R) ligands and PdG{PRx(Ph-R)}> complexes
s ’ are named as “A-Phos” and (A-PhgBj)iCh, respectively, for example,
The efficiency of the new Pdg[IPR,(Ph-R)}. complexes, complexesE and E' are referred to as “(A%hos)PdCh” and “(A-c&

in particular complexe®, E, andE’, as catalysts for Suzuki Phos)PdCL”, respectively.

zole with heteroaryl boronic acids, and the reactions of
chloropurine with heteroaryl boronic acids.
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vacuum. The desired complexes were typically obtained in about 32.5 Hz), 128.9, 125.7 (§Jcr = 3.5 Hz), 123.8, 123.2, 124.2 (q,

85% isolated yields.

PdCl{ PBu,(Ph-p-CF3)}> (A): H NMR (CDCls) 6 8.00 (br s,
4H), 7.59 (br dJ = 7.9, 4H), 1.62 (br tJpy = 7.0 Hz, 36H).31P
NMR (CDClg) 6 55.7.1% NMR (CDCk) 6 —63.4. Elemental Anal.
Calcd: C 47.54, H 5.85. Found: C 47.57, H 6.05. Raman &m
297.9 (Pd-ClI).

PdCI{ PBuy(Ph)}, (B): *H NMR (CD.Cl,) 6 7.9-7.8 (m, 4H),
7.36-7.30 (m, 6H), 1.56 (br. tJpy = 6.9 Hz, 36H).31P NMR
(CD.Cl,) 6 54.4. Raman (cm) 300.9 (Pd-Cl).

PdCI{PCy,(Ph)}, (B"): H NMR (CgDe¢) 6 7.90 (m, 4H), 7.29
7.18 (m, 6H), 2.931.16 (m, 44H).31P NMR (GD¢) 6 41.9.
Elemental Anal. Calcd: C 59.55, H 7.50. Found: C 59.38, H 7.01.

PdCl{ PBu,(Ph-34,5-tri-OMe) }, (C): *H NMR (C¢Dg) 6 7.41
(t, Jpy = 4.7 Hz, 4H), 3.93 (s, 6H), 3.71 (s, 12H), 1.76 (bd#y
= 6.8 Hz, 36 H)3'P NMR (GD¢) 6 69.4. Elemental Anal. Calcd:
C 50.91, H 7.29. Found: C 50.74, H 7.03.

PdCI{ PBuy(Ph-p-OMe)}, (D): Isolated material contained 1,4-
dioxane (0.25 mol equiviH NMR (CgDg) 0 8.06-8.02 (p,J =
4.3 Hz, 4H), 6.85 (dJ = 8.6 Hz, 4H), 3.32 (s, 6H), 1.77 (br J,
= 6.8, 36H). Elemental Anal. Calcd: C 53.28, H 7.45. Found: C
53.36, H 7.03.

PdCl{ PBu,(Ph-p-NMe,)}» (E): H NMR (CDCl) 6 7.5 (br
s, 4H), 6.42 (dJ = 8.3 Hz, 4H), 2.75 (s, 12H), 1.38 @y = 6.6
Hz, 36H).31P NMR (CDCE) 6 52.1. Elemental Anal. Calcd: C
54.28, H 7.97. Found: C 53.17, H 7.58. Raman (&§m295.8
(Pd-ClI).

PdCI{ PCy,(Ph-p-NMe,)} > (E'): *H NMR (CgDg) 6 7.91 (m,
4H), 6.64 (dJ = 8.8, 4H), 3.03-1.28 (m, 44H), 2.52 (s, 12H}P
NMR (CgDg) 6 39.2. Elemental Anal. Calcd: C 59.15, H 7.94.
Found: C 58.85, H 7.63.

General Procedure for the Suzuki-Miyaura Coupling Reac-
tions. All Suzuki—Miyaura coupling reactions (Tables-9, eqs 1
and 2) were typically performed on a 1.0 mmol scale of the aryl
halide. A mixture of aryl halide (1.0 equiv), aryl boronic acid/ester
(1.2-1.5 equiv), base (2:03.0 equiv), and catalyst (0.61
2.0 mol %) in aqueous solventB—4 mL for 1.0 mmol starting
substrate;~10% water) was stirred at 80.00°C in screw-capped
glass vials for 520 h. The reaction was cooled to ambient

temperature and extracted in organic solvent (ether or dichlo-

er = 272 Hz).

2-(4-Methoxyphenyl)-3-pyridinamine (Table 5, entry 4).This
compound was isolated as a white solid (93% yield) from the
reaction of 2-chloropyridin-3-amine and 4-methoxyphenylboronic
acid with the general procedurdd NMR (CDCl) ¢ 8.08 (d/d,J
= 3.7/1.1 Hz, 1H), 7.60 (dJ = 8.4 Hz, 2H), 7.0+6.96 (m, 4H),
3.85 (s br, 2H, partially overlapped), 3.82 (s, 3HC NMR (CDCk)
0 159.5, 144.8, 140.1, 139.8, 131.1, 129.8, 122.7, 122.6, 114.2,
55.4.

24 4-(Trifluoromethyl)phenyl }-4-pyridinamine (Table 5, en-
try 5). This compound was isolated as a white solid (90% yield)
from the reaction of 2-chloropyridin-4-amine and 4-(trifluorom-
ethyl)phenylboronic acid with the general proceduitd. NMR
(CDCly) 6 8.31 (d,J = 5.4 Hz, 1H), 8.0 (dJ = 8.2 Hz, 2H), 7.67
(d,J=8.Hz2, 2H), 6.93 (s, 1H), 6.51 (br d=5.5 Hz, 1H), 4.39
(br s, 2H).13C NMR (CDCk) o 156.8, 153.7, 150.3, 143.2, 130.5
(9,%Jcr = 32.2 Hz), 127.2, 125.5 (§Jcr = 3.5 Hz), 124.3 (q1Jcr
= 272 Hz), 109.0, 106.9.

2-(4-Fluorophenyl)-4-pyridinamine (Table 5, entry 6). This
compound was isolated as a white solid (93% yield) from the
reaction of 2-chloropyridin-4-amine and 4-fluorophenylboronic acid
with the general proceduréH NMR (CDCl) 6 7.46-7.42 (m,
2H), 7.14-7.10 (m, 2H), 6.976.92 (m, 3H), signal for Nklprotons
not observed!3C NMR (CDCk) 6 161.3 (d,%Jcr = 246.0 Hz),
142.3, 129.6 (d3Jcr = 3.4 Hz), 127.0, 126.58, 126.54 @ =
7.8 Hz), 123.73, 122.1, 114.76 (fllcr = 21.5 Hz).

2-Mesityl-4-pyridinamine (Table 5, entry 7). This compound
was isolated as a white solid (98% vyield) from the reaction of
2-chloropyridin-4-amine and mesitylboronic acid with the general
procedure!H NMR (CDCl) ¢ 8.02 (d,J = 5.5 Hz, 1H), 6.75 (s,
2H), 6.23 (d,J = 5.4 Hz, 1H), 6.20 (s, 1H), 4.57 (s br, 2H), 2.17
(s, 3H), 1.90 (s, 6H)13C NMR (CDCk) 6 159.0, 152.7, 148.4,
137.1, 135.9, 134.5, 127.0, 109.1, 106.8, 20.0, 18.9.

2-Mesityl-3-pyridinamine (Table 5, entry 8). This compound
was isolated as a white solid (92% vyield) from the reaction of
2-chloropyrdin-3-amine and mesitylboronic acid with the general
procedureH NMR (CDCl) 6 7.98 (d,J = 4.5 Hz, 1H), 6.92
(d/d, J = 8.0/5.0 Hz, 1H), 6.84 (d) = 8.0 Hz, 1H), 6.82 (s, 2H),
3.45 (s br, 2H), 2.20 (s, 3H), 1.88 (s, 6HJC NMR (CDCk) ¢

romethane). The organic extract was subjected to an aqueousl45.8, 140.5, 139.4, 137.6, 136.5, 133.8, 128.6, 122.8, 121.3, 21.2,

workup (when product stability permittedl N NaOH was used to

facilitate removal of excess boronic acid), dried over anhydrous

19.4.
3-Methoxy-6-(4-methoxyphenyl)pyridazine (Table 6, entry 1).

N&SO,, and concentrated under vacuum. The crude material was This compound was isolated as a white solid (97% yield) from the
purified by column chromatography on silica gel with hexanes and reaction of 3-chloro-6-methoxypyridazine and 4-methoxyphenyl-
hexanes/ethyl acetate or 5% methanol in ethyl acetate as eluentsboronic acid with the general procedutel. NMR (CDCl;) 6 7.96

High TON experiments were stirred at 8000 °C for 24 h.
Additional details are provided in the schematics and text.

2-(o-Tolyl)-3-pyridinamine (Table 5, entry 1). This compound
was isolated as a white solid (93% yield) from the reaction of
2-chloropyridin-3-amine and-tolylboronic acid with the general
procedure’H NMR (CDCl) 6 8.08 (d,J = 4.5 Hz, 1H), 7.29-
7.26 (m, 4H), 7.087.00 (m, 2H), 3.59 (s br, 2H), 2.17 (s, 3H).
13C NMR (CDCh) 6 146.0, 140.3, 139.2, 137.4, 136.7, 130.7, 129.1,
128.5, 126.3, 123.2, 121.9, 19.3.

2-(p-Tolyl)-3-pyridinamine (Table 5, entry 2). This compound
was isolated as a white solid (95% yield) from the reaction of
2-chloropyridin-3-amine ang-tolylboronic acid with the general
procedure’H NMR (CDClg) 6 8.1 (d/d,J = 4.1/1.8 Hz, 1H), 7.55
(d,J = 8.2 Hz, 2H), 7.26 (dJ = 7.8 Hz, 2H), 7.04— 6.98 (m,
2H), 3.84 (s br, 2H), 2.39 (s, 3H}3C NMR (CDChk) 6 145.1,
140.0, 139.9, 138.0, 135.7, 129.4, 128.3, 122.8, 122.6, 21.3.

2-{4-(Trifluoromethyl)phenyl } -3-pyridinamine (Table 5, en-
try 3). This compound was isolated as a white solid (92% yield)
from the reaction of 2-chloropyridin-3-amine and 4-(trifluorom-
ethyl)phenylboronic acid with the general proceduiid. NMR
(CDCly) ¢ 8.12 (d/d,J = 4.5/1.6 Hz, 1H), 7.81 (dJ = 8.0 Hz,
2H), 7.71 (d,J = 8.3 Hz, 2H), 7.10- 7.02 (m, 2H), 3.85 (s br).
13C NMR (CDCh) 0 143.1, 142.3, 140.2, 140.2, 130.1 {der =
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(d,J=8.8 Hz, 2H), 7.72 (dJ = 9.2 Hz, 1H), 7.276.99 (m, 3H),
4.17 (s, 3H), 3.86 (s, 3H}*C NMR (CDCk) ¢ 164.0, 160.8, 154.9,
128.8, 127.8, 126.6, 117.7, 114.4, 55.4, 54.8.

4-(4-Methoxyphenyl)-2-methylthiopyrimidine  (Table 6,
entry 2). This compound was isolated as a white solid (95% yield)
from the reaction of 4-chloro-2-(methylthio)pyrimidine and 4-meth-
oxyphenylboronic acid with the general procedutel NMR
(CDCly) 6 8.45 (d,J = 5.3 Hz, 1H), 8.05 (dJ = 9.0 Hz, 2H),
7.26 (d,J = 5.8 Hz, 1H), 6.97 (dJ = 9.0 Hz, 2H), 3.85 (s, 3H),
2.62 (s, 3H)13C NMR (CDCk) 6 172.5, 163.3, 162.2, 157.4, 128.8,
128.7, 114.3, 111.0, 55.5, 14.2.

4-{ 2-(Methylthio)pyrimidin-4-yl }benzonitrile (Table 6, entry
3). This compound was isolated as an off-white solid (94% yield)
from the reaction of 4-chloro-2-(methylthio)pyrimidine and 4-cy-
anophenylboronic acid with the general procedulld. NMR
(CDCly) 6 8.64 (d,J = 5.3 Hz, 1H), 8.20 (dJ = 8.6 Hz, 2H),
7.79 (d,J = 8.4 Hz, 2H), 7.40 (d) = 5.3 Hz, 1H), 2.65 (s, 3H).
13C NMR (CDCk) 6 173.5, 161.8, 158.3, 140.5, 132.7, 127.8, 118.4,
1145, 112.2, 14.3.

Methyl 2-(4-Methoxyphenyl)-6-methylpyrimidine-4-carboxy-
late (Table 6, entry 4). This compound was isolated as an off-
white solid (89% yield) from the reaction of methyl 2-chloro-6-
methylpyrimidine-4-carboxylate and 4-methoxyphenylboronic acid
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with the general procedure except (i) anhydrous toluene was usedthe reaction of 3-chloro-6-methoxypyridazine and 2-fluoropyridin-

as solvent and (ii) 0.01 mol % of catalyst was us&d.NMR
(CDCls) ¢ 8.47 (d,J = 8.8 Hz, 2H), 7.63 (s, 1H), 6.98 (d,= 8.6
Hz, 2H), 4.02 (s, 3H), 3.86 (s, 3H), 2.63 (s, 3)C NMR (CDCk)
0 169.5, 165.5, 164.8, 162.1, 154.9, 130.2, 129.8, 117.3, 113.9,
55.4, 53.1, 24.6.
4-(2,6-Dimethylphenyl)-2-(methylthio)pyrimidine (Table 6,
entry 5). This compound was isolated as a colorless oil (99% yield)
from the reaction of 4-chloro-2-(methylthio)pyrimidine and 2,6-
dimethylphenylboronic acid with the general procedure except 0.1
mol % of catalyst was usedHd NMR (CDCl) 6 8.47 (d,J = 4.9
Hz, 1H), 7.12 (tJ = 7.6 Hz, 1H), 7.01 (dJ = 7.5 Hz, 2H), 6.80
(d, 3 =5.0 Hz, 1H), 2.47 (s, 3H), 2.01 (s, 6HFC NMR (CDCk)
0 171.9, 166.8, 156.1, 136.9, 134.2, 127.6, 126.8, 116.1, 19.2,
13.1.
2,4-Dimethoxy-6-(4-methoxyphenyl)pyrimidine (Table 6, en-
try 6). This compound was isolated as an off-white solid (98%
yield) from the reaction of 6-chloro-2,4-dimethoxypyrimidine and
4-methoxyphenylboronic acid with the general procedure except
0.1 mol % of catalyst was usettd NMR (CDCl;) 6 8.02 (d,J =
8.6 Hz, 2H), 6.97 (dJ = 8.6 Hz, 2H), 6.7 (s, 1H), 4.07 (s, 3H),
3.99 (s, 3H), 3.86 (s, 3H}3C NMR (CDCh) 6 172.5, 165.6, 165.4,
161.7, 129.3, 128.6, 114.0, 95.9, 55.4, 54.7, 53.9.
5-(6-Methoxypyridin-3-yl)pyridin-2-amine (Table 7, entry 1).
This compound was isolated as a white solid (97% yield) from the
reaction of 5-chloropyridin-2-amine and 6-methoxypyridin-3-yl-
boronic acid with the general procedutel. NMR (CDCls) 6 8.27
(d/d,J = 8/2.3 Hz, 2H), 7.70 (d/dJ = 8.6/2.6 Hz, 1H), 7.59 (d/d,
J = 8.6/2.5 Hz, 1H), 6.80 (dJ = 8.6 Hz, 1H), 6.58 (d,) = 8.4
Hz, 1H), 4.53 (br s, 2H), 3.97 (s, 3H¥C NMR (CDCk) 6 163.4,
157.7, 146.1, 144.2, 136.8, 136.2, 127.4, 124.2, 110.9, 108.6,
53.5.
4-(Pyridin-3-yl)pyridin-2-amine (Table 7, entry 2). This
compound was isolated as an off-white solid (95% yield) from the
reaction of 4-chloropyridin-2-amine and pyridin-3-ylboronic acid
with the general proceduréd NMR (CDCly) ¢ 8.84 (s, 1H), 8.65
(d,J =3.5Hz, 1H), 8.17 (d) = 5.0 Hz, 1H), 7.87 (dJ = 7.5 Hz,
1H), 7.34-7.45 (m, 1H), 6.86 (dJ = 5.0 Hz, 1H), 6.69 (s, 1H),
4.68 (br s, 2H)13C NMR (CDCk) 6 158.3, 149.1, 148.2, 147.3,
146.3, 133.6, 133.4, 122.9, 111.6, 105.4.
2-(Pyridin-3-yl)pyridin-3-amine (Table 7, entry 3). This
compound was isolated as a white solid (88% yield) from the
reaction of chloropyridin-3-amine and pyridin-3-ylboronic acid with
the general proceduréd NMR (CDCls) ¢ 8.96 (s, 1H), 8.63 (dJ
= 4.0 Hz, 1H), 8.15 (dJ = 3.5 Hz, 1H), 8.03 (dJ = 7.5 Hz, 1H),
7.40-7.42 (m, 1H), 7.057.17 (m, 2H), 3.79 (s br, 2H}3C NMR
(CDCly) 6 147.2, 146.9, 139.0, 138.1, 138.1, 133.9, 132.2, 121.4,
121.3, 120.8.
4-(2-Fluoropyridin-3-yl)-2,6-dimethoxypyrimidine (Table 7,
entry 4). This compound was isolated as an off-white solid (97%
yield) from the reaction of I-chloro-2,4-dimethoxypyrimidine and
2-fluoropyridin-3-ylboronic acid with the general procedute.
NMR (CDCl3) 6 8.92-8.99 (m, 1H), 8.53 (dJ = 5.0 Hz, 1H),
7.60-7.57 (m, 1H), 7.02 (s, 1H), 4.31 (s, 3H), 4.26 (s, 3HC
NMR (CDCls) 6 172.7, 165.2, 161.2 (dice = 244 Hz), 159.1 (d,
Jcr = 7.8 Hz), 148.8 (dJcr = 15.6 Hz), 141.2, 121.9 (dlce =
4.3 Hz), 119.8 (dJcr = 25.2 Hz), 101.7 (dJcr = 13.9 Hz), 54.8,
54.1.
4-(2-Fluoropyridin-3-yl)-2-(methylthio)pyrimidine (Table 7,
entry 5). This compound was isolated as a white solid (92% yield)
from the reaction of 4-chloro-2-(methylthio)pyrimidine and 2-fluo-
ropyridin-3-ylboronic acid with the general procedutel. NMR
(CDCl) 6 8.71 (t,J = 8.8 Hz, 1H), 8.61 (dJ = 5.5 Hz, 1H), 8.33
(s, 1H), 7.56 (d,J = 3.5 Hz, 1H), 7.33-7.42 (m, 1H), 2.62 (s,
3H). 13C NMR (CDCk) 6 172.3, 161.2 (dJcr = 243 Hz), 158.1,
158.0 (d,Jcr = 7.8 Hz), 149.5 (dJcr = 15.6 Hz), 141.2, 122.1,
119.4 (d,Jcr = 26.0 Hz), 115.5 (dJcr = 13.0 Hz), 14.2.
3-(2-Fluoropyridin-3-yl)-6-methoxypyridazine (Table 7, entry
6). This compound was isolated as a white solid (99% yield) from

3-ylboronic acid with the general procedutel NMR (CDClg) ¢
8.60-8.70 (m, 1H), 8.31 (dJ = 4.5 Hz, 1H), 7.97 (d/dJ = 9.5/
2.0 Hz, 1H), 7.357.45 (m, 1H), 7.10 (dJ = 9.0 Hz, 1H), 4.21 (s,
3H). 13C NMR (CDCk) 6 164.4, 160.5 (dJcr = 240 Hz), 150.4
(d, Jcr = 6.1 Hz), 148.4 (dJcr = 15.6 Hz), 140.9, 130.0 (dicr
= 11.3 Hz), 122.3, 119.4 (dlcr = 26.8 Hz), 117.3, 55.0.

2-(p-Tolyl)thiophene (Table 8, entry 1). This compound was
isolated as a white solid (96% yield) from the reaction of
2-chlorothiophene anp-tolylboronic acid with the general proce-
dure.’H NMR (CDCl3) 6 7.48 (d,J = 8.2 Hz, 2H), 7.24 (dJ =
3.5Hz, 1H), 7.2 (dJ = 5 Hz, 1H), 7.15 (dJ = 7.9 Hz, 2H), 7.03
(d/d,J = 5.1/3.6 Hz, 1H), 2.33 (s, 3H}3C NMR (CDCk) 6 144.6,
137.3, 131.6, 129.5, 127.9, 125.8, 124.2, 122.6, 21.2.

4-(4-Methoxyphenyl)-1,3,5-trimethyl-1H-pyrazole (Table 8,
entry 2). This compound was isolated as a white solid (93% yield)
from the reaction of 4-bromo-1,3,5-trimethylpyrazole and 4-meth-
oxyphenylboronic acid with the general procedutel NMR
(CDCly) 6 7.15 (d,J = 8.6 Hz, 2H), 6.94 = 8.6 Hz, 2H), 3.82
(s, 3H), 3.76 (s, 3H), 2.22 (s, 3H), 2.20 (s, 3HC NMR (CDCk)
0158.1, 145.0, 136.0, 130.5, 126.6, 118.8, 113.9, 55.3, 36.0, 12.4,
10.2.

4-(4-Fluorophenyl)-1,3,5-trimethyl-1H-pyrazole (Table 8, en-
try 3). This compound was isolated as a white solid (95% yield)
from the reaction of 4-bromo-1,3,5-trimethylpyrazole and 4-fluo-
rophenylboronic acid with the general proceddkeNMR (CDCls)
0 7.10 (d/d.J = 8.8/5.7 Hz, 2H), 6.99 (1) = 8.8 Hz, 2H), 3.69 (s,
3H), 2.13 (s, 3H), 2.12 (s, 3H)3C NMR (CDCk) 6 160.5 (d,J =
244 Hz), 143.9, 135.1, 129.9 (d,= 7.7 Hz), 129.2 (dJ = 2.6
Hz), 117.3, 114.2 (dJ = 20.7 Hz), 35.0, 11.3, 9.'°F NMR
(CDCly) 6 —116.

3-(1,3,5-Trimethyl-1H-pyrazol-4-yl)pyridine (Table 8, entry
4). This compound was isolated as an off-white solid (95% yield)
from the reaction of 4-bromo-1,3,5-trimethylpyrazole and pyridine-
3-ylboronic acid with the general procedutel NMR (CDClg) 6
8.50-8.52 (m, 2H), 7.57 (dJ = 8.0 Hz, 1H), 7.33 (d/dJ = 7.5,
5.0 Hz, 1H), 3.80 (s, 3H), 2.25 (s, 6 H}C NMR (CDCk) 6 150.3,
147.3, 145.2, 136.7, 136.5, 130.2, 123.4, 115.6, 36.1, 12.4,
10.2.

2-(6-Methoxypyridin-3-yl)benzo[d]oxazole (Table 8, entry 5).
This compound was isolated as an off-white solid (88% yield) from
the reaction of 2-chlorobenzoxazole and 6-methoxypyridin-3-
ylboronic acid by using the general synthetic procedure with a
modified workup procedure where the product was precipitated by
adding water to the reaction mixture in dioxane. The precipitated
product was washed with water (5 mL) and cold pentane (1 mL)
and dired under vacuurtd NMR (CDCl) 6 9.04 (br s, 1H), 8.36
(brd,J=11.0 Hz, 1H), 7.75 (br s, 1H), 7.56 (br s, 1H), 7.34 (m,
2H), 6.88 (d,J = 8.8 Hz, 1H), 4.03 (s, 3H):3C NMR (CDCk) ¢
166.0, 161.4, 150.6, 147.2, 142.0, 137.5, 125.0, 124.7, 119.8, 117.1,
111.4, 110.5, 54.0.

2-(Thiophen-2-yl)benzo[d]oxazole (Table 8, entry 6)This
compound was isolated as a white solid (95% yield) from the
reaction of 2-chlorobenzooxazole and 2-thiopheneboronic acid with
the general proceduréHd NMR (CDCls) 6 7.89 (d,J = 4.0 Hz,
1H), 7.67~7.78 (m, 1 H), 7.49-7.58 (m, 2H), 7.287.37 (m, 2H),
7.11-7.21 (m, 1H)13C NMR (CDCk) ¢ 159.1, 150.4, 142.0, 130.3,
130.0, 129.7, 128.3, 125.1, 124.8, 119.8, 110.5.

2-(p-Tolyl)-3-pyridinamine (Eq 1). This compound was isolated
as a white solid (96% vyield) from the reaction of 2-chloro-3-
pyridinamine and 4,4,5,5-tetramethylp2olyl-1,3,2-dioxaborolane
with the general procedure. Isolated material contained some 2,3-
dimethylbutane-2,3-diol. ThéH and3C NMR data matched that
of entry 2, Table 5.

2-(Quinolin-6-yl)pyridine-4-amine (Eq 2). This compound was
isolated as a white solid (92% yield) from the reaction of 2-chloro-
4-pyridinamine and 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
quinoline with the general procedurféd NMR (CD3;OD) ¢ 8.88
(d,J = 4.0 Hz, 1H), 8.45 (dJ = 8.0 Hz, 1H), 8.35 (s, 1 H), 8.19
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(d, 8.6, 1H), 8.12 (d, 6.1, 2H), 7.6.57 (dd,J = 8.2, 4.2 Hz,
1H), 7.14 (s, 1H), 6.66 (dJ = 5.5 Hz, 1H),—NH, protons not
observed!3C NMR (CDCk) 6 157.1, 155.5, 150.6, 147.5, 147.2,
137.6, 136.9, 128.5, 128.4, 128.3, 126.4, 121.8, 108.0, 107.0.
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