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ABSTRACT: We report the first example of ipso-
borylation for the modular 1,2-bisfunctionalization of aryl
iodides via C−H functionalization. The carbon−boron
bond is used as a lynchpin to access ipso carbon−carbon,
carbon−nitrogen, carbon−oxygen, and carbon−halogen
(Cl, Br, I) bonds. The utility of our methodology is
illustrated through quick, modular syntheses of the
pharmaceuticals Abilify and Flunixin.

Transition-metal-catalyzed cross-coupling reactions of aryl
halides are among the most reliable transformations for

arene functionalization.1 Directed transition-metal-catalyzed
ortho2 and meta3 C−H activations can functionalize arene C−
H bonds directly, but directing groups are often challenging to
remove or modify. Combining C−H activation with cross-
coupling could (1) form two new bonds in one step and (2)
avoid restriction to a particular directing group. However,
methods for bisfunctionalization of aryl halides that utilize C−
H activation/cross-coupling strategies have limited substrate
scope.4 Most notably, methods for the incorporation of
heteroatoms at the ipso position by this strategy are absent.
Here we report the first ortho-amination/ipso-functionalization
reaction of aryl iodides, which provides direct access to C−B,
C−C, C−N, C−O, C−Cl, C−Br, and C−I bonds at the ipso
position without the remnant of a coordinating directing group
(Scheme 1). We demonstrate how our methodology provides quick access to a myriad of 2,3-disubstituted anilines, which can

be found in a variety of biologically active molecules (Chart 1).
The Catellani reaction is a bisfunctionalization of aryl halides

through a palladium-catalyzed/norbornene-mediated reaction
that proceeds via an initial ortho-C−H functionalization.4

Seminal reports by Catellani5 and Lautens6 have demonstrated
the utility of this reaction in the formation of C−C bonds.7

Developments of the norbornene-mediated bisfunctionalization
of aryl halides with two distinct coupling partners have been
limited to the formation of C−C bonds at the ortho position
and C−C or C−H bonds at the ipso position.8 While Dong and
co-workers have developed a method for the ortho-C−H
amination/ipso-hydrogenation of aryl halides,9 no method
currently exists for the intermolecular incorporation of C−
C(sp3) or C−heteroatom bonds at the ipso position in the Pd-
catalyzed bisfunctionalization of aryl halides.
Our strategy to achieve a broadly useful, modular 1,2-

bisfunctionalization to access 1,2-disubstituted anilines involves
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Scheme 1. Synthesis of 1,2-Heterosubstituted Arenes
through C−H Activation

Chart 1. Selected Pharmaceuticals Containing the 2,3-
Disubstituted Aniline Structure
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(1) oxidative addition into aryl iodides, (2) norbornene-
directed C−H functionalization, and (3) novel conversion to
ortho-substituted aryl pinacol boronates, which can be used as
lynchpins to access a wide variety of 1,2-bisfunctionalized
arenes. Treatment of ortho-substituted aryl iodides10 with N-
benzoyloxyamines (BzO-amines) and bis(pinacolato)diboron
in the presence of Pd(OAc)2, (4-MeOC6H4)3P, norbornene,

11

and Cs2CO3 in toluene at 100 °C gave the ortho-aminated
phenyl pinacol boronate esters 2a and 2b (Table 1). The
results provide the first example of ipso-C−B bond formation in
ortho-C−H activation reactions. Subsequent functionalizations
allowed for the direct conversion of the C−B bond to C−C

(3c−f), C−N (3g−j), C−O (3k−n), C−Cl (3o, 3p), C−Br
(3q, 3r), and C−I (3s, 3t) bonds. Conventional C−C bond
formation at the ipso position in the norbornene-mediated
bisfunctionaliation of aryl halides is typically achieved via Heck,
Sonogashira, or Suzuki cross-coupling.6,12 Our approach allows
access to additional carbon substituents that cannot be obtained
readily with conventional reactions, such as benzyl and
isopropenyl groups (3c, 3e), and thereby further provides
access to functionality beyond the previous substrate scope.
A variety of BzO-amines derived from six-membered rings

were successfully employed in our methodology. BzO-amines
derived from complex amines such as paroxetine (3k) were

Table 1. ortho-Amination/ipso-Borylation and Derivatization

aAryl iodide (0.3 mmol), Pd(OAc)2 (5 mol % Pd), (4-MeOC6H4)3P (10.5 mol %), norbornene (1 equiv), BzO-amine (1.05 equiv), B2Pin2 (1
equiv), Cs2CO3 (2.5 equiv), toluene (0.05 M), 100 °C. bPd2dba3 (5 mol % Pd), DavePhos (10 mol %), electrophile (1 equiv), K2CO3 (3.75 equiv),
toluene/ethanol/water (8/8/1 v/v/v), 100 °C. cPd(OAc)2 (5 mol % Pd), DavePhos (10 mol %), electrophile (1 or 2 equiv), K3PO4 (2 equiv), n-
BuOH/water (5/2 v/v). dNaN3 (1.5 equiv), Cu(OAc)2 (10 mol %), air, methanol, 50 °C. eH2O2 (2.5 or 5 equiv), NaOH (2.5 or 5 equiv), THF.
fCuCl2 (3 equiv), methanol/water (1/1 v/v), 80 °C. gCuBr2 (3 equiv), methanol/water (1/1 v/v), 80 °C. hChloramine T (1.5 equiv), NaI (1.6
equiv), THF/water (1/1 v/v), 50 °C.
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well-tolerated. BzO-amines derived from five-membered rings
as well as linear amines, however, are not currently suitable.
This limitation can be overcome by accessing 4-piperidone
analogues (e.g., 3q), which can be converted to the
corresponding primary anilines (3v → 5 in Scheme 2).13

The 1,2-bisfunctionalization method presented here could be
employed to quickly access the antipsychotic Abilify and the
anti-inflammatory Flunixin in only a few steps (Scheme 2).
Both examples reveal the potential and modularity of our
methodology in diversity-oriented synthesis to quickly generate
a wide variety of substituted anilines.
Our strategy was devised on the basis of previous hypotheses

of mechanistically related Pd-catalyzed, norbornene-mediated
transformations.15 Under the standard reaction conditions, the
ipso-H aniline (see, e.g., compound 6 in eq 1) is the major side
product. Resubjection of the aminoboronates 2 to the reaction
conditions in the presence of benzoic acid did not generate the
corresponding ipso-hydrogenation product.16 Therefore, for-
mation of the reduced proteo side product through proto-
deborylation is unlikely. When HBPin was added to the
reaction conditions, ipso-H aniline 6 became the major product
(eq 1), which suggests that the formation of 6 is due to the
reduction of intermediate C by HBPin.17 HBPin may be
generated under the standard reaction conditions in the ortho-
C−H activation step (intermediate A′ to B). In the absence of
BzO-amine, boronate 7 was the major product with 8 as the
minor product (eq 2). Because compound 7 was observed in
only trace amount under the standard reaction conditions, we

conclude that ortho-C−H activation is reversible.15a All of the
obtained data are consistent with the mechanism shown in
Scheme 3.

In conclusion, we have reported the first general method for
the formation of ipso-C−heteroatom bonds in the Pd-catalyzed,
norbornene-mediated ortho-C−H amination of aryl iodides. By
trapping Pd(II) intermediates with B2Pin2, we have developed a
simple, two-step procedure that harnesses the synthetic utility
of the C−B bond to access a variety of ortho-functionalized
anilines and provides the first example of intermolecular C−
heteroatom bond formation in Pd-catalyzed, norbornene-
mediated C−H functionalization. We believe that the strategy
outlined above can be utilized to overcome the functional
group limitations at the ipso position in current palladium-
catalyzed, norbornene-mediated 1,2-bisfunctionalization meth-
odologies and provide a modular strategy for the synthesis of
substituted anilines.
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Scheme 2. Application to the Synthesis of Abilify and the Formal Synthesis of Flunixina

aConditions: (a) Pd(OAc)2 (5 mol %), (4-MeOC6H4)3P (10.5 mol %), 2-chloroiodobenzene (1 equiv), 1-benzoyloxy-4-BOC-piperazine (1.05
equiv), B2Pin2 (1 equiv), norbornene (1 equiv), Cs2CO3 (2.5 equiv), toluene (0.05 M), 100 °C. (b) CuCl2 (3 equiv), methanol/water (1/1 v/v), 80
°C. (c) 4 (1.05 equiv), K2CO3 (1.55 equiv), NaI (1.43 equiv), DMF, rt. (d) Pd(OAc)2 (5 mol %), (4-MeOC6H4)3P (10.5 mol %), 2-
trifluoromethyliodobenzene (1 equiv), 1-benzoyloxy-4-piperidone ethylene ketal (1.05 equiv), B2Pin2 (1 equiv), norbornene (1 equiv), Cs2CO3 (2.5
equiv), toluene (0.05 M), 100 °C. (e) Pd(OAc)2 (5 mol %), DavePhos (10 mol %), K3PO4 (2 equiv), MeI (5 equiv), n-BuOH/water (5/2 v/v), 80
°C. (f) p-TSA (10 mol %), acetone/water (10/1 v/v), 65 °C. (g) JandaJel-NH2 (1.5 equiv), NH4Cl (1 equiv), ethanol, 95 °C.

Scheme 3. Simplified Catalytic Cycle
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see: (a) Wencel-Delord, J.; Dröge, T.; Liu, F.; Glorius, F. Chem. Soc.
Rev. 2011, 40, 4740. (b) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010,
110, 1147. (c) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew.
Chem., Int. Ed. 2009, 48, 5094. (d) Ritleng, V.; Sirlin, C.; Pfeffer, M.
Chem. Rev. 2002, 102, 1731 and references therein.
(3) (a) Wan, L.; Dastbaravardeh, N.; Li, G.; Yu, J.-Q. J. Am. Chem..
Soc. 2013, 135, 18056. (b) Leow, D.; Li, G.; Mei, T.-S.; Yu, J.-Q.
Nature 2012, 486, 518. (c) Dai, H.-X.; Li, G.; Zhang, X.-G.; Stepan, A.
F.; Yu, J.-Q. J. Am. Chem. Soc. 2013, 135, 7567. (d) Yang, G.;
Lindovska, P.; Zhu, D.; Kim, J.; Wang, P.; Tang, R.-Y.; Movassaghi,
M.; Yu, J.-Q. J. Am. Chem. Soc. 2014, 136, 10807. (e) Tang, R.-Y.; Li,
G.; Yu, J.-Q. Nature 2014, 507, 215.
(4) For reviews of the Catellani reaction, see: (a) Martins, A.;
Mariampillai, B.; Lautens, M. Top. Curr. Chem. 2010, 292, 1.
(b) Ferraccioli, R. Synthesis 2013, 45, 581. (c) Catellani, M.; Motti,
E.; Della Ca’, N. Acc. Chem. Res. 2008, 41, 1512. (d) Catellani, M.
Synlett 2003, 298. (e) Catellani, M. Top. Organomet. Chem. 2005, 14,
21. (f) Chiusoli, G. P.; Catellani, M.; Costa, M.; Motti, E.; Della Ca’,
N.; Maestri, G. Coord. Chem. Rev. 2010, 254, 456.
(5) (a) Catellani, M.; Frignani, F.; Rangoni, A. Angew. Chem., Int. Ed.
Engl. 1997, 36, 119. (b) Faccini, F.; Motti, E.; Catellani, M. J. Am.
Chem. Soc. 2004, 126, 78.
(6) (a) Mariampillai, B.; Alliot, J.; Li, M.; Lautens, M. J. Am. Chem.
Soc. 2007, 129, 15372. (b) Rudolph, A.; Rackelmann, N.; Turcotte-
Savard, M.-O.; Lautens, M. J. Org. Chem. 2009, 74, 289. (c) Gericke, K.
M.; Chai, D. I.; Bieler, N.; Lautens, M. Angew. Chem., Int. Ed. 2009, 48,
1447.
(7) For recent examples, see: (a) Zhang, H.; Chen, P.; Liu, G. Angew.
Chem., Int. Ed. 2014, 53, 10174. (b) Chen, Z.-Y.; Ye, C.-Q.; Zhu, H.;
Zeng, X.-P.; Yuan, J.-J. Chem.Eur. J. 2014, 20, 4237. (c) Ye, C.; Zhu,
H.; Chen, Z. J. Org. Chem. 2014, 79, 8900. (d) Zhou, P.-X.; Zheng, L.;
Ma, J.-W.; Ye, Y.-Y.; Liu, X.-Y.; Xu, P.-F.; Liang, Y.-M. Chem.Eur. J.
2014, 20, 6745. (e) Wu, X.-X.; Zhou, P.-X.; Wang, L.-J.; Xu, P.-F.;
Liang, Y.-M. Chem. Commun. 2014, 50, 3882. (f) Zhou, P.-X.; Ye, Y.-
Y.; Ma, J.-W.; Zheng, L.; Tang, Q.; Qiu, Y.-F.; Song, B.; Qiu, Z.-H.; Xu,
P.-F.; Liang, Y.-M. J. Org. Chem. 2014, 79, 6627.
(8) For examples of carbon−heteroatom bond formation through the
intramolecular cyclization pathway, see: (a) Ferraccioli, R.; Carenzi,
D.; Rombola,̀ O.; Catellani, M. Org. Lett. 2004, 6, 4759. (b) Candito,
D. A.; Lautens, M. Angew. Chem., Int. Ed. 2009, 48, 6713. (c) Blanchot,
M.; Candito, D. A.; Larnaud, F.; Lautens, M. Org. Lett. 2011, 13, 1486.
(d) Reference 4c.
(9) Dong, Z.; Dong, G. J. Am. Chem. Soc. 2013, 135, 18350. For
other examples of ortho-C−N bond formation in the Catellani
reaction, see refs 7b, 7c, and 7f.
(10) Non-ortho-substituted aryl iodides gave inferior results. When
ethyl 4-iodobenzoate was subjected to the reaction conditions, the
desired product was obtained in 34% yield. See the Supporting
Information.
(11) The best results were obtained when 1 equiv of norbornene was
employed. When 25 mol % was used, the desired products were
obtained in lower yields. See the Supporting Information.
(12) Additionally, cyanation (ref 6a) and N-tosylhydrazone insertion
(refs 7d, 7e, and 7f) have also been employed.

(13) Aschwanden, P.; Stephenson, C. R. J.; Carreira, E. M. Org. Lett.
2006, 8, 2437.
(14) Jaouhari, R.; Quinn, P. Heterocycles 1994, 38, 2243.
(15) (a) Chai, D. I.; Thansandote, P.; Lautens, M. Chem.Eur. J.
2011, 17, 8175. For other mechanism studies, see: (b) Bocelli, G.;
Catellani, M.; Ghelli, S. J. Organomet. Chem. 1993, 458, C12.
(c) Amatore, C.; Catellani, M.; Deledda, S.; Jutand, A.; Motti, E.
Organometallics 2008, 27, 4549. (d) Caŕdenas, D. J.; Martín-Matute,
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