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ApracticalBuchwald-Hartwig aminationof [2.2]paracyclo-
phanyl bromides with benzhydrylideneamine is developed.
The method provides a facile route to a variety of imino and
amino [2.2]paracyclophanes that are otherwise not readily
synthesized.

Planar chiral [2.2]paracyclophane-based ligands possess a
rigid [2.2]paracyclophanyl unit, which provides a versatile

platform for designing different types of chiral ligands.1

Examples of [2.2]paracyclophane-based ligands include di-
phosphanes,2 oxazoline-phosphanes,3 imidazoliums,4 oxa-
zoline-alcohols,5 and imine ligands.6 Recently, a series of
planar chiral [2.2]paracyclophanyl dihydroimidazoliums
have been prepared by our group7 and their applications as
rhodium7a or ruthenium complexes7b in highly enantioselec-
tive transformations have also been demonstrated.
[2.2]Paracyclophanyl amines are important intermediates
for the synthesis of [2.2]paracyclophanyl carbene precursors
and imine ligands.8,9c Their synthesis has been a topic of
interest in organic chemistry, and although several methods
are available,9 the discovery of new and improved metho-
dology is still of interest. Herein, we present a study on
palladium-mediated substituted [2.2]paracyclophanyl ami-
nation dealing with ligand effects and functional group
tolerance.

The Buchwald-Hartwig palladium-catalyzed amination
of aryl halides/triflates has emerged in the last decades as a
powerful tool for the synthesis of arylamines.10 Hartwig and
Buchwald previously reported that benzhydrylideneamine
can function as an effective ammonia equivalent,11 and
Connick adopted this strategy for Pd(BINAP)-catalytic
amination of 4,16-dibromo[2.2]paracyclophane.9c To our
knowledge, this is the only reported example of palladium-
catalyzed amination of [2.2]paracyclophanyl halides with
benzhydrylideneamine as an ammonia equivalent. Although
Pd(BINAP) catalyst is capable of coupling benzhydrylide-
neamine with 4,16-dibromo[2.2]paracyclophane, reaction
with this catalyst has several limitations: the catalyst has a
short lifetime and a limited scope, needs a long reaction time,
and requires large amounts of catalyst.

We now report on catalysts that overcome these limita-
tions. Our approach, which is based upon the selection
of ligands that combine steric hindrance, strong electron
donation, and tight chelation, leads to a catalyst system
that simultaneously possesses long lifetimes and displays

*To whom correspondence should be addressed. Phone: 0086-531-
88361869. Fax: 0086-531-88565211.

(1) Rozenberg,V.; Sergeeva,E.;Hopf,H. InModernCyclophaneChemistry;
Gleiter, R., Hopf, H., Eds.; Wiley-VCH: Weinheim, Germany, 2004; p 435.

(2) (a) Pye, P. J.; Rossen, K.; Reamer, R. A.; Tsou, N . N.; Volante, R. P.;
Reider, P. J. J. Am. Chem. Soc. 1997, 119, 6207–6208. (b) Pye, P. J.; Rossen,
K.; Reamer, R. A.; Volante, R. P.; Reider, P. J. Tetrahedron Lett. 1998, 39,
4441–4443. (c) Zanotti-Gerosa, A.; Malan, C.; Herzberg, D.Org. Lett. 2001,
3, 3687–3690. (d) Dominguez, B.; Zanotti-Gerosa, A.; Hems, W. Org. Lett.
2004, 6, 1927–1930.

(3) (a) Wu, X. W.; Yuan, X. K.; Sun, W.; Zhang, M. J.; Hou, X. L.
Tetrahedron: Asymmetry 2003, 14, 107–112. (b) Whelligan, D. K.; Bolm, C.
J. Org. Chem. 2006, 71, 4609–4618. (c) Stemmler, R. T.; Bolm, C.Adv. Synth.
Catal. 2007, 349, 1185–1198.

(4) (a) Bolm, C.; Focken, T.; Raabe, G. Tetrahedron: Asymmetry 2003, 14,
1733–1746. (b) Focken, T.;Rudolph, J.; Bolm,C.Synthesis 2005, 3, 429–436. (c)
Focken, T.; Raabe,G.; Bolm, C.Tetrahedron:Asymmetry 2004, 15, 1693–1706.

(5) (a) Hou, X. L.; Wu, X. W.; Dai, L. X.; Cao, B . X.; Sun, J. Chem.
Commun. 2000, 1195–1196. (b)Wu,X.W.;Hou,X. L.; Dai, L. X.; Tao, J.; Cao,
B.X.; Sun, J.Tetrahedron:Asymmetry 2001, 12, 529–532. (c)Wu,X.W.;Zhang,
T. Z.; Yuan, K.; Hou, X. L. Tetrahedron: Asymmetry 2004, 15, 2357–2365. (d)
Bolm, C.; Whelligan, D. K. Adv. Synth. Catal. 2006, 348, 2093–2100.

(6) (a) Br€ase, S.; Dahmen, S.; H€ofener, S.; Lauterwasser, F.; Kreis, M.;
Ziegert, R. E. Synlett 2004, 15, 2647–2669. (b) Lauterwasser, F.; Nieger, M.;
Mansikkam€aki, H.; N€attinen, K.; Br€ase, S. Chem.;Eur. J. 2005, 11, 4509–
4525. (c) Lauterwasser, F.; Vanderheiden, S.; Br€ase, S. Adv. Synth. Catal.
2006, 348, 443–448. (d) Danilova, T. I.; Rozenberg, V. I.; Sergeeva, E. V.;
Starikova, Z. A.; Br€ase, S. Tetrahedron: Asymmetry 2003, 14, 2013–2019. (e)
Dahmen, S. Org. Lett. 2004, 13, 2113–2116. (f) Danilova, T. I.; Rozenberg,
V. I.; Starikova, Z. A.; Br€ase, S. Tetrahedron: Asymmetry 2004, 15, 223–229.
(g) Sugiyama, S.; Aoki, Y.; Ishii, K.Tetrahedron: Asymmetry 2006, 17, 2847–
2856. (h) Lauterwasser, F.; Gall, J.; H€ofener, S.; Br€ase, S. Adv. Synth. Catal.
2006, 348, 2068–2074. (i) Danilova, T. I.; Rozenberg, V. I.; Vorontsov, E. V.;
Starikova, Z. A.; Hopf, H. Tetrahedron: Asymmetry 2003, 14, 1375–1383. (j)
Br€ase, S.; H€ofener, S.Angew. Chem., Int. Ed. 2005, 44, 7879–7881. (k) Kreis,
M.; Nieger, M.; Br€ase, S. J. Organomet. Chem. 2006, 691, 2171–2181. (l)
Dahmen, S.; Br€ase, S. J. Am. Chem. Soc. 2002, 124, 5940–5941.

(7) (a)Ma, Y. D.; Song, C.;Ma, C. Q.; Sun, Z. J.; Chai, Q.; Andrus,M. B.
Angew. Chem., Int. Ed. 2003, 42, 5871–5874. (b) Song, C.; Ma, C. Q.; Ma, Y.
D.; Feng, W. H.; Ma, S. T.; Chai, Q.; Andrus, M. B. Tetrahedron Lett. 2005,
46, 3241–3244. (c) Duan,W. Z.;Ma, Y. D.; Xia, H. Q.; Liu, X. Y.;Ma, Q. S.;
Sun, J. S. J. Org. Chem. 2008, 73, 4330–4333.

(8) (a)Masterson, D. S.; Hobbs, T. L.; Glatzhofer, D. T. J.Mol. Catal. A:
Chem. 1999, 145, 75–81. (b) Masterson, D. S.; Glatzhofer, D. T. J. Mol.
Catal. A: Chem. 2000, 161, 65–68. (c) Ciancaleoni, G.; Bellachioma, G.;
Cardaci, G.; Ricci, G.; Ruzziconi, R.; Zuccaccia, D.; Macchioni, A. J.
Organomet. Chem. 2006, 691, 165–173.

(9) (a) Kreis, M.; Friedmann, C. J.; Br€ase, S. Chem.;Eur. J. 2005, 11,
7387–7394. (b) Rossen, K.; Pye, P. J.; Maliakal, A.; Volante, R. P. J. Org.
Chem. 1997, 62, 6462–6463. (c) Ball, P. J.; Shtoyko, T. R.; Bauer, J. A. K.;
Oldham, W. J.; Connick, W. B. Inorg. Chem. 2004, 43, 622–632. (d) Ortner,
B.; H€ubner, H.; Gmeiner, P. Tetrahedron: Asymmetry 2001, 12, 3205–3208.
(e) Lober, S.; Ortner, B.; Bettinetti, L.;H€ubner,H.;Gmeiner, P.Tetrahedron:
Asymmetry 2002, 13, 2303–2310.

(10) For recent reviews on palladium-catalyzed aryl amination, see: (a)
Hartwig, J. F.Angew. Chem., Int. Ed. 1998, 37, 2046–2067. (b)Hartwig, J. F. In
Modern Amination Methods; Ricci, A., Ed.; Wiley-VCH:Weinheim, Germany,
2000; p 195. (c) Hartwig, J. F. InHandbook of Organopalladium Chemistry for
Organic Synthesis; Negishi, E. I., Ed.; Wiley-Interscience: New York, 2002;
p 1051. (d) Mucci, A. R.; Buchwald, S. L.Top. Curr. Chem. 2002, 219, 131–209.
(e) Hartwig, J. F. Synlett 2006, 1283–1294.
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high activity for reactions of benzhydrylideneamine with
[2.2]paracyclophanyl bromides.

In an initial set of experiments, we studied the reaction of
4,12-dibromo[2.2]paracyclophane 1a with the benzhydryli-
deneamine 2 and chose Pd(dba)2 as the precatalyst, NaOBu-t
as the base, and toluene as the solvent. The reactions were
carried out in toluene at 110 �C for 8 h with Pd (0.5 mol %)
in the presence of different ligands (P(t-Bu)3, BINAP,
P(o-Tol)3, IPrHCl, and SIPrHCl); however, only the unal-
tered starting material was recovered. Only, when the com-
mercially available Pd-DPPFwas used as catalyst, under our
standard reaction conditions, was the corresponding imine
3a obtained in good yield (eq 1).

In a different series of experiments with 4-bromo-
[2.2]paracyclophane 1b and 2, under the same reaction
conditions as described above, however, it was observed that
the reaction provided the coupling product 3b inmerely 15%
yield (eq 2). This transformation works well with 1a, but is
unsuccessful when 1b is employed. Clearly, the difference in
the structure alone cannot explain the significantly different
characteristics of the two substrates (1a and 1b). We postu-
lated that the benzhydrylideneamine 2 or product imine 3b
binds too strongly to the resulting palladium[II] complexes
and inhibits catalyst turnover by retarding the reductive

elimination step of the cycle.12 In contrast, the product
imine 3a appears to achieve a balancing act that renders
it near perfect for its role as an accelerator of the amina-
tion catalysis. It binds strongly enough to the resulting
palladium[II] complexes to accelerate reductive elimination
of product imines, but not so tightly to the palladium[0] that
it interferes with subsequent stages of the catalytic cycle.We
considered the possibility that formation of an in situ
protected “catalyst” prevents 2 or 3b from binding to the
palladium[II] (preventing catalyst deactivation).12 Thus,
we decided to examine the properties of 3a as an additive
in palladium-catalyzed substituted [2.2]paracyclophanyl
amination.

Under our standard reaction conditions, varying the ratio
of Pd-DPPF and 3a from 1.0/0 to 1.0/2.0, to our great
surprise, the yield was dramatically increased from 15% to
80% (entries 1-4, Table 1). Clearly, this result suggested that
the reaction has the features of “ligand-accelerated cataly-
sis”. As defined by Sharpless, the phenomenon arises when
the addition of a ligand increases the rate of an already
existing catalytic transformation.13 To the best of our knowl-
edge, there are no examples of a successful “ligand-acceler-
ated catalysis” in the palladium-catalyzed cross-coupling
reaction of nitrogen nucleophiles with aryl bromides.

TABLE 1. Substrate Scope of the 3a-Promoted Aminationa

entry X catalyst (mol %) Y yield (%)

1 1b, H Pd-dppf (0.5) 3b, H 15
2 1b, H Pd-dppf (0.5) 3a (0.25) 3b, H 64
3 1b, H Pd-dppf (0.5) 3a (0.5) 3b, H 79
4 1b, H Pd-dppf (0.5) 3a (1.0) 3b, H 80
5 1a, 12-Br Pd-dppf (0.2) 3aa, 12-Br 52
6 1c, 16-Br Pd-dppf (0.5) 3a (0.5) 3c, 16-imino 94
7 1d, 15-Br Pd-dppf (0.5) 3a (0.5) 3d, 15-Br 41
8 1e, Rp-12-MeO Pd-dppf (0.5) 3a (0.5) 3e, Rp-12-MeO 84
9 1f, Sp-12-i-PrO Pd-dppf (0.5) 3a (0.5) 3f, Sp-12-i-PrO 62
10 1g, Sp-12-AcO Pd-dppf (0.5)3a (0.5) 3g, Sp-12-OH 75
11 1h, 12-NH2 Pd-dppf (0.5) 3a (0.5) 3h, 12-NH2 55
12 1i, Rp-12-NMe2 Pd-dppf (0.5) 3a (0.5) 3i, Rp-12-NMe2 96
13 1j, 12-imino Pd-dppf (5) 3j, 12-imino 93
14 1k, 4Rp,13Sp-13-MeO Pd-dppf (5) 3a (5) 3k, 4Rp,13Sp-13-MeO 98
15 1 L, 4Rp,13Sp-13-i-PrO Pd-dppf (5) 3a (5) 3 L, 4Rp,13Sp-13-i-PrO 63b

16 1m, 7,12,15-tribromo Pd-dppf (0.5) 3a (0.5) 3m, 7,12,16-tribromo 20
17 1m, 7,12,15-tribromo Pd-dppf (5) 3a (5) 3ma, 7,12,16-triimino 23
aAll reactions were carried out in the presence of catalyst, benzhydrylideneamine (1.5 equiv/Br), and NaOBu-t (1.5 equiv/Br)

in toluene at 110 �C for 8 h. bProduct is 4Rp,13Sp-4-amino-13-isopropoxy[2.2]paracyclophane.
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We explored the reaction parameters in order to gain a
deeper insight into this unexpected result.

With the ligand in hand, we examined the generality in
scope of the combination of 3a and the other palladium
source in the corresponding Pd-catalyzed amination. Un-
fortunately, catalyst systems based on the combination of
PdCl2(PPh)2 or Pd(PPh)4 and 3a provided only trace
amounts of product 3b. Other palladium precatalysts such
as Pd(dba)2, Pd(OAc)2, and PdCl2 failed to produce the
desired product. These results, taken together, reveal a
cooperative effect between the 3a and the Pd-DPPF and
demonstrate that both are required for the observed reac-
tivity in the above catalytic reactions employing Pd-DPPF.

Having defined an efficient catalytic system, the scope of
[2.2]paracyclophanyl bromide coupling reactions was ex-
plored. Highlighted in Table 1, the benzhydrylideneamine
2 was successfully reacted with both electron-rich and elec-
tron-deficient [2.2]paracyclophanyl bromides in good to
excellent yields. Particularly, we found that the combination
of 3a and Pd-DPPF was the most effective for the transfor-
mation of 4,16-dibromo[2.2]paracyclophane 1c at 110 �C,
thus providing the product 3c in 94% yield in 3 h (Table 1,
entry 5). While the same reaction catalyzed by Pd2(dba)3/
BINAP at 130 �C for 4 days gave the corresponding product
in 68% yield,9c its efficiency was far less than that of our
catalyst system. In addition to [2.2]paracyclophanyl bro-
mides, other simple aryl bromides were successfully com-
bined with benzhydrylideneamine 2 in high yields.14

Due to the variety of methods available for imine clea-
vage,15 substituted [2.2]paracyclophanyl imines 3were easily
converted into its amino analogue 4 by acid hydrolysis in
good to high yields (Table 2).

In conclusion, we have developed highly reactive catalyst
systems based on the combination of Pd-DPPF and 3a

ligand. These provide unprecedented reactivity and selectiv-
ity in palladium-catalyzed substituted [2.2]paracyclophanyl
amination processes. The optimized catalyst system was
effective for the reaction of [2.2]paracyclophanyl bromides
bearing various functional groups and benzhydrylidene-
amine. We hypothesize that the efficacy of catalyst systems
based on the combination of Pd-DPPF and 3a is attributed
to a successful “ligand-accelerated catalysis”.

Experimental Section

General Procedure A for Pd-CatalyzedAmination of 4-Bromo-

[2.2]paracyclophane 1b. In a glovebox, an oven-dried Schlenk
flaskwas chargedwith Pd-DPPF (4.1mg, 5.0� 10-3mmol), 4,12-
bis(benzhydrylideneamino)[2.2]paracyclophane 3a (2.8 mg, 5.0�
10-3 mmol), 4-bromo[2.2]paracyclophane 1b (287mg, 1.0mmol),
benzhydrylideneamine (271 mg, 1.5 mmol), sodium tert-butoxide
(144 mg, 1.5 mmol), and toluene (0.60 mL). The mixture was
stirred at 110 �Cunder nitrogen for 8 h. After the reactionmixture
was cooled to room temperature and diluted with CH2Cl2
(15.0 mL), HOAc was added to the mixture until the stirred

solution tested acidic (pH 6). The acidic solution was washed with
water (3 � 10.0 mL) and saturated aqueous NaCl solution (3 �
10.0 mL) and dried over magnesium sulfate. The solvent was
removed under reduced pressure to give a residue, which was
purified by column chromatography on silica gel (eluent: hexanes/
ethyl acetate = 10:0-10:5) to give 4-benzhydrylideneamino-
[2.2]paracyclophane 3b as a yellow solid (304 mg, 79%). Mp
208-210 �C. 1H NMR (400 MHz, CDCl3, rt) δ 7.89-7.87 (m,
2H), 7.50-7.48 (m, 3H), 7.37-7.35 (m, 1H), 7.17-7.14 (d, 3H),
7.01-7.00 (m, 2H), 6.55-6.46 (m, 3H), 6.25 (m, 2H), 5.48 (br,
1H), 3.29 (m, 2H), 3.07-2.89 (m, 4H), 2.76 (m, 1H), 2.51-2.46
(m, 1H). 13C NMR (75 MHz, CDCl3, rt) δ 165.2, 148.7, 140.0,
139.9, 139.9, 138.9, 136.7, 134.3, 133.2, 132.4, 131.9, 131.4, 130.4,
129.5, 129.3, 129.2, 128.2, 128.2, 128.0, 127.6, 126.7, 35.3, 35.1,
34.0, 33.0.Anal.Calcd forC29H25N (387.52): C, 89.88;H, 6.50;N,
3.61. Found: C, 89.92; H, 6.48; N, 3.60.

General Procedure B forCleavage of 4-Benzhydrylideneamino-
[2.2]paracyclophane 3b.Toa solutionof 4-benzhydrylideneamino-
[2.2]paracyclophane (387 mg, 1.0 mmol) in THF (4.0 mL) was
addedconcentratedhydrochloric acid (12.0M,0.25mL,3.0mmol).
The mixture was stirred at room temperature for 4 h. After the
yellow color of the mixture faded, the white precipitate was
collected by filtration, washed with ether (3 � 5.0 mL), and dried
in vacuo. The remaining solid in ethanol (4.0 mL) was stirred, then
saturated NaOH was added dropwise until the stirred mixture
tested basic (pH 9). The solvent was removed, and the residue was
purified by chromatography on silica gel (eluent: hexanes/ethyl
acetate=10:1) to afford 4-amino[2.2]paracyclophane 4b as awhite
solid (219 mg, 98%). Mp 243-245 �C. 1H NMR (300 MHz,
CDCl3, rt) δ 7.19-7.15 (dd, 1H), 6.60-6.57 (dd, 1H), 6.40-6.37
(dd, 2H), 6.28-6.25 (d, 1H), 6.14-6.11 (dd, 1H), 5.38-6.37 (d,
1H), 3.49 (br, 2H), 3.18-2.84 (m, 8H). 13C NMR (100 MHz,
CDCl3, rt) δ 144.2, 140.6, 138.5, 138.4, 134.7, 132.9, 131.9, 131.0,
126.3, 124.1, 122.5, 121.8, 34.9, 34.4, 32.5, 31.7. Anal. Calcd for
C16H17N (223.31): C, 86.05; H, 7.67; N, 6.27. Found: C, 86.28; H,
7.44; N, 6.09.
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TABLE 2. Synthesis of [2.2]Paracyclophanyl Aminesa

entry Y Z yield (%)

1 3a, 12-imino 4a, 12-NH2 86
2 3aa, 12-Br 4aa, 12-Br 97
3 3b, H 4b, H 98
4 3c, 16-imino 4c, 16-NH2 83
5 3e, Rp-12-MeO 4e, Rp-12-MeO 96
6 3f, Sp-12-i-PrO 4f, Sp-12-i-PrO 91
7 3h, 12-NH2 4a, 12-NH2 86
8 3i, Rp-12-NMe2 3i, Rp-12-NMe2 91
9 3k, 4Rp,13Sp-13-MeO 4k, 4Rp,13Sp-13-MeO 68
aReaction conditions: 1 equiv of 3 and 3 equiv of concen-

trated HCl in THF (4 mL/mmol imine) at rt or 65 �C for 4 h.

(14) In general, the rates for amination of bromobenzene, 1-bromo-
naphthalene, and 3-bromopyridine were faster than those for amination of
brominated [2.2]paracyclophanes. The reaction of 3-bromopyridine with
benzhydrylideneamine in toluene occurred to completion after 2 h at 110 �C
in 96% yield with the catalytic system (0.5% Pd-DPPF and 0.5% 3a). Under
the same reaction condition, reaction of benzhydrylideneamine with bromo-
benzene and 1-bromonaphthalene occurred to completion in 93% and 94%
yield within only 3 and 5 h.
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