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ABSTRACT

A7

toluene, 110 °C

10 mol% TIC|4

A

An intermolecular hydroamination reaction of norbornene is presented that uses catalytic amounts of user-friendly TiCl, and tolerates a
variety of functional groups. In addition, a secondary amine is converted using this methodology.

The hydroamination reaction of carbeoarbon multiple

norbornene (1) was found to be catalyzed by iriditithor

bonds potentially provides an atom-economic access torhodiunt45 complexes® Unfortunately, the high cost of

substituted amine’sWhile a variety of protocols are available
for the functionalization of alkyne%sa general procedure for

these late transition metal catalysts as well as of their

stabilizing ligands or additives is an important limitation of

the hydroamination of olefins remains elusive. Relatively these methodologies.
few reports describe successful applications to unactivated Recently, several titanium complexes were shown to
olefins. Most prominent are lanthanide-catalyzed, often catalyze hydroamination reactions of alkyAéZhese cata-

intramoleculaf hydroamination reactiof$ that, however,
lack compatibility with a number of important functional

lysts are significantly cheaper than known late transition
metal catalysts, while tolerating a variety of functional

groups. Significant research activity focused on the use of groups. However, titanium-mediated hydroamination reac-

late transition metal complexes, featuring e.g., niékel,
palladium! rhodium®?® iridium,!®* and more recently,
platinunt? and rutheniunt? Yet for the most part, conjugated
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Table 1. Influence of Additives on the Hydroamination
Reaction of Aniline 2a) onto Norbornenel{

NH; Ph
|
u-wave NH
+ _ +
1 2a

reagent HzN
n-decane 3a 4a
entry reagent (mmol) t(h) 3a/4a® conversion of 1° (%)

1 TiCls (2.0 2 68/32 >98
2 TiCls (2.0)° 2 65/35 >98
3 --- 2 --- <2
4 PhNHiCI (2.0) 2 <2
5  CpTiCl, (20 2 - <2
6  HaSO4 (4.0 2 - <2
7 HCI (4.0 2 - <2
8  TiCls (2.0)0d 2 68/32 >08

a8 Reaction conditions: 2 mmol df 8 mmol of2a, and 2 mL of toluene.
bBy GC usingn-decane as internal standaf@hermal reaction in an oil
bath at 169°C. 9 Without solvent.

or phenol® Nonthermal microwave effects found contro-
versial interpretation in the literatufé.Here, quantitative
conversion of alkenel was also achieved by applying
conventional heating in an oil bath at 186G (entry 2). A
number of reactions were performed to test the likelihood
of a Brgnsted acid-mediated reaction. Neither the use of
chlorides PhNHCI (entry 4) or CpTiCl; (entry 5) nor of 2
equiv of concentrated sulfuric (entry 6) or hydrochloric acid
(entry 7) gave rise to significant amounts of produgasor

4a. These results are in agreement with observations made
by Hartwig, showing that théntramolecular addition of
amines, not bearing an electron-withdrawing group, even
onto activated olefins does not occur using concentrated
sulfuric acid?®® Therefore, a plain Brgnsted acid mediated
reaction seems unlikely to be operative. Importantly, the
reaction could be carried out in the absence of toluene in
neat aniline (entry 8). Next we studied the scope of the
stoichiometric hydroamination reaction (Table 2).

Reactions were generally conducted until quantitative
conversion of norbornene (1) was obtairféd.

Some aspects are noteworthy: (i) The chemoselectivity
of the transformation depended upon the electron density at

tions are so far limited to alkynes and allenes, and no suchthe nitrogen moiety in the aniline derivative, giving rise to

transformation involving an unactivated olefin was de-
scribed!® We reported TiC}catalyzed intermolecular hy-
droamination reactions of alkynélIn continuation of this
work, we present herein Tigtatalyzed hydroamination
reactions of norbornenel) and provide a mechanistic
rationale for this transformatiofd.

Based on our recently developed protocol for TiCl
catalyzed intermolecular hydroamination reactions of alkjhes,
we focused our attention on the use of olefinic substrates.
Therefore, we studied the influence of microwave irradia-
tion?! on the addition of aniline2a) onto norbornenelj.
Microwave-assistance allowed for a Ti€hediated inter-
molecular hydroamination of norborneri (Table 1, entry
1). In addition to amine3a, side productia, generated via
regioselective activation of a-€H bond, was formed in a
3a/daratio of ca. 7:3. Such hydroarylation products were
previously observed in rhodium-catalyzed addition reactions
of aniline Qa) onto norbornenelf'*> as well as iridium-
mediated transformations of norbornefgwith benzamidé&
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highly selective hydroamination reactions for electron-poor
aniline derivative$! (ii) A variety of functional groups, such

as F- (entries 4 and 5), Cl- (entries 6 and 7), Br- (entries 8
and 9), Ck- (entry 10), and CN-substituents (entry 11), were
tolerated. (iii) While norbornenel] was completely con-
verted using mesitylamine€) (entry 3), 2,4,6-trichloroa-
niline (2I) did not yield any hydrofunctionalization products,
even after prolonged heating at 189 (entry 12). (iv) Only

a directed hydroarylation in the ortho position of the aniline
derivative was observed, and no products stemming from a
meta or para functionalization were obtained as judged by
inspection of the crude reaction mixtures. NADeuterated

(22) Aufdenblatten, R.; Diezi, S.; Togni, Monatsh. Chen2000,131,
1345.
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(1): N-(exo-Bicyclo[2.2.1]hept-2-yl)N-(2-chlorophenyl)amine(3g). TiCl4
(0.22 mL, 2.00 mmol) was added to a solution of norbornet)e(@.188
mg, 2.00 mmol) and 2-chloroaniline (1.02 g, 8.00 mmag)in toluene (2
mL) under N. The suspension was stirred at 182 for 2 h in a sealed
tube, after which GC/MS analysis indicated complete conversion of
norbornene (1). CkCl, (50 mL) and saturated aqueous NaHJ@0 mL)
were added to the cooled reaction mixture. The separated aqueous phase
was extracted with C¥Cl, (2 x 75 mL). The combined organic layers
were dried over MgS@and concentrated in vacuo. The remaining residue
was purified by column chromatography on silica gepéntane/&0, 200/
1) to yield 3g as a pale yellow oil (346 mg, 78%)*H NMR (300 MHz,
CDCl) 6 7.23 (dd, 1HJ = 7.9, 1.4 Hz), 7.13 (ddd, 1H = 7.9, 7.9, 1.4
Hz), 6.65 (dd, 1HJ = 7.9, 1.4 Hz), 6.60 (ddd, 1H} = 7.9, 7.9, 1.4 Hz),
4.18 (s, 1H), 3.28 (m, 1H), 2.3%2.20 (m, 2H), 1.87 (ddd, 1H] = 12.8,
7.6, 2.4 Hz), 1.65—1.45 (m, 3H), 1.35—1.10 (m, 4MC NMR (75 MHz,
DEPT, CDC}) 6 143.6 (C), 129.0 (CH), 127.8 (CH), 118.9 (C), 116.7 (CH),
112.0 (CH), 56.5 (CH), 41.4 (CH), 41.0 (GH 35.8 (CH), 35.3 (Ch),
28.5 (CH), 26.3 (CH); IR (KBr) 3420, 3069, 2954, 2870, 1598, 1510,
1326, 1034, 739 crt; MS (El) m/z(relative intensity) 221 (55) [M], 166
(21), 153 (53), 127 (100), 67 (46); HR-MS (Et)/zcalcd for GsH1eNCI
221.0971, found 221.0972.

(27) Comparison of NMR and MS data f8a and4awith those reported
in the literature confirmed unambiguously formation of the corresponding
exo-diastereomers.
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Table 2. Scope of Stoichiometric Hydroamination Reactions of
Norbornene (B

]
NH, A ///R
1.0 TiCl NH
Ab . @ BN b . \
R// toluene H,N
1 2 1e9°C 3 4

ent t ratio roduct isolated
Yom e P yield 3
H
e
12 6535 \© 3a 48%
H
A
2 12 5941 ©\ b 249
Me
H Me
36 1000 A}//N 3 60%
Me Me
H
e
4 4 7614 34 6
yF
52 955 b“j@ 3¢ 80%
H
6 4 8317 Ab/“ T
Cl
H Cl
A
72 8yl \© 3g 8%
H Br
8§ 3 919 Ai\//“jij 3 81%
H Br
9o 3 964 b“ i 83%
Br
drtry
10 1 982 3 s
CF,
H CN
112 98 b”@ k7
H Cl
N
2 30 - b 31
Cl Cl

a8 Reaction conditions: 2 mmol df, 8 mmol of2, 2 mL of toluene.
bBy GC/MS analysis of the crude mixturelsolated yield for the

corresponding tosylated comé)ound, after subsequent reaction with TsCl in

pyridine at room temperaturéUsing 1.0 equiv of amine.
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p-toluidine2b (70% D) yielded hydroamination produgb
with incorporation of deuterium in the ortho position of the
aniline derivative (70% D). (vi) An indication of reduction
of titanium(IV) to titanium(lll) was not observed. (vii)
Norbornene 1) was converted quantitatively usisgcondary
amine2m (Scheme 1) and hydroarylation produdlch was
formed as the major product.

Scheme 1. TiCl,-Catalyzed Reaction with a Secondary Amine

b + Ph,NH Lb/@ 62 %

AN
1 2m

10 mol% TiCly

toluene, 13 h, 110 °C

Ph
4m

For all functionalized amines, an optimization of the
reaction conditions was performed, highlighting tbatalytic
amounts of TiCJ allow for complete conversion of nor-
bornene (1) even at 11 (Table 3).

Table 3. TiCls;-Catalyzed Hydroamination of NorbornenBy

10 mol% TiCl, H‘R
/ 7 + RNH, / /
1 2 toluene, 110 °C 3
entry R t(h) product isolated yield (%)

1 2-FCGH4 21 3e 70b
2 2-CICsHa4 18 39 89p
3 2-BrCeHs 18 3h 88
4 2,4-Br,CeH3 20 3i 95
5 3,5-(CF3)2CeH3 21 3j 83¢
6 2-(CN)CeHa4 20 3k 45bd

aReaction conditions: 2 mmol df, 8 mmol of2, and 2 mL of toluene.
b130°C. ¢5 mol % of TiCk. 9 Using 1.0 equiv of amine.

A mechanistic hypothesis, which accounts for the forma-
tion of the hydroamination product, the conversion of a
secondary amine and the regioselective ortho-functionaliza-
tion reaction, is provided in Scheme 2.

Titaniumdiamide5 can give rise to imido compleX
through elimination of aniline. Analogous imido species
are the active catalytic species in titanocene-based hydro-
amination reaction®?° Wolczanski showed elegantly
that comparable titaniumimido complexes even undergo
intermolecular G-H bond activation reactiori. If such
an activation reaction occurs intramolecularly, cyclometal-
ated complex7 is formed. Alternatively, metallacycl@
might be formed directly from diamid®. This direct route
is likely to be operative when HNRhs the substrate. A
formal insertion of norbornend) constitutes the chemose-

(28) Johnson, J. S.; Bergman, R..IGAmM. Chem. So2001,123, 2923.

(29) Pohlki, F.; Doye, SAngew. Chem., Int. E®001,40, 2305.

(30) Cummins, C. C.; Schaller, C. P.; Van Duyne, G. D.; Wolczanski,
P. T.; Chan, A. W. E.; Hoffmann, RJ. Am. Chem. Socl99], 113
2985.
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Scheme 2. Proposed Mechanism for TigCatalyzed
Hydroamination Reactions of Norbornen® (

L, Ti(NHPh),

3a
1

NHPh

H,NPh (2a)
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lectivity-determining step. Through an insertion into the
titanium—nitrogen bond, metallacyck is formed, which
yields hydroamination produ@®a after subsequent proto-
nolysis.

In summary, we present a user-friendly TiChtalyzed
hydroamination reaction of norbornene (1), which tolerates
a variety of functional groups. Regioselective hydroarylation
occurs as a competing reaction, and secondary amines can
be used as well. This represents one of the first two catalytic
systems based on early transition metals for the intermo-
lecular hydroamination of norbornene €2).
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