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ABSTRACT
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Reaction of benzamide with 4-methylstyrene catalyzed by a 1:2 mixture of [PtCl
N-(1-p-tolylethyl)benzamide in 85% yield. Electron-rich, electron-poor, and hindered vinyl arenes underwent

°C for 24 h led to the isolation of

Pl (5 mol%)

140 °C,24h
85%

2(H,C=CH,)], and P(4-C¢H4CF3)3 (5 mol %) in mesitylene at 140

Markovnikov hydroamination with a range of carboxamides and amide derivatives in moderate to good yield with excellent regioselectivity.

The importance of amines and amine derivatives in the bis(2-methylallyl) Ru(ll} complexes catalyze the anti-
synthesis of pharmaceuticals and fine chemicals has stimu-Markovnikov hydroamination of vinyl arenes with alkyl-
lated considerable interest in catalytic olefin hydroamination amines, these protocols suffer from a number of limitations,

as a route to nitrogen-containing moleculeblowever,
despite recent advances in this ateathe intermolecular

hydroamination of unactivated olefins remains problematic.

Although lanthanide metalloceAdjs(phosphine) Rh(§and
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including poor functional group compatibility, poor selectiv-
ity, and/or limited scope. Bis(phosphine) palladium(ll)
complexes employed in conjunction with triflic acid catalyze
the Markovnikov hydroamination of vinyl arenes with both
aryl-° and alkylamine$§ but these protocols are also of limited
scope and are not applicable to the employment of carboxa-
mides and related derivatives as substréafes.

As part of a program directed toward the development of
transition metal-catalyzed methods for the addition of carbon-
910 and heteroatom-nucleophilés'3to unactivated olefins,
we recently reported the Pt(ll)-catalyzed intermolecular
hydroamination of ethylene with carboxamidédzor ex-
ample, reaction of benzamide and ethylene (50 psi) catalyzed
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Table 1. Effect of Solvent, Phosphine, and Temperature on the
Pt(l1)-Catalyzed Reaction of Benzamide (2 M) with
4-Methylstyrene (4 Equiv)

it I 1 (2.5 mol%)
©*NH2 + PR, (:4n;10I%)
Me l
o} Me
SaAe!
H
2 Me

entry PR3 temp (°C) solvent yield (%)*
1 PPhg 120 dioxane 24
2 none 120 dioxane 71
3 P(4-C¢H4CF3)3 120 dioxane 72
4 P(4-CGH4CF3)3 140 dioxane 77
5 P(4-CcH4CF3)3 140 toluene 81
6 P(4-C¢H4CF3)3 140 xylene 79
7 P(4-CcH4CF3)3 140 mesitylene 85

a|solated yield relative to benzamide 805% pure material.

by a 1:2 mixture of [PtG{H,C=CH,)]. (1) and PPhat 120

°C for 24 h led to isolation oN-ethylbenzamide in 97%
yield (eq 1). Although the platinum-catalyzed hydroamination
of ethylene tolerated a range of amide derivatives, this
procedure proved to be largely ineffective for the hydroami-
nation ofa-olefins!* We have continued our efforts in this

Scheme 1

[o] Me
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p-tolyl NH, + Ph N P(4-C¢H,CF3);3 (10 mol%)

2

H mesitylene, 140 °C, 24 h
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0 (o] Me

Ph)J\NHz + plolyl” "N -—

111 3 Me

for 24 h led to isolation of2 in 85% yield relative to
benzamide as a single regioisomer (Table 1, entr?%).
Electron-rich, electron-poor, and hindered vinyl arenes
underwent platinum-catalyzed hydroamination with a range
of aryl carboxamides, includingp-methoxy-, p-bromo-,
p-trifluoromethyl-, p-carbomethoxy-0-methyl-, andp-OT-
BDMS-substituted benzamides, 2-naphthylcarboxamide, and
benzo[1,3]dioxole-5-carboxamide to form the corresponding
N-(1-arylethyl)carboxamides in moderate to good yield with
excellent regioselectivity (Table 2, entries 14). In addition
to arylamides, valeramide, 2-oxazolidone, gndoluene-
sulfonamide also reacted with vinyl arenes under platinum
catalysis to form the correspondiridr(1-arylethyl) amide
derivatives in moderate to good yield with excellent regio-
selectivity (Table 2, entries 1518). Despite the rather
forcing conditions required to effect the catalytic intermo-

area, and here we report the platinum-catalyzed Markovnikov lecular hydroamination of vinyl arenes, the protocol tolerated

hydroamination of vinyl arenes with carboxamides and
related compounds.

1 (2.5 mol%)
PPh; (5 mol%)
H,C=CH, (50 psi)
dioxane, 120 °C, 24 h
97%

N” CH,
H

NH, eq1

Reaction of benzamide and 4-methylstyrene (4 equiv)
employing conditions optimized for the hydroamination of
ethylene with carboxamid&sled to isolation ofN-(1-p-
tolylethyl)benzamide2) in only 24% vyield (Table 1, entry
1). We noted with interest thdt was a significantly more
effective catalyst for the hydroamination of 4-methylstyrene
with benzamide than was a mixture band PPl (Table 1,

entry 2). This observation suggested that an electron-deficien

a number of polar functional groups, including aryl halides,
carboxylic esters, acetals, and silyl ethers (Table 2, entries
4, 6, 10, and 13).

On the basis of heats of formation dataye estimate an
enthalpy of reaction for the hydroamination of a vinyl arene
with a carboxamide oAH ~ —14 kcal mof.*® In addition,
the entropy of reaction for the hydroamination of ethylene

(15) In addition to2, reaction of benzamide (2 M) and 4-methylstyrene
(4 equiv) catalyzed by (2.5 mol %)/P(4-GH4CFs3)3 (5 mol %) at 140°C
for 24 h led to the isolation off)-1,3-bis(p-tolyl)-1-butene in-15% yield
based on 4-methylstyrene. Dimerization of the vinyl arene necessitated the
use of an excess of vinyl arene. For example, reaction of benzamide (2 M)
and 4-methylstyrene (1 equiv) catalyzed by2.5 mol %)/P(4-GH4CFs)3
(5 mol %) at 140°C for 24 h led to the isolation a2 in only 43% vyield.

(16) (a) Although strong acids such as HOTf catalyze the intramolecular
hydroamination of olefins with carboxamides at elevated temperattires,
the presence of a significant acid-catalyzed background reaction in the Pt-

tcatalyzed hydroamination of vinyl arenes was ruled out, as reaction of

phosphine might be more suitable as a supporting ligand for benzamide, 4-methylstyrene, and a catalytic amount of HCI (5 mol %) in

the Pt(ll)-catalyzed hydroamination of vinyl arenes than was
PPh. Indeed, further experimentation validated this hypoth-
esis (Table 1, entries 3—7). In an optimized procedure,

mesitylene at 140C for 24 h formed no significant amounts (<10%)2f
as determined by GC analysis. (b) Schlummer, B.; Hartwig, Qr§. Lett.
2002,4, 1471.

(17) Pedley, J. B.; Rylance, Bussex N. P. L. Computer Analyzed
Thermochemical Data: Organic and Organometallic Compoutdsver-

reaction of a concentrated mesitylene solution of benzamideg;y, of Sussex: Brighton, UK, 1977.

(2 M) and 4-methylstyrene (4 equiv) catalyzed by a mixture
of 1 (2.5 mol %) and P(4-H4CFs)s (5 mol %) at 140°C

(13) Hydroxyl groups: (a) Qian, H.; Han, X.; Widenhoefer, R. A.
Am. Chem. So004,126, 9536. (b) Han, X.; Widenhoefer, R. A.Org.
Chem.2004,68, 1738.

(14) In a single example, reaction of valeramide with propylene (100
psi) and a catalytic 2:1 mixture of PPand1 at 120°C for 80 h formed
N-isopropylvaleramide in 73% isolated yiefl.
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(18) AH; values for 1-butene, acetamide, amdbutylacetamide in the
gas phase are0.1,—56.9, and-72.9 kcal mot?, respectively. From these
values, we calculate an enthalpy of reaction for the conversion of 1-butene
and acetamide to-butylacetamide oAH = —15.9 kcal mot®. AH:? values
for n-butane, styrene, and ethylbenzene in the gas phase3®d, 35.3,
and 7.0 kcal moll, respectively. These values combined with that for
1-butene indicate that the=€C bond of styrene is 1.7 kcal mdl more
stable than the C=C bond of 1-butene. From these values, we estimate an
enthalpy of reaction for the hydroamination of styrene with acetamide of
AH = —14.2 kcal mot™.
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Table 2. Reaction of Amides (2 M) with Vinyl Arenes (4
Equiv) Catalyzed by a Mixture of [PtgH,C=CH,)]. (1) (2.5
Mol %) and P(4-GH4CFs)s (5 Mol %) in Mesitylene at 140C?

vinyl arene

eniry  nucleophile product (yield)®

1 R=H 75%°
2 R=H '=C 83%°
3 R = p-OMe R' Me 75%
4 R=p-Br 71%
5 R =p-CF; 62%
6 R = p-CO,Me 59%
7 R =p-CH; 79%
8 R=0CH, 74%
Me
NH. N
o [ h ;
80%
O Ve Me
o Me
NH. N
o Me 77% Me

1 R=H
12 R=H R' Me 1%
13 R =0TBDMS R'= Me 58%

o l [o] Me
"o Ol *h
o] NH 0\//
3%
Q I
NH2 \))\ )\O\
Me
16 5 10,
17 R o (~>3°/:de :
R =0OMe

0o 0 \\ //
N\
18 _So p-tolyl
p-tolyl NH,
Me

45%"
aSee Supporting Information for reaction timéssolated yield relative
to benzamide of95% pure materiak Catalyst loading:1 (5 mol %) and
P(4-GH4CFs)3 (10 mol %).9 Reaction temperature 120 °C. € 4-Vinyl-
anisole (1.1 equiv) was added slowly to the reaction mixture.

with ammonia was determined to kS~ —30 e.u® Using

Scheme 2
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PhC(O)H HCI

formed a~2:2:1:1 mixture ofp-toluamide,2, benzamide,
and N-(1-p-tolylethyl)p-toluamide (3) (Scheme 1).

The outer-sphere attack of indoRésalkoxides?® and
amined! on platinum-olefin complexes has been established.
On the basis of these precedents, we propose a mechanism
for the platinum-catalyzed hydroamination of vinyl arenes
involving outer-sphere attack of the amide on the platinum-
complexed olefin ofl to form zwitterionic complexll
(Scheme 2). ThermodynanieNMR,2% and X-ray crystal-
lographic analysé$of Pd(ll) and Pt(Il) styrene complexes
point to the zwitterionic character of the-hblefin interaction
that places significant positive charge on the benzylic carbon
atom. Significant contribution of this resonance structiie (
0) to the Pt-olefin interaction ofl would account for the
high Markovnikov selectivity of the platinum-catalyzed hy-
droamination of vinyl arenes. Loss of HCI frokinfollowed
by protonolysis of the PtC bond of the resulting platinum
p-aminoalkyl complexll would release thbl-(1-arylethyl)-
carboxamide with regeneration of the PtChtalyst®

In summary, we have developed an effective protocol for
the Markovnikov hydroamination of vinyl arenes with
carboxamides and related derivatives to fotr(iL-arylethyl)
amide derivatives in good yield with high regioselectivity.
Our efforts are currently directed toward expanding the scope
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Trans.1986, 891.

(24) (a) Miki, K.; Shiotani, O.; Kai, Y.; Kasai, N.; Kanatani, H.;
Kurosawa, H.Organometallics1983, 2, 585. (b) Van der Poel, H.; Van
Koten, G.lnorg. Chem.1981,20, 2941.

(25) Protonolysis of Pt(Il) alkyl complexes with HCI and other acids
has been studied in detail. These studies have established a mechanism

these values, we estimate a free energy of reaction for theinvolving protonation at platinum followed by reductive elimination from

hydroamination of a vinyl arene with a carboxamideAs?

~ —1.5 kcal mot! at 140 °C,'® which suggests that

the resulting platinum(lV) hydride complex. (a) Stahl, S. S.; Labinger, J.
A.; Bercaw, J. EJ. Am. Chem. S0d996,118, 5961. (b) Johansson, L.;
Tilset, M. J. Am. Chem. So001, 123, 739. (c) Prokopchuk, E. M.;

hydroamination is reversible under these conditions. Indeed, Puddephatt, R. Drganometallic2003,22, 787. (d) Crumpton-Bregel, D.

heating a 1:1 mixture gb-toluamide an® with a catalytic
1:2 mixture of1 and P(4-GH,CFs); at 140°C for 24 h
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M.; Goldberg, K. I.J. Am. Chem. So@003,125, 9442. (e) Reinartz, S.;
Wh|te P. S.; Brookhart, M.; Templeton, J. Organometallics2000, 19,
3854,
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and elucidating the mechanisms of the platinum-catalyzed Supporting Information Available: Experimental pro-
hydroamination of unactivated olefins with carboxamides. cedures and spectroscopic data for new compounds. This
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