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Stereo-and Regioselective
1,4-Addition

A new intermolecular, stereo- and regioselective iron-catalyzed 1,4-addition of a-olefins to 1,3-dienes using as low as 1 mol % of an
iminopyridine—ferrous chloride complex was developed. Importantly, both double bonds of the linear 1,4-diene addition products are obtained

with absolute stereocontrol.

Iron catalysis has the potentia to form valuable carbon—carbon
bonds starting from simple starting materias such as hydro-
carbons.* In this communication we present a functional -group-
tolerant, stereo- and regioselective iron-catalyzed 1,4-addition
reaction of o-olefins to 1,3-dienes (eq 1). Previoudy, in the
1960’ s, Hata investigated the addition of butadiene and isoprene
to ethylene and propylenein an autoclave at >500 ps catayzed
by an Fe(acac)s/EtsAl mixture.? Using the same Fe(acac)y/EtAl
mixture but in the presence of 2,2'-bipyridine, Takacs observed
formal [4 + 4] enereactionswith 1,3-dienes Theiron-diimine-
catalyzed dimerization of 1,3-dienesto afford cyclooctadienes
and vinyl cyclohexenes was developed by tom Dieck in the
1980's* Within the past 5 years, Filrstner has shown that awell-
defined anionic iron(0) complex, supported by a cyclopentadi-
enyl ligand, can catalyze intramolecular ene reactions, in-
tramolecular cycloadditions, and cycloisomerizations.® In 2006,
Chirik demonstrated the intramolecular [2 + 2] cycloaddition
of 1,6-dienes catalyzed by aredox-active bisminopyridine—iron
complex.”
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We have investigated iminopyridine-ligated iron com-
plexes that provide access to linear 1,4-diene products that
cannot be obtained with tom Dieck’s or Takacs catalysts
or by any other hydrovinylation reaction reported to date.®
Our 1,4-addition reaction complements the functional-group-
tolerant cobalt-catalyzed 1,4-hydrovinylation reaction, pio-
neered by Hilt, which typicaly affords branched 1,4-
dienes.®Notable features of the carbon—carbon bond-forming
reaction presented herein include the regiosel ective introduc-
tion of prenyl and geranyl substituents, the stereospecific
formation of (E)-trisubstituted double bonds, and the func-
tionalization of unactivated commodity chemicals using a
simple low-valent iron catalyst.

The readily available iron(ll) complex 1:FeCl, shown in
eq 1 can be reduced in situ with activated magnesium metal
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Table 1. Iron-Catalyzed 1,4-Addition of Olefins to 1,3-Dienes

| 1 0r 2+ FeCl, (2 mol %) 1 Me 7 N\ Bh 7 N\ Ph
R1/\ + \(LRa R X 4/ R3 =N \N_< =N \N
R? Mg (4 mol %) R2 Me SiMes
Et,0 (1 M) ligand 1 ligand 2
entry alkene diene product X ligand yield regioselectivity® 1-E/Z 4-E/Z
1 b -— . -
2 H(3) 94 >99:1
3 ; Me F (4b) 86 - >99:1 -
. Q/\ \#M S~Pe Cl (4¢) 4 78 - >99:1 -
5 X ° Me OAc (4d) 85 - >99:1 -
6 Me X CF; (4e) 90 _ >99:1 _
‘Bu (4f) 92 _ >99:1 _
Me
7 Q/\ g\ S~Pre H (4a) ) 60° 90:10 >00:1 -
8 X isop,e,“,? F (4g) 74° 91:9 >00:1 _
X
Me Me
9 /©/\ \J\/\)\ N A H (4h) ) 66° 037 >00:11  >00:1
10 Me O OMe (4i) 519 96:4 >90:11  >00:1
myrcene X
1 Me
11 PSS \)W Ph% 4 1 77 >98:2 >99:1  >99:1
[ Me
12 Ph~ %Me Ph \/\/\/\Me 4k 1 79° - >99:1 -
Me Me

2 Regioisomeric ratio as described (eq 2). ° 1 mol % 1-FeCl, used. © 20 mol % 2-FeCl, used. ¢ 10 mol % 2-FeCl, used. 5 mol % 1-FeCl, used.

to catalyze carbon—carbon bond formation between styrene
and 2,3-dimethylbutadiene to afford 1,4-diene 3 in 94% yield
after 6 h at 23 °C. Control experiments showed that the
presence of iron, together with reducing agent and ligand,
isessential for productive catalysis. A 1:1 complex of ferrous
chloride and iminopyridine ligand'® (for X-ray, see Sup-
porting Information) is responsible for the exclusive forma
tion of the intermolecular addition product 3, with no traces
of diene dimerization or subsequent observable double bond
isomerization. A selection of 18 other complexes derived
from bidentate nitrogenous ligands afforded the desired linear
1,4-diene 3 in less than 50% yield, provided significant
amounts of diene dimerization products as observed by tom
Dieck,”® or gave double bond isomerization to form a
conjugated 1,3-diene subsequent to addition (see Supporting
Information). As shown in Table 1, 2,3-dimethylbutadiene
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can be added to electron-rich and -poor styrenes bearing
various functional groups such as ethers, an ester, and halides.
This practical procedure can be scaled to 100 mmol using 2
mol % of catalyst, 100 mL of solvent, and commercially
available styrene and isoprene (eq 2).

“ [l 1FeCl, (1 mot %) Me <\j>—\\ Ph
Ph = + Mg —————— PhWMe N N‘%

Me Mg (2 mol %) Ve o (1)
23°C,6h 3 1:R'=H
1.0 equiv 1.1 equiv 94% yield 2:R'=TMS
| TFeck@moi%) Me Me
PR +\)\ P PhW
Me Mg @mol %) Ph7 X Me

2)
ELO(1M) 43 799, yield, 1369 52

100 mmol 110 mmol 84.16 regioselectivity

Although the reaction shown in eq 2 afforded 1,4-addition
product in 79% yield, two regioisomeric products were
obtained due to bond formation at either of the two different
olefin termini of isoprene. The regioselectivity in favor of
prenylation product 4a induced by ligand 1 was 86:14. The
introduction of a prenyl group upon 1,4-addition to isoprene
is synthetically useful,** but control over regioselectivity is
challenging. To increase the regioselectivity, we evaluated
different iminopyridine ligands and found a strong depen-
dence of the regioselectivity on the ligand. The highest ratio
of 10:1 in favor of the desired linear 1,4-diene product was
observed with the trimethylsilyl-substituted ligand 2 (Table
1). Methyl substitution at the 6-position of the pyridyl ligand
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can invert the regioselectivity to 16:84 to afford 5a as the
major isomer (see Supporting Information). Substitution of
the 1,3-diene starting material with substituents larger than
methyl, such as that in the commodity chemical myrcene,
increased the regioselectivity to up to >20:1 (entry 10, 4i).
Using this procedure, the geranyl substituent can be intro-
duced regioselectively. A diene with branched substitution
afforded a single regioisomer as determined by *H NMR
(entry 11, 4j). Although the regioselectivity was increased
using ligand 2, higher catalyst loadings were required to
achieve full conversion of starting material.

The geometry of both double bonds of the 1,4-diene
products was controlled, and all addition products were
observed as single double bond isomers. Importantly, the
trisubstituted double bond that is generated upon 1,4-addition
is formed as its E-isomer exclusively (entries 9—11);
trisubstituted double bonds with three alkyl substituents are
otherwise difficult to form as E-isomers with high selectiv-
ity.*? The aliphatic a-olefin alylbenzene afforded a single
addition product after double bond transposition (entry 12,
4k). Addition of olefinsto 1-substituted 1,3-dienes afforded
addition products, abeit in lower yields. Overal, the
iminopyridine iron complexes control stereo- and regiose-
lectivity and afford linear 1,4-diene addition products
selectively over potential dimerization, isomerization, or
branched products.

Although 1,4-addition reactions proceeded with aliphatic
o-olefins, product mixtures were generally observed. In
addition to the desired linear 1,4-dienes, branched 1,4-dienes’
and dienes resulting from double bond isomerization sub-
sequent to addition were detected. Therefore, the presented
addition reaction is currently limited to styrene derivatives
and selected aliphatic o-olefins (e.g., 4k, Table 1).

A mechanistic hypothesis that is consistent with our
experimental observations is detailed in Scheme 1. We
propose formation of iron(ll) akyl alyl complex 8 after
reduction®® of the Fe(ll) complex 1:FeCl, and oxidative

Scheme 1. Proposed Catalytic Cycle for 1,4-Addition to Dienes

oxidative

h RN couplmg
"L ()
RN_ NR!
PhagF
HZU
coordination HE“\ Me
8
re((i:\lﬂtggOﬂ RN AR 7-0 rearrangement
N/
1FeCly — Fe
\/ XY (e
RN\ NR Me
Me 6 Me Fe/ Hz
~
Hz rleductive Ph >
elimination
m . H g He
PR N Ne RN NR

N/
He 4a /Fe /
H7 syn-p-hydride

\ / yn-ph
P> elimination (H,)
\
M Ph Me

Org. Lett, Vol. 11, No. 2, 2009

coupling with styrene. We cannot yet rationalize the influence
of the catalyst on the regioselectivity that may be determined
during oxidative coupling. A w—o rearrangement to form
the seven-membered 5*-alyl ferracycle 9, in which the
phenyl substituent is pseudoequatorial, positions only one
B-hydride (H,) syn to iron. Hence, 3-hydride elimination can
only afford a single double bond isomer and delivers the
1,2-disubstituted E double bond as part of the iron(I1) alkyl
hydride 10. Assuming that subsequent reductive elimination
proceeds without o—z—o rearrangement of 10, the new
trisubstituted double bond is formed with E geometry
stereospecifically. To substantiate the assumption that ste-
reospecific reductive elimination from 10 is faster than
isomerization, we designed two deuterium-labelingexperi-
ments. The deuterium atoms of j3,5-dideuterostyrene and (E)-
[-deuterostyrene in the 1,4-addition reactions to isoprene
were observed exclusively at the positions indicated in 11
and 12, respectively, consistent with our mechanistic hy-
pothesis (egs 3 and 4).

D

Ph/\D(\):Me (3)

1

1FeCl, (5 mol %)

D .
PR + \/”\
/\D( = Me Mg (15 mol %), Et,©

Me

PhWMe 4)

D 12

1-FeCly (5 mol %)

NP, e
/\r Me Mg (15 mol %), Et,0

In conclusion, we have developed an intermolecular iron-
catalyzed 1,4-addition of a-ol€efinsto 1,3-dienes using readily
available iminopyridine—ferrous chloride complexes. Im-
portantly, both regioselectivity and double bond geometry
of the addition products can be controlled. Furthermore,
synthetically useful products such as prenyl- and geranyl-
substituted molecules are synthesized from simple commod-
ity chemicals.
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