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The Heck reaction, one of the most elegant methods for the
derivatization of C=C bonds, has found numerous applications in
both academic and industrial laboratories.'> However, most of the
successful examples are carried out in the presence of a palladium
catalyst and provide a C—C bond formation product with a
characteristically trans double bond (E geometry).> As part of our
ongoing efforts devoted to the development of Ir-catalyzed allylic
substitution reactions,®* we originally devised the synthesis of
enantiopure tetrahydroquinolines via an Ir-catalyzed asymmetric
allylic amination® of allylic carbonate 21 with 2-vinylaniline 1a and
a subsequent ring-closing metathesis (RCM) reaction. To our great
surprise, an unprecedented cis-Heck-type product 3al, a skipped
Z, E diene, was observed instead of the desired amination product
(Scheme 1). More strikingly, a cis double bond was formed
exclusively, as confirmed by an X-ray analysis and NMR study.
Mechanistic studies disclose that this is a cross-coupling reaction
via the amine assisted vinyl C—H bond activation.® This protocol
serves as a complementary approach to the traditional Heck reaction
which usually affords the frans-products. In this paper, we report
the preliminary results.

Scheme 1. Ir-Catalyzed Formation of 3al and X-ray Structure of
3al HCI Salt (Thermal Ellipsoids Are Set at 30% Probability)
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For initial optimization of the reaction conditions, 2-vinylaniline
(1a) and (E)-3-(4-methoxyphenyl)allyl methyl carbonate (2a) were
chosen as the model substrates. The results are summarized in Table
1. Different ligands such as PPhs;, P(OPh),, dppe, Feringa’s ligand
(Ly), and L, were tested in the presence of [Ir(COD)Cl], (2 mol
%) and DBU (110 mol %) in degassed THF at 60 °C, and only L
proved to be an effective ligand (entries 1—5). Notably, byproduct
4aa was also observed, which might be resulted from 3aa through
an Ir-catalyzed isomerization.” Fortunately, the formation of
byproduct 4aa can be reduced by altering the reaction conditions.

After examining various bases and solvents, the optimized
conditions were obtained: 2 mol % of [Ir(COD)CIl],, 4 mol % of
L;, and 1.1 equiv of K;3PO, in THF at 60 °C (entry 9, Table 1).
Under these conditions, various 2-vinylanilines and allyl carbonates
were examined.
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Table 1. Optimization of the Reaction Conditions®

=
P C(\ e
P 1a [MCOD)CI); (2 mol %) NH, ™= TAr
S SNH, Ligand (4 mol %) 2aa
- +
base, solvent 2
A S"0c0.Me | \ P ~p
2a (Ar = 4-MeO-CgH,) N N Ly (S, S, Sa&),R=Ph
daa | Ly(Sa)R=H
temp t conv
entry ligand solvent base (°C) (h) (%)? 3aa/4aa’

1 PPh; THF DBU 60

2 P(OPh); THF DBU 60 12 - -

3 dppe THF DBU 60 12 - -

4 L, THF DBU 60 12 - -

5 L, THF DBU 60 2 >95(71) 80:20
6 L, THF DABCO 60 3 >95(69) 95:5
7 L, THF Cs,CO; 60 2 >95(84) 955
8 L, THF KOAc 60 2 >95(61) 95:5
9 L, THF K;POy 60 2 >95(87) 95:5
10 L, THF - 60 6 - -
11 Iy DCM K5PO, reflux 2 >95 81:19
12 Iy dioxane K3PO, 60 16 62 n.d.
13 Ly toluene  K3PO, 60 16 33 n.d.
14 Ly CH;CN  K;3PO, 60 4  >95@86) 90:10
15 Iy DME K;PO, 60 2 >95(85) 84:16
16 L, Et,O K;PO, reflux 16 61 n.d.

“ Reaction conditions: 0.2 mmol of 1a, 0.22 mmol of 2a, 0.22 mmol
of base in solvent (2 mL). “Isolated yield in the parentheses.
¢ Determined by 'H NMR.

As summarized in Table 2, reaction of different aryl allylic
carbonates bearing either electron-donating groups (p-OMe, p-Me,
m-OMe, 0-OMe) (entries 1—2, 6—7) or electron-withdrawing
groups (p-F, m-Cl, p-Br, p-CF;) (entries 3—5, 8) with 2-vinylaniline
1a all led to their corresponding cross-coupling products in excellent
yields (86—99%). In addition, the reaction of 1-naphthyl-substituted
and 2-furyl-substituted allyl carbonates with 1la led to their
corresponding products in excellent yields (98% and 92%, entries
10—11). To our delight, various aliphatic carbonate substrates 21—2r
derived from y-alkylallyl alcohols were well tolerated and afforded
the cross-coupling products in excellent yields with exclusive
formation of product 3 (90—95%, entries 12—17). The simple allyl
carbonate 2r gave the product 3ar in slightly lower yield (75%,
entry 18).

Different 2-vinylaniline derivatives were also tested under the
above optimized conditions. Substrates bearing either electron-
withdrawing groups (1b—d) or electron-donating group (le) were
well tolerated (78 —93%, entries 19—26). In general, less isomerized
byproducts are observed with aliphatic allylic carbonates. Interest-
ingly, when disubstituted alkene 5 was used, the desired alkylation
products 6 were obtained without the formation of isomerized
byproducts (entries 27—28). 2-Methyl allylcarbonate is also well
tolerated (entry 29).
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Table 2. Examination of the Reaction Substrate Scope?

3 32
N2 1LR=H PN

Rr! ; SRI=H (751 ] R
Z NHy B SEONHE

R
[IH(CODICH]; (2 mol %) oy = “ﬁ
or | ;
[\f]\NH:' F i
. -]

Ly (4 mol %) +
o e
—— 1 KaP Oy (110 mol %) % FNF R
R THF, 80 'C R'—.O\A/
= NH,

2 (110 mol%) z 4
entry 1,R'or5 2, R? fime yield 3/4
' ’ (h) (%)

1 la, H 2a, 4-MeO-CeHy 2 3aa, 87 95:5
2 la, H 2b, 4-Me-C¢H, 4 3ab, 93 98:2
3 la, H 2¢, 4-CF3-C¢Hy 3  3ac, 95 97:3
4 la, H 2d, 4-F-C¢H,y 4 3ad, 93 99:1
5 la, H 2e, 4-Br-C¢Hy 2 3ae, 99 96:4
6 la, H 2f, 2-MeO-CgH, 4 3af, 86 99:1
7 la, H 2g, 3-MeO-CeHy 2 3ag, 92 97:3
8 la, H 2h, 3-CI-C¢H, 4 3ah, 99 95:5
9 1la, H 2i, Ph 4 3ai, 94 96:4
10 1a, H 2j, 1-naphthyl 4 3aj, 98 96:4
11 1a,H 2k, 2- furyl 4 3ak, 92 97:3
12 1a,H 21, n-CsHy, 2 3al,95 >99:1
13 1a, H 2m, n-C4;Hy 2 3am, 92 >99:1
14 1a, H 2n, n-C3H; 2  3an, 93 >99:1
15 1a,H 20, n-C,Hs 2  3a0,94 >99:1
16 1a, H 2p, n-CH; 2 3ap, 94 >99:1
17 1a,H 2q, CH;CH=CH 2 3aq,90 >99:1
18 1a, H 2r, H 2  3ar,75 >99:1
19 1b, 5-Br 2a, 4-MeO-CeHy 6 3ba, 91 95:5
20 1b, 5-Br 2n, n-C;H; 4 3bn, 93 >99:1
21 1c, 4,5-Br, Br 2e, 4-Br-C¢H, 3 3ce, 73 91:9
22 1c, 4,5-Br, Br 2n, n-C3H; 3 3cn, 83 97:3
23 1d, 4-Cl 2a, 4-MeO-CeHy 4 3da, 82 97:3
24 1d, 4-Cl 2n, n-C3H; 3 3dn, 78 >99:1
25 1le, 5-Me 2e, 4-Br-C¢H, 3 3ee, 86 96:4
26 1le, 5-Me 2n, n-C3H; 3 3en, 83 99:1
27 5 2e, 4-Br-C¢H, 4 6e, 80 >99:1
28 5 2n, n-C3H; 3  6n, 51 >99:1
29 1la,H CH,=C(Me)CH,OCO,Me 6 3au, 96 >99:1

“ Ratio of 3/4 was determined by 'H NMR.

Initial experiments have been carried out to understand the
reaction mechanism. To test whether the products are formed from
allylic amination product via double [3, 3’] sigmatropic rearrange-
ments, the amination products 7 and 8 were synthesized and tested
under the optimized conditions respectively. The fact that no desired
product was observed suggests that the reaction through double
[3, 3’] sigmatropic rearrangements is less likely. No reaction
occurred when styrene or 9a—c was used, while allylic substitution
reactions proceeded when substrates 9d—f (X = NHBoc, NHTs,
OH) were used.

FaflvaMoey 4 o
9bX=NMe, 9fX=OH

NH N e X 8cX=NHCbz

P Mg 9 % = NHBoc

T

[ICOD)CIl; (2 mol %)

. B e
5z —_— -
NH, PhT T K3PO, (110 mol %) 88% yield 1)
1a 2 THF, 60°C
==
| e i MeO,CO—, ___ Asabove m)/
P T A —— NH; @
2 N
1a 2t 10 86% yield
50% D] = H,
= T’ ¢ ) As above . ):
i MeO,cO0” ~F @ ————* 2o NH T H, @
1a g ar

H, (19% D), Hy (31% D)

The reactions of 1a with 2s and 2t led to the allylic amination
product 7 and Z, Z diene 10, respectively (eqs 1—2), and the latter
is in accord with the report by Takeuchi.*> When monodeuterated

2r was used (eq 3), a deuterium label was distributed at both the
allyl termini suggesting the existence of s-allyl-Ir in the cross-
coupling with simple allyl carbonate. In addition, when substrate
d-1a, 9 atom % (H,) and 55 atom % (Hy) deuterated at the terminal
alkene, was used, product d-3ae was obtained with 14 atom %
deuterated at H, (eq 4).® Since the deuterated ratio of H, does not
change significantly, the reaction occurring through the Heck
reaction or direct allylic alkylation by 2-vinylaniline acting as a
conjugated enamine is also excluded. For either of the last two
cases, the ratio of the deuterated H, should be highly increased
and exclusive cis double bond formation is difficult to be explained.
On the basis of the above experiments, an iridium-catalyzed amine-
assisted vinyl C—H bond activation process is proposed,”’ through
an intermediate A.

H, (9% D)
m ° conditions O e (14% D) ~ -1
o
N}-E“ (55%D)  —— NH; F “4)

d-1a

+
2 d-3ae, 72% yield Br

In summary, we have found that [Ir(COD)Cl],/Feringa’s ligand
efficiently catalyzes the cross-coupling of 0-amino styrene derivatives
with allylic carbonates. The reaction affords unprecedented skipped
Z, E dienes with the exclusive formation of a cis double bond and is
complementary to the traditional Heck reaction. Further studies on the
reaction mechanism are currently underway in the lab.
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