COMMUNICATIONS

are resolved for 1-3. The results described here suggest that
there is a potentially large and interesting cycloaddition
chemistry associated with phosphorus-selenium heterocy-
cles.

Experimental Section

General procedure for 1-3: A toluene solution (10 mL) of [{PhP(Se)-
(u-Se)},] (0.15 mmol) and R,N—CN (1.5 mmol) was heated at reflux for
18 h during which time the solution changed color from red to lime green,
with the precipitation of a small quantity of selenium. Upon cooling to
room temperature, the solvent was removed in vacuo and the products
extracted into dichloromethane (2 mL). Column chromatography using
silica (dichloromethane eluant) gave 1-3 as yellow solids. Yellow crystals
of 1 and 2 were isolated upon layering of a dichloromethane (1 mL)
solution of each compound with n-hexane at room temperature.

IR: KBr disk; *'P{H} NMR: CDCl; solvent, 121.5 MHz; MS: FAB-,
3-nitrobenzyl alcohol (3-NOBA) matrix.

1: IR: 7=15285s (ven), 1109s (vpe), 990s (vpy), 524m cm™! (vpg.); MS: 486
[M+]; 3P{'H} NMR: 6 =82.7 (\/(P,Se) =317 Hz).
2: IR: 7=1502s (ven), 11128 (vpe), 997s (Vpn), 521s cm™! (vpg.); MS: 570
M+]; 3'P{'H} NMR: 6 =83.9 (/(P,Se) =324 Hz).

3:IR: 7=1500s (ven), 1109m (vpe), 984s (vpy), S12m em™! (vpg.); MS: 566
[M*]; *P{'H) NMR: 0 = 81.7 (\/(PSe) = 318 Hz).
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Highly Regioselective Allylic Alkylation of
Dienyl Acetates and Enynyl Acetates
Catalyzed by an Iridium Complex**

Ryo Takeuchi* and Keisuke Tanabe

Allylic substitution catalyzed by transition metal complexes
that proceed via a m-allylmetal complex is one of the most
efficient reactions for selective carbon—carbon and carbon -
heteroatom bond formation.!! The substituent on the m-allyl
ligand has a considerable effect on the reactivity and the
selectivity. Alkenyl and alkynyl groups are particularly
important as substituents on the m-allyl ligand. 1-(1-Alken-
yl)-m-allylmetal intermediate 1 isomerizes to 1-alkyl-3-vinyl-
wt-allylmetal intermediate 2 through a o-7t-0 interconversion.?!
Similarly, 1-(1-alkynyl)-w-allylmetal intermediate 3 isomer-
izes to the 1-alkyl-3-vinyl-o-allenylmetal intermediate 4
(Scheme 1).0! Selective reaction of these intermediates with
a nucleophile increases the importance of this type of
transformation in organic synthesis. We first reported that
an iridium complex was a new and efficient catalyst for allylic
alkylation, and showed a different regio- and stereoselectivity
compared to those of m-allylpalladium chemistry.! We
describe here the allylic alkylation of dienyl acetates and
enynyl acetates catalyzed by an iridium complex [Eq. (1) and
@)].5

The results of the allylic alkylation of 5 and 6 are
summarized in Table 1. Acetate 5a reacted with two equiv-
alents of 7a—c in the presence of a catalytic amount of
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Scheme 1. Reaction of intemediates 1 and 3 with a nucleophile. M = metal
(Ir, Pd), L =ligands.
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[{Ir(cod)Cl},] (Ir atom 4 mol%; cod = cycloocta-1,5-diene)
and P(OPh); (P/Ir=2) at room temperature to give 9aa, 9ab,
and 9ac, respectively, in yields of 87-94% (Table 1, en-
tries 1-3). The reaction occurred with perfect regioselectivity

Table 1. Allylic alkylation of 5 and 6 catalyzed by the Ir complex.?
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11 - 16: R=nBu, Nu=CH(CO,Et),

at the substituted allylic terminus. No other product was
obtained. The reaction of 5a with 7d, which is a more bulky
nucleophile than 7a, gave a 6:94 mixture of 8ad and 9ad in
84 % vyield (Table 1, entry 4). Alkylation of 5a with 7d was
more regioselective at the substituted allylic terminus than
that of 2-hexenyl acetate with 7d. The reaction of 2-hexenyl
acetate with 7d gave a product resulting from alkylation at the
unsubstituted allylic terminus in 71 % selectivity.["!

The [Pd(PPh;),]-catalyzed reaction of 5a with 7b was
reported to give a 66:33:1 mixture of 8§ab, 9ab, and 10ab,
respectively, in 81% yield.?® In contrast to the reaction
catalyzed by an Ir complex, that catalyzed by a Pd complex
gave 8ab as the major product. This result shows that the
iridium catalyst is a useful complement to the palladium
catalyst.

Acetate 6a, which is a regioisomer of Sa, reacted with 7a—
d at room temperature to give products in 81 -84 % yields.
Reactions with 7a, 7b, and 7¢ occurred with perfect
regioselectivity at the substituted allylic terminus (Table 1,
entries 5—7). The reaction with 7d gave a 1:99 mixture of 8ad
and 9ad in 83 % yield (Table 1, entry 8). These results strongly
suggest the intermediacy of the 1-alkenyl-m-allyliridium
intermediate 1 (M =1Ir).

Entry Substrate Nu t[h] Product Yield [% ] 8:9:10!
1 R!'=Me, R?=H (5a) CH(CO,Et), (7a) 3 8aa, 9aa, 10aa 94 0:100:0
2 R'=Me, R?=H (5a) CH(CO,Me), (7b) 3 8ab, 9ab, 10ab 87 0:100:0
3 R!'=Me, R?=H (5a) CHACcCO,Et (7¢) 16 8ac, 9ac, 10ac 93 0:100:0
4 R!'=Me, R?=H (5a) CMe(CO,EY), (7d) 8 8ad, 9ad, 10ad 84 6:94:0
5 R!'=Me R*=H (6a) CH(CO,Et), (7a) 3 8aa, 9aa, 10aa 84 0:100:0
6 R!'=Me, R?=H (6a) CH(CO,Me), (7b) 3 8ab, 9ab, 10ab 81 0:100:0
7 R!'=Me, R?=H (6a) CHACcCO,Et (7¢) 16 8ac, 9ac, 10ac 84 0:100:0
8 R'=Me, R?=H (6a) CMe(CO,EY), (7d) 3 8ad, 9ad, 10ad 83 1:99:0
9 R!=Ph, R2=H (6b) CH(CO,EY), (7a) 2 8b, 9b, 10b 92 0:100:0

10 R!'=nPr, R*=H (6¢) CH(CO,Et), (7a) 2 8¢, 9¢,10c 93 0:100:0

11 R'=Me, R?=Me (6d) CH(CO,Et), (7a) 3 8d, 9d, 10d 90 0:100:0

12 R!'=(E)-nBuCH = CH, R?=H (6e) CH(CO,EY), (7a) 4 8e, 9e, 10e 92 0:100:0

13 R'=R?=H (6f) CH(CO,EY), (7a) 4 8t 9f 81 19:81:—

[a] A mixture of 5 or 6 (2 mmol), NaNu (4 mmol), [{Ir(cod)Cl},] (0.04 mmol), P(OPh); (0.16 mmol), and THF (10 mL) was stirred under Ar at room
temperature. [b] Yield of isolated product based on 5 or 6. [c] Determined by gas chromatography and NMR spectroscopy.
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Acetates 6b—e smoothly underwent alkylation with 7a to
give 9b—e as a single regioisomer in yields of 90-93%
(Table 1, entries 9-12). A trienyl system also gave a single
product (entry 12). In contrast, allylic alkylation of 6 f with 7a
gave a mixture of regioisomeric products (Table 1, entry 13).
This result requires some discussion (see below).

We found that alkylation of a m-allyliridium intermediate
monosubstituted at the terminal position occurred with high
regioselectivity at the substituted allylic terminus when the
substituent is an alkyl or aryl group.*** Since an alkenyl
group is more electron-withdrawing than an alkyl group, an
allylic terminus substituted with an alkenyl group is more
electron-deficient than an allylic terminus substituted with an
alkyl group.l Therefore, alkylation occurs at the substituted
allylic terminus of intermediate 1 (M =1Ir) with perfect
regioselectivity. It is clear that oxidative addition of § gives
intermediate 1 (M = Ir), which then reacts with a nucleophile
to give 9 prior to isomerization to 2. These results show that
nucleophilic attack is much faster than isomerization. Oxida-
tive addition of 6 can give either 1 or 2 (Scheme 1). Since a
metal complex can approach a terminal alkene more easily
than an internal alkene because of steric effect,” intermediate
1 (M =1Ir) is formed preferentially.

Although oxidative addition of 6f gives 17 as the only
intermediate, alkylation of 6 f gives a mixture of 8 f and 9f.
Formation of 8 f can be explained by a Sy2'-type nucleophilic
attack at a vinyl substituent on the m-allyliridium intermediate
17 [Eq. (3)].”1 Such a S\2'-type nucleophilic attack to

NN X
N _/A ~ ( | —_— M (3)
u I~ Nu
OAc
17 8f

intermediate 1 (R=Me, M=1Ir) can occur, but no corre-
sponding product (10aa) is obtained. Steric hindrance from a
substituent on a vinylic carbon atom would retard the S\2'-
type nucleophilic attack.

The isomerization of 9 to 8 by the catalytic effect of the
palladium complex under alkylation conditions has been
reported.?*"l We examined the allylic alkylation of 5a with 7a
under more severe conditions. The reaction of 5a with two
equivalents of 7a in the presence of [{Ir(cod)Cl},]/P(OPh); (Ir
atom 4 mol %, P(OPh); 8 mol %) in refluxing THF for 24 h
gave 9aa in 94 % yield as a single product. Product 9 did not
isomerize to 8 in the presence of a catalytic amount of the
iridium complex.

Following the success with the dienyl system we inves-
tigated the allylic alkylation of an enynyl system.[] We
examined the allylic alkylation of 11, 12, and 13 with 7a.l!
The structure of the compounds and the ligand used had a
considerable effect on the selectivity (Table2). When
P(OPh); was used as a ligand the reactions proceeded at
room temperature to give products in yields of 83-87%
(Table 2, entries 1-3). It is noteworthy that the reaction of 12
with 7a gave 16, in which a retention of the Z geometry was
observed, in 95% selectivity (Table 2, entry 2). Reactions
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Table 2. Allylic alkylation of 11, 12, and 13 with 7a catalyzed by the Ir
complex.?]

Entry Substrate Ligand  Conditions Yield[%]®  14:15:16!
1 11 P(OPh); RT,4h 87 65:33:2

2 12 P(OPh); RT,7h 86 2:3:95

3 13 P(OPh); RT,19h 83 40:9:51

4 11 P(OEt); THE, reflux,21h 43 21:77:2

5 12 P(OEt); THE, reflux,21h 16 8:8:84

6 13 P(OEt); THE reflux,2h 91 92:8:0

[a] A mixture of 11, 12, or 13 (2 mmol), 7a (4 mmol), [{Ir(cod)Cl},]
(0.04 mmol), P(OPh); or P(OEt); (0.16 mmol), and THF (10 mL) was
stirred under Ar. [b] Yield of isolated product based on 11, 12, or 13.
[c] Determined by gas chromatography and NMR spectroscopy.

using P(OEt); required more forcing conditions to give
products. Acetate 13 reacted with 7a to give products in
91% yield (Table?2, entry 6). Product 14, resulting from
alkylation at the substituted allylic terminus, was obtained
with 92 % selectivity.

Alkynes coordinate with metals more strongly than alkenes.
To explain the product distributions of the reactions of 11-13,
we must consider the coordination of an alkynyl group to an Ir
center. We previously proposed that the electron-withdrawing
property of P(OPh); pro-
moted the carbonium ion
character at the substituted R ALy
allylic terminus, thus di- \/\\ ", /
recting a nucleophile to /‘\/ | |
this position.[*®! With in- R
termediate 18, coordina- 18 19
tion of an alkynyl group
would reduce the carbon-
ium ion character at the substituted allylic terminus and so
decrease the selectivity in forming 14.1'% Therefore, nucleo-
phile attack occurs to some extent at the unsubstituted allylic
terminus to give 15 and 16. Oxidative addition of 12 gives anti-
m-allyl intermediate 19. We previously disclosed that the
nucleophilic attack to an anti-m-allyliridium intermediate
occurred at the unsubstituted allylic terminus to give a Z-
configured product in high selectivity.**¢l Similarly, nucleo-
philic attack on 19 occurs at the unsubstituted allylic terminus
to give 16 in high selectivity. Alkylation of 1-alkyl- or aryl-2-
propenyl acetate suggested that a syn-m-allyliridium inter-
mediate was formed preferentially.**l The reaction of 13
gave 14 and 16, which suggests the formation of 18 as well as
19. The increased stability of 19 arising from the coordination
of an alkynyl group facilitates its formation. The reaction of 11
and 12 did not go to completion when P(OEt); was used as a
ligand. In contrast, the reaction of 13 gave products in 91 %
yield. Acetate 13 is more reactive than 11 and 12 as a result of
the presence of a terminal alkene, which is approached by the
metal complex more easily than an internal alkene. The
reaction of 13 using P(OEt); as a ligand gave 14 regioselec-
tively. Although it is not yet clear why P(OEt); gives a good
result, it might retard the coordination of an alkynyl group to
the Ir center.

Further mechanistic study and the synthetic application of
1-(1-alkenyl)-m-allyliridium and 1-(1-alkynyl)-srt-allyliridium
intermediates are underway.
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Experimental Section

9aa: 5a (280 mg, 2.0 mmol), triphenylphosphite (49.6 mg, 0.16 mmol), and
[{Ir(cod)Cl},] (26.9 mg, 0.04 mmol) were stirred in THF (5.0 mL) under an
Ar atmosphere. In a separate flask, diethyl malonate (641 mg, 4.0 mmol)
was added to a slurry of sodium hydride (96 mg, 4.0 mmol) in THF
(5.0 mL). The resulting solution was added to the former by syringe and the
combined mixture was stirred at room temperature for 3 h. After 5a was
consumed, diethyl ether and H,O were added to the mixture, and the
aqueous layer was extracted with diethyl ether. The combined organic
layers were dried (MgSO,). The solvent was evaporated in vacuo.
Purification of the residue by column chromatography (n-hexane/
AcOEt=98/2) gave 9aa as a colorless oil (452 mg; yield 94 % ).
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Dipolar Dye Aggregates: A Problem for
Nonlinear Optics, but a Chance for
Supramolecular Chemistry**

Frank Wiirthner* and Sheng Yao

The development of nonlinear optical materials requires
the optimization of dyes with respect to their molecular
electrooptical properties, for example, polarizabilities «, £,
and p,lY as well as their supramolecular organization.?! The
most investigated y¥® nonlinear optical® and photorefrac-
tivel*! polymeric materials require macroscopic noncentrosym-
metry, which is achieved through orientation (“poling”) of the
dipolar dyes by strong external electric fields. Although large
dipole moments are considered to be favorable for a high
poling efficiency, a large fraction of the materials based on
well-designed chromophores with large dipole moments and
excellent (hyper)polarizabilities failed to provide the expect-
ed electrooptic response.’l A possible explanation might be
the formation of dye aggregates. According to this concept
dipolar dyes are considered to aggregate in an antiparallel
fashion as a result of internal electrostatic forces (Scheme 1,
right) that counteract the external forces imparted by the
electric field during the poling process (Scheme 1, left).[5 7]

E%ZE%E}

Scheme 1. Model for the competition between internal organization of
dipolar dyes by dipole —dipole interactions (right) and external organiza-
tion by electric-field-induced dipole orientation leading to a noncentro-
symmetric metastable dye arrangement as desired for nonlinear optical
applications (left).

Herein we will give proof of this mechanism for merocya-
nine dyes 1 and 2, which were recently introduced as the most
suitable candidates for photorefractive applications on the
basis of their molecular properties.!! However, their incorpo-
ration into polymers was critical and led us to use less-dipolar
dyes based on aminothiophene and indoline electron-donor
groups, for example, dyes 3 and 4.

The first evidence for strong homoaggregation of dyes 1 and
2, respectively, came from concentration-dependent UV/Vis
spectra, which showed distinct hypsochromically shifted
aggregate bands (“H-aggregates”) already in dilute solution
for solvents with low polarity (Figure 1). The well-defined
isosbestic points over the whole accessible concentration
range suggest the formation of dimer aggregates, which could
be further confirmed by vapor-pressure osmometry (VPO).[
From the large hypsochromic shifts of about 70 nm and
117 nm (2) in the absorption bands we deduce the (1a—h)
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