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ABSTRACT

Bulky phenanthracenyl imidazolium-derived carbene ligands were investigated for copper-free Sonogashira coupling with terminal acetylenes.
Aryl bromides and iodides gave coupled products in excellent yields from the Pd(PPhs),Cl, complex with potassium t-butoxide and 18-crown-6
in THF. A remarkable dependence on the size of the ligand was found. The highest yields were obtained with the bulky 2,9-dicyclohexyl-10-
phenanthryl ligand 5.

The use of palladium catalysts for the coupling of aryl and reaction temperatures with less reactive substrates. Solvents
vinyl halides with terminal acetylenes is a powerful trans- of intermediate polarity, ethyl acetate in particular, can often
formation for the production of substituted acetylehes. produce higher yields at lower temperatures with less
Typical conditions include various palladium(0) and palla- diacetylene formatiofIn an effort to reduce the amount of
dium(ll) catalysts with copper cocatalysts and amine bases. diacetylene formation, various copper-free conditions have
Often, excess acetylene is needed in order to obtain goodrecently been developédie now report a study of bulky
yields, especially when electron-deficient substrates are usedphenanthrylimidazolium N-heterocyclic carbene (NHC) ligands
Solvent polarity can also be a critical consideration. Polar for palladium catalysis of the Sonogashira reaction under
aprotic solvents, DMF or NMP for example, allow for higher copper-free conditions.A dramatic dependence on the
structure of the ligand is noted.
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NHC ligands, due to their enhanced stability and reactivity, || | | || R I IIENEQGGEGEGEEEEEE

have been successfully applied to palladium and other 1 he 1. Effect of Ligand and Conditions

transition metal-catalyzed reactiohhese include Heck,
Suzuki-Miyaura? Stille, and Kumada couplingshydroge-
nation reaction8and ring-closing metathesis reactidhsVe
recently reported base-free conditions with NHC catalysts
for Heck and Suzuki couplings using reactive aryl diazonium
ions!! Imidazolium carbene ligands provide stromdpond

donation to the metal, together with attenuated back-bonding

due to donation of the N1 and N3 lone pair electr&tiBhis

arrangement renders the metal more electron-rich, allowing

for a more favorable oxidative insertion step. Typical NHC
palladium complexes, formed by treatment of an imidazolium

salt with base, are air stable and can be chromatographed in
some cases. Alternatively, the NHC—Pd complex can be

formed in situ without added base. Comparisons with

substituted NHC ligands have been previously made between

bis-mesityl and the 2,6-diisopropylimidazolium ligands and

between the aromatic 4,5-dehydro and the saturated, non-

aromatic 4,5-dihydro versiord8.A dramatic effect is now
demonstrated with the novel phenanthrenyl NHC ligands,

where the most sterically hindered, extended aromatic ligand
produces Sonogashira coupling product in high yields at

moderate temperatures and short reaction times.

Shown in Table 1 are the effects of ligand substitution
and reaction conditions. The known NH®§N-bis-mesityl
1 and 2,6-diisopropylimidazolium hexafluoro phosphate
were reacted with Pd(PBBCI, (3 mol %) and used in sittf.
Other forms of palladium, were found to be less effective in
this case, including Pd(OAg) Pd(PPk)4, PdCh, and Pd-
(dba). The optimal base was potassihutoxide (1.5 equiv)
used with 18-crown-6 in THF heated at reflux for 12 h using

bromobenzene as a test substrate. Other bases exploreffoy

included KCO;, EtsN, CsCO;, and CsF, which proved to
be inferior. When the solvent was changed to DMF or

PFg
Ph-Br + N _N*
1 equiv Ar” NZ T ar 3mol%
— Pd(PPh3),Cl —
= 3)2Cl2 Ph—— <\ />
1.4 equiv KOt-Bu, 18-c-6, THF
lig. Ar time, h temp. °C yield, %2
1 Mesityl iy 12 65 17
2 2,6-di-i-PrPh 12 65 47
- no ligand 24 65 21
3 9-phenanthryl 12 65 51
A
4 10-c-hexyl- 3 65 61
9-phenanthryl
4 12 rt 48
5 2,9-di-c-hexyl- 2 65 90
10-phenanthryl
5 12 rt 67
5 2 65 77°
5 2 65 57°

a All yields are for isolated, chromatographed materiaBd(OAc) was
ed for catalyst formatiori.Chloride salt of dihydroimidazoliund was

toluene, a comparable yield was obtained, while dioxane andimproved 51% yield under similar conditions. 10-Cyclo-

methanol gave much lower yields. When the ligand is left
out, a low yield was obtained following a 24 h reaction.
The most significant improvement was found when the
new extended aromatic phenanthryl NHC ligands were
explored!® Bis-9-phenanthryl ligan® gave only a slightly

hexyl-9-phenanthryl NH@L, a significantly more hindered
variation, gave a 61% yield after gnB h of reaction time.
When used at room temperature, ligadhadjave a modest
48% yield with bromobenzene. Finally, the more hindered
2,9-dicyclohexyl-10-phenanthryl ligarsigave a 90% yield

of product after only 2 h of reaction time at 86. After 12
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variations, including Pd(OAg)r the use of the chloride salt
of 5, gave lower yields. Use of Pd(dbajave a lower 71%
yield under these conditions. The aromatic 4,5-dehydro
analogue ob gave a reduced 82% vyield aftg h atreflux
and a 51% vyield at room temperature.

The optimal coupling conditions with phenanthryl ligand
5 were used with numerous aryl bromides at €5 and
iodides, reacted at room temperature, with terminal acetylenes
to produce substituted alkynes (Table'2)he iodides in
general gave higher yields even when reacted at the lower
temperature. Electron-rich and -deficient substrates were
coupled with equal success with this system. Ortho substit-
uents were well tolerated, including 2,6-dimethyl bromoben-
zene. 2-Bromothiophene also reacted with success. 1-Bro-
mocyclohexene was investigated to demonstrate potential for
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Table 2. Sonogashira Coupling with Bis-phenanthrebyl

o G
1 equiv O

+
=R

Pd(PPh3),Cl,

1.4 i
equv KOt-Bu, 18-c-6, THF 65°C

R= Ph n-hexyl _@ _<
Ar—X yield, % (time, h) f = o

@—Br 91 (27 87(4)° 85(4h)® 86(25)
4 94(3) 86(4) 9035 76(4)P
-Ci trace (24)

92 (2) 80(4)  85(4h) 88 (2.5)
96 (3) 88(35) 91(35) gy P

9

87 (2) 76(4) 82(4) 843

oY et

87 (25) 63(55) 43(55) 80(3)

[s2]
=

88(25) 80(55) 67(5) 80 (3.5)
93 (3) 87(35) 89(45) gp (5

os)
=

72(25) 72(55) 42(5) 71 (45)

Q
=
©

81(25) 74(6) 65(5) 68(5)
87 (3) 89(35) 90(35) go (4

fo
L

OsN 88 (25) 78(55) 78(4)  8t(4)

98 (3) 91(35) 93(3) g7 (g

88 (3) 80(35) 87() 71(6)°

74 (4) 56 (4.5) 71(6.5) 72(3)

Y

aReaction was conducted on 1 mmol sc@léryliodide reactions were
conducted at room temperature.

There are two factors that may contribute to the success
of the more bulky ligands in this case: dimer inhibition and
enhancement of the rate of the reductive elimination step.
The more bulky aryl groups may disfavor palladium complex
dimerization, allowing for a higher concentration of the
reactive palladium carbene monomer. Known crystal struc-
tures of palladium-NHC complexes arg?-bridged dimers’?

In summary, a dramatic dependence on the steric bulk of
extended aromatic phenanthrylimidazolium carbene ligands
for palladium-catalyzed Sonogashira coupling has been
demonstrated. A wide range of substrates are coupled with
high yields in THF at reflux using-butoxide as base under
copper-free conditions. Hindered NHC ligands of this type
may be found to possess enhanced activity with related
catalytic processes.
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(16) General Procedure.Aryl halide (0.100 mmol), terminal alkyne
(0.140 mmol), PAG(PPh), (2.1 mg, 0.003 mmol, 3 mol %), dihydroimi-
dazolium hexafluorophosphate salt (0.85 mg, 0.006 mmol, 6 mol %), and
18-c-6 (39 mg, 0.150 mmol) were treated with KBu (16.8 mg, 0.150
mmol) in anhydrous THF (5 mL). The resulting suspension was stirred at
room temperature for the aryl iodides or at reflux for the bromides, for the
time indicated. The reaction mixture was washed (water, 5 mL) and extracted
with ethyl acetate (3 mL, two times). Following drying with MggO
concentration, and silica gel chromatography (EtOAc/hexaneg0@&),
the known acetylene products, characterizedihyand*C NMR and MS,
with the isolated yields indicated, were obtained. See Supporting Informa-
tion.

(17) Flat, u?-bridged chloride, Pd—NHC X-ray complex formed from
the free unsaturated carbedés known: (a) Viciu, M. S; Kissling, R. M.;

applications with other vinyl halides. Chlorobenzene, in Stevens, E. D.; Nolan, S. Rrg. Lett.2002,4, 2229. For a hindered 2:1

NHC—Pd complex, see: (b) Gstottmayr, C. W. K.; Bohm, V. P. W,;

contrast, gave only a trace amount of product under theseHerdtweck, E.; Grosche, M.; Herrmann, W.Angew. Chemint. Ed.2002

copper-free conditions.
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