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ABSTRACT

WOH
b Cu(OAc),
EtaN rt 52% without 3-hexyne

96% with 4 equiv 3-hexyne

Simple alkenes and alkynes, with 3-hexyne in particular, are found to be important = ligands for oxidative copper-based coupling (modern
Ullmann) reactions. This enabled syntheses of various alkoxydienes with removable protecting groups that are valuable substrates for Diels—Alder
reactions from alcohols and vinyl boronate esters. In addition to demonstrating that 3-hexyne is a ligand for copper in both stoichiometric and

catalytic reactions, the reaction atmosphere was found to play a critical role.

Copper-mediated coupling reactions have emerged as
important methods for C—O and C—N bond formation in
recent years.> Major advances have been reported in both
the classic Ullmann process employing aryl or vinyl
halides as the electrophilic coupling partners® and the
modern Ullmann coupling (oxidative) employing aryl or
vinyl boronic acids.® We recently reported a copper-
promoted coupling of vinyl boronate esters and alcohols
as an efficient method for the synthesis of vinyl ethers.*
One application of this chemistry is the synthesis of allyl
vinyl ether substrates for Claisen rearrangements, and
another application is the synthesis of alkoxydienes for
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utilization as electron-rich dienes in Diels—Alder reac-
tions. A general direct method to synthesize alkoxydienes
would prove immensely useful. Deprotectable alkoxy-
dienes are of even greater utility, which led us to choose
2-chloroethanol and 2-(trimethylsilyl)ethanol as suitable
alcohols to couple with dienyl boronates. The resulting
activated dienes can be easily deprotected after use in
Diels—Alder reactions via addition of a metal(0)° or
fluoride source.® We report herein realization of a mild
alkoxydiene synthesis and the discovery of novel ligand
effects in copper-mediated cross couplings.

Coupling of dienyl boronate 1 with 2-chloroethanol at rt
in the presence of 2 equiv of cupric acetate and 4 equiv of
triethylamine gave only a35% yield of alkoxydiene 2a. That
being unacceptable, we sought to improve upon our initial
reported copper coupling conditions by examining ligand
effects that have been so critically important for recent
improvements® in the classic Ullmann process. Screening
phosphorus-based ligands identified tri-2-furylphosphine as
apromising ligand as it provided a significant improvement
to 60% (Table 1).
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Table 1. Ligand Screening Yields

X Bpin 2 equiv Cu(OAc),
4 equiv Et;N O
neat 2-chloroethanol
1 4 equiv ligand 2a
phosphines ‘ alkenes alkynes
No Ligand
Ph
35%
62%
34% 50%
P(OPh); o
14% 0% 2 <
P(Ph); MeO,C 39% 55% TMS——TMS
33% \u 70%
COzMe — @
P(Bu)s 0% :
33% 45% 64%
P(2-fL:ryI)2 O 4>: @ 80%
60% 38% 59% 68%

Our initial studies indicated that allyl alcohol was a
particularly effective alcohol partner in the coupling reaction,
resulting in yields higher than those using ethanol or
propanol. Experiments with substituted ethyl acohols sug-
gested that this was not an inductive electronic effect, so
we postulated that the alkene might be functioning as a
m-Lewis base to copper.” That indeed is the case as born
out by the effect of akene additives shown in Table 1.
Interestingly, benzoquinone or dimethyl fumarate additives
gave negative results, but in striking contrast to all other
cases. Not only was no product formed, but the boronate
ester was completely consumed and only protodeboration
was detected. Electron-rich dihydropyran had no impact on
coupling yield. Ring strain increased Lewis basicity® as
demonstrated with norbornene, which gave a 68% yield.
However, alkynes were the best ligands, with 3-hexyne
boosting the yield to 80%.

The 3-hexyne ligand effect was corroborated in coupling
3 with 2-chloroethanol, wherein the yield of 4 increased from
39% to 99% (eq 1).

N 2 equiv Cu(OAc),

N 4 equiv Et3N rt
\_/# "Bpin Honeat /0
\/\C] 4

3 39% without 3-hexyne

99% with 4 equiv 3-hexyne

The alkyne effect is also applicable to couplings involving
other alcohols, such as crotyl acohol (eq 2 and 3), wherein
yields were nearly or more than doubled:
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2 equiv Cu(OAc),

BN g~y Bpin %ﬁt By e O (2)
5 HO~~ 6
25% without 3-hexyne
61% with 4 equiv 3-hexyne
Xx_-Bpin 2 equiv Cu(OAc), . O g
4 equiv EN rt ~TN )
1 neat 7
HO -~~~

52% without 3-hexyne
96% with 4 equiv 3-hexyne

Although copper-alkyne complexes have been reported,”
thisis, to the best of our knowledge, the first use of an alkyne
ligand to increase the efficiency of an oxidative (modern
Ullmann) coupling method.*°

Several important copper-based coupling reactions have
been discovered recently, in particular for C—N bond
formation,* which we hypothesized may also benefit from
this alkyne effect. To test this, coupling of phenylboronic
acid with benzimidazole to yield 8 was chosen. We found
that alkyne and also reaction atmosphere have a dramatic
impact upon coupling yields (Table 2). 3-Hexyne was most
effective in the absence of a pure oxygen environment.

Table 2. Atmosphere and 3-Hexyne Impact on C—N Couplings

OH H 1.5 equiv Cu(OAc),
B N 4 equiv E3N 1t
“OH @[ y R
N molecular sieves @[ >
2 equiv 1 equiv CHyCly N 8

yield (%)

without 3-hexyne with 4 equiv of 3-hexyne

argon 17 35
ambient 28 42
oxygen 90 87

Both alkyne ligand and reaction atmosphere impacted
copper-promoted couplings of 1 and 5 with 2-chloroethanol
(Table 3). In contrast to the results in Table 2, ambient
atmosphere was optimal where again 3-hexyne was critical
for the highest yields. Similar couplings of 1 and 5 with
2-bromoethanol showed drastically reduced yields, and no
coupling occurred with 2-iodoethanol. These results suggest
that a copper species is reacting with alkyl halides and the
possibility that one of the functions of 3-hexyne is to
moderate copper’s reactivity toward alkyl chlorides.

One aspect of the alkyne ligand effect may involve
complexing copper(1)° byproducts resulting from both dis-
proportionation and reductive elimination steps in the
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Table 3. Atmosphere and 3-Hexyne Impact on C—O Couplings
2 equiv Cu(OAc),

Bn. - Bpin Bn. o}
0T - n OW ~ i
4 equiv EtzN rt
5 2-chloroethanol neat 9
atmosphere without 3-hexyne with 4 equiv 3-hexyne
ambient 53% 93%
oxygen 56% 54%

2 equiv Cu(OAc),

@/\VBpin

1 4 equiv Et3N rt
2-chloroethanol neat

Oy
2a

atmosphere without 3-hexyne with 4 equiv 3-hexyne
ambient 35% 80%
oxygen 48% 28%

postul ated mechanism.*** Calculations indicate copper(l) to
be a better 7-Lewis acid than copper(11),*? and very recently
a monomeric Cu(l) 3-hexyne complex was isolated and
characterized.® This might address the haloethanol results
but may not be the only function of 3-hexyne. In analogy to
caculations for gold(l) and gold(lll) z-Lewis acidity,?
copper(l11), a key postulated intermediate resulting from
disproportionation,'* may also coordinate alkynes facilitating
its formation and subsequent reductive elimination to cop-
per(l).

With the reaction conditions optimized for copper-
promoted coupling of pinacol vinyl boronates and function-
alized acohols, seven different alkoxydienes and two
alkoxytrienes were prepared (Table 4). The 3-hexyne ligand
was beneficial in every instance, although the magnitude of
change was not always the same.

Further refinements in the coupling are necessary for an
ideal process as alcohol partners are utilized as solvent and
2 equiv of Cu(OAc), are used. Attempts to couple 5 with
only 3 equiv of alyl acohol in CH,CI, failed, but adding
3-hexyne ligand promoted the reaction, albeit in only 33%

yield (eq 4).

3 equiv allyl alcohol
Bn\o/\/\/Bpin 2 equiv Cu(OAc), gp \0/\/\/0\/\ @)
15

5 4 equiv. EtzN

CH,Cly, rt 0% without 3-hexyne

33% with 4 equiv 3-hexyne

An even more dramatic 3-hexyne effect was seenin atest
catalytic reaction. Coupling of 5 with 2-chloroethanol using
50 mol % of Cu(OAc), and pyridine N-oxide under an
oxygen atmosphere resulted in only a 29% yield of vinyl
ether 9 (eq 5). In the presence of 4 equiv of 3-hexyne, the

(12) (@ Lam, P. Y. S, Vincent, G.; Bonne, D.; Clark, C. G. Tetrahedron
Lett. 2003, 44, 4927. (b) Collman, J. P.; Zhong, M. Org. Lett. 2000, 2,
1233.

(12) Yamamoto, Y. J. Org. Chem. 2007, 72, 7817.

(13) Dias, H. V. R;; Flores, J. A.; Wu, J;; Krall, P. J. Am. Chem. Soc.
2009, 131, 11249.

2510

Table 4. Synthesis of Alkoxydienes

2 equiv Cu(OAc),

R/\/ Bpin 4 equrij\;EPN rt /\/O\/\X
______________________ N
ML O by
SR 1 y
2a x=cl X 10a X=Cl >y 11a X=C|
2b X=TMS 10b X =TMS 11b X =TMS O/w
O/\/O O c ~ ™S
2 Oy e
© ™S \_g N
12 13 14 Ts
yield (%) yield (%)
with with
without 4 equiv without 4 equiv
product 3-hexyne 3-hexyne product 3-hexyne 3-hexyne
2a 35 80 2b 57 80
10a 43 69 10b 0 57
11a 46 56 11b 61 81
13 60 68 12 46 54
14 34 37

yield jumped to 95%, thus providing significant promise for
development of a catalytic process. These catalytic reaction
conditions did not uniformly produce yields superior to the
stoichiometric conditions, thus the latter were employed for
the current studies delineating the ligand effects.

50 mol % Cu(OAc),
B “__Bpi 1.1 equiv PNO
n. in
o/\/\/ p 9
5 1 atm O, Cl
4 equiv EtzN rt 29% without 3-hexyne
2-chloroethanol 95% with 4 equiv 3-hexyne

n\o/\/\/ol (5)

In conclusion, we found that simple alkenes and alkynes,
with 3-hexyne in particular, can be important s ligands for
oxidative copper-based coupling reactions. These results
enabled syntheses of various alkoxydienes with removable
protecting groups that are valuable substrates for Diels—Alder
reactions. We also found that the 3-hexyne ligand was critical
for improved modifications, such as catalytic reactions, of
the copper-promoted coupling of alcohols and vinyl boronate
esters. Finaly, even in the presence of excess Cu(OAC),,
the reaction atmosphere plays a critical role.
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