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ABSTRACT
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A new method for the synthesis of phenanthrenes via ligand-free CuBr,-catalyzed coupling/cyclization of terminal alkynes with N-tosylhydrazones
derived from o-formyl biphenyls has been developed. This new synthesis has wide range of functional group compatibility.

Phenanthrenes have attracted great attention because of
their wide presence in natural products' as well as their
applications in medicinal chemistry”>* and material
sciences.” Hence, great efforts have been devoted to the
development of synthetic methodologies for phenan-
threnes. The most classical synthesis of phenanthrenes
starts from the preparation of stilbene, followed by intra-
molecular aryl—aryl bond formation.® Another frequently
utilized strategy is to connect the two aromatic rings
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through coupling reactions (in most cases by Suzu-
ki—Miyaura cross-coupling), which is then followed by
intramolecular cyclization to construct the phenanthrene
structures.” To construct the phenanthrene frameworks
directly, cycloisomerization of arynes with unsaturated
compounds has also been developed.® Although great
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advances have been achieved in phenanthrene synthesis,
many of these methods have limitations such as the lack of
well-defined regioselectivity, low efficiency, harsh reaction
conditions, and poor accessibility of the starting substrates.’
Therefore, it is still highly desirable to develop new meth-
ods for phenanthrene synthesis.

In 2006, Wang and Burton reported a method for
phenanthrene synthesis by base-promoted cyclization of
2-alkynyl-substituted biphenyls.'” The reaction is pro-
posed to involve a base-catalyzed rearrangement of the
alkyne to allene, followed by 6:7 cycloaddition and isomer-
ization to afford the final phenanthrene product. This
mechanism is supported by the formation of phenanthrene
from an isolated allene intermediate upon heating at high
temperature.

Recently, we have developed a novel allene synthesis by
Cu(I)-catalyzed coupling of N-tosylhydrazones with term-
inal alkynes (Scheme 1)."" Furthermore, if a suitable
intramolecular nucleophile, such as hydroxy or amino
group, is introduced to the substrate, the initially formed
allene can undergo a subsequent cyclization to afford benz-
ofurans or indoles.'” In these reactions, Cu carbene is
generated from the in situ formed diazo substrate, which is
followed by a migratory insertion process (A to B). To further
expand this chemistry, we have conceived that if allene
intermediate D, which is similar to those reported by Wang
and Burton, is generated through Cu-catalyzed coupling of
N-tosylhydrazone and terminal alkyne, then 6 cycloaddi-
tion and isomerization should occur to afford a phenanthrene
product. In this paper, we report an efficient and straightfor-
ward phenanthrene synthesis based on this rationale.

Scheme 1. Phenanthrene Synthesis from N-Tosylhydrazone and
Terminal Alkyne
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The N-tosylhydrazones 2a—i can be easily prepared by a
two-step transformation in good yields from o-halo-sub-
stituted benzaldehydes and aromatic boronic acids, as
outlined in Scheme 2.
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Scheme 2. Two-Step Preparation of N-Tosylhydrazones 2a—i
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Table 1. Optimization of Reaction Conditions”

H
NNHTs Ph
cat. (10 mol %) é
"
I = o~ (5
100°C, 12 h
2a 3a 4a

entry catalyst base additive yield® (%)
1 Cul Cs,CO3 none 27
2 Cul LiO’Bu none 34
3 Cu(MeCN),PFg LiO’Bu none 44
4¢ Cu(MeCN),PFg LiO‘Bu none 52
5¢ CuBry, LiO’Bu none 57
6 Cu(MeCN),PFs  LiO'Bu none 19
7°¢° Cu(MeCN),PFq LiO'Bu none 7
8° Cu(MeCN),PFg LiO’Bu TBAB 58
9° CuBrs LiO’Bu TBAB 66
10°¢ CuBry NaOMe TBAB trace
11¢ CuBrz cho,?, TBAB 0
12/ CuBr, LiO'Bu TBAB 74

“Unless otherwise noted, reactions were carried out with 2a
(0.2 mmol), 3a (1.2 equiv), 10 mol % catalyst, and base (3.5 equiv) in
2 mL of solvent at 100 °C for 12 h. ® Yield was determined by GC using
dodecane as an internal standard. € 2a to 3a ratio was 1.2:1, and the reaction
was carried out at 90 °C for 4 h and then at 120 °C for 24 h. “The reaction
was carried outin DMF.  The reaction was carried out in toluene.”2a to 3a
ratio was 2:1.

With N-tosylhydrazone 2a and phenylacetylene 3a as
model substrates, we started to examine the effectiveness of
copper catalysts in phenanthrene synthesis (Table 1). To
our delight, with 10 mol % of Cul and Cs,COj as base, the
expected phenanthrene product 4a was formed in 27% GC
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Figure 1. Reaction of N-tosylhydrazone 2d with various term-
inal alkynes. (a) Reaction conditions: N-tosylhydrazone 2
(0.8 mmol), 1-alkyne 3 (0.4 mmol), CuBr; (10 mol %), LiO'Bu
(1.6 mmol), TBAB (20 mol %), dioxane (4 mL), 90 °C, 4 h;
120 °C, 24 h. (b) Isolated yield by column chromatography.

yield after heating the dioxane solution at 100 °C for 12 h
(entry 1). By changing the base from Cs,COj5 to LiO'Bu,
the yield could be slightly improved (entry 2). The yield was
further improved by employing Cu(MeCN)4PF¢ as cata-
lyst (entry 3). A significant amount of byproduct, mostly
derived from homocoupling of N-tosylhydrazone, was
observed. To minimize the homocoupling of N-tosylhy-
drazone, the reaction temperature was first set at 90 °C for
4 h. After the allene intermediate (D in Scheme 1) was
formed, the reaction temperature was raised to 120 °C in
order to facilitate the 6sr cycloaddition and isomerization.
Moreover, the ratio of 2a to 3a was switched from 1:1.2 to
1.2:1. Under such conditions, the yield of 4a was improved
to 52% (entry 4). CuBr; was also found to be effective to
give 4a in comparable yield (entry 5). Two solvents, DMF
and toluene, were investigated, but both were found to be
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Figure 2. Reaction of N-tosylhydrazone 2a—i with terminal
alkynes. (a) Reaction conditions: N-tosylhydrazone 2 (0.8 mmol),
1-alkyne 3 (0.4 mmol), CuBr, (10 mol %), TBAB (20 mol %)),
LiO'Bu (1.6 mmol), dioxane (4 mL), 90 °C, 4 h; 120 °C, 24 h.
(b) Isolated yield by column chromatography. (c) 20% yield of
alkyne was recovered. (d) The reaction was carried out at 90 °C
for 4 h and then at 120 °C for 36 h.

ineffective for the reaction (entries 6 and 7). Next, the effect
of additive was investigated, and TBAB (tetrabuty-
lammonium bromide) was found to facilitate the reaction
(entries 8 and 9). Finally, with CuBr; as catalyst two
commonly used bases, NaOMe and K,COs3, were exam-
ined, and both were found ineffective for the reaction
(entries 10 and 11). On the basis of the above experiments,
the optimized reaction conditions are summarized as
follows: 2a/3a = 2:1, CuBr, (10 mol %), TBAB, dioxane,
90 °C for 4 h and then 120 °C for 24 h (entry 12).

With the optimized reaction conditions in hand, we
next investigated the scope of the reaction with a series of
N-tosylhydrazones 2a—i and terminal alkynes. The results
are summarized in Figures 1 and 2, respectively.

As shown in Figure 1, the reaction was found to be not
significantly affected by the substituents on the aromatic
ring of the terminal alkynes. Aryl-substituted alkynes with
both electron-donating and electron-withdrawing groups,
such as methoxyl, alkyl, halogen, and trifluoromethyl,
could be smoothly transformed into the corresponding
phenanthrene products.
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Next, we studied the scope of N-tosylhydrazone. Various
substituted N-tosylhydrazones were employed as substrates
to react with aryl terminal alkynes (Figure 2). In all cases,
the reaction proceeded smoothly to afford the correspond-
ing phenanthrenes in moderate to good yields. It is note-
worthy that the N-tosylhydrazones containing heterocycles,
such as pyridine and thiophene, can also undergo a cycliza-
tion process with the allene moiety to afford the correspond-
ing phenanthrene products (4j,n—p). To our delight, the free
hydroxyl group could tolerate the reaction condition to
afford the phenanthrene product in comparable yield (41).

In conclusion, we have developed a new method for
the synthesis of phenanthrene derivatives, which em-
ploys easily accessible N-tosylhydrazones derived from
O-formyl biphenyls and terminal alkynes as substrates
and CuBr; as catalyst. The reaction involves a sequence
of CuBr,-catalyzed coupling/allenylation/6sr electron
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cycloaddition/aromatization. The advantages of this new
method involve the easy preparation of the N-tosylhydra-
zone derivatives and the use of inexpensive CuBr, as
catalyst without use of ligand. Further investigation of
this method is ongoing in our laboratory, and the results
will be reported in due course.
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