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ABSTRACT: An efficient synthesis for phenanthrenes via a
Pt—carbene intermediate is described. Using Pt as a catalyst,
the readily accessible biphenyl propargyl alcohol substrate can
be transformed to the vinylphenanthrene system through a
cascade involving electrophilic cyclization, dehydration, and
1,2-H migration. The synthetic utility and efficiency of this
protocol were demonstrated via the concise total synthesis of
antofine.

ecent advances in transition-metal catalysis have provided
facile access to various types of metal carbenes from the
alkyne functional group.' Among metal carbenes, the a,5-
unsaturated carbene has attracted considerable interest in recent
years because it offers the potential for a substantial increase in
molecular complexity.”~> As shown in Scheme 1, the transition-

Scheme 1. Proposed Strategy for the Construction of
Phenanthrenes via Nucleophilic Attack and Loss of a Leaving
Group
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metal-assisted formation of a,f-unsaturated carbene from alkyne
is achieved through an initial nucleophilic attack on the 7-
coordinated alkyne A to afford the vinylmetal species B followed
by loss of the leaving group. Depending on the position of the
leaving group, different types of carbene complexes (C or D) can
be formed.*> A variety of functional groups, such as hydroxy,**"
hydroxylamine,** phenylamine,*"® urea,* N-oxide," and azide
groups,™ can serve as the nucleophile in this reaction. A
carbon—carbon double bond or aromatic ring can also function
as a nucleophile. However, only a few such examples have been
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reported in the literature,*®* despite the great potential for the

construction of a wide range of carbocyclic compounds.

During the course of our research on the synthesis of
polyaromatic natural products and their analogues, we required
new and facile synthetic methods for phenanthrene rings. We
envisioned that a phenanthrene carbon skeleton could be derived
from the 2-propargylbiphenyl derivative 1 (Scheme 1) via
transition-metal-assisted intramolecular cyclization. The subse-
quent loss of a hydroxy group would afford the a,f-unsaturated
carbene functional group, thereby completing the formation of
the phenanthrene system. The carbene functional unit in the
anticipated intermediate 3 might participate in various reactions,
thus providing considerable opportunities for preparing a variety
of phenanthrene-based compounds.

For this transformation to be successful, the regioselectivity
issue would need to be overcome, i.e., the competition between
the formation of 5-, 6-, and 7-membered rings. We hypothesized
that this issue could be solved through the careful choice of metal
catalysts based on our and others’ reports of a cyclization process
toward the formation of polyaromatic compounds such as
phenanthrene6 and naphthothiophene.sa’b Herein, we report our
results regarding the formation of phenanthrene via platinum—
carbene intermediates and the concise total synthesis of a
phenanthroindolizidine alkaloid through the use of this efficient
synthetic protocol.

The feasibility of our proposed approach for obtaining
phenanthrene rings was examined using easily accessible biaryl
propargyl alcohol 1a’ (Table 1). In this model substrate, a simple
cyclopentyl group was attached to the alkyne terminus to avoid
complications during the cyclization process, particularly those
resulting from the presence of the carbene functional group. To
achieve the envisioned cyclization process, various alkynophilic
metal catalysts (10 mol %) were screened in toluene (0.05 M) at
80 °C (oil bath). Several metal catalysts, including Pd(OAc), and
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Table 1. Optimization of the Reaction Conditions®

MeO OMe

MeO

oH cat. [M]

entry catalyst (10 mol %) solvent

1 Pd(OAc), toluene

2 Cp(PPh;),RuCl toluene

3 InCl, toluene

4 AgOTf toluene

S AuCl toluene

6 AuCly toluene

7 PtCl, toluene

8 PtCl, toluene

9 PtBr, toluene

10 PtCl, CICH,CH,Cl
11 PtCl, THF

yield® (%)

temp (°C) time (h) 4a Sa

80 20 0 0

80 20 0 0

80 2 0 80 (78)°
80 1 0 62
80 20 16 33
80 2 21 39
80 1 98 (96)° 0

80 1 88 S

80 1 76 16
80 10 76 9

80 1 89 6

“Reaction conditions: 1a (0.1 mmol) and metal catalyst (0.01 mmol, 10 mol %) in solvent (2 mL). bYield determined by '"H NMR using 1,1,2,2-
tetrachloroethane as the internal standard. “The value in parentheses indicates the isolated yield.

a Ru complex, were found to be ineffective at promoting the
reaction, and recovery of the starting material or decomposition
was observed (entries 1 and 2). The reactions using InCl; and
AgOTf as the catalyst resulted in good conversions of the starting
material, but they only afforded the undesired product fluorene
Sa (entries 3 and 4).> When more carbophilic Au salts were
employed, such as AuCl and AuCl;, the desired phenanthrene 4a
was formed, but in low yield. Substantial amounts of fluorene Sa
were also formed (entries S and 6).

Among the tested metal species, Pt salts induced the desired
cyclization most efficiently. Under the screening conditions, the
use of PtCl, resulted in the formation of phenanthrene 4ain 1 h
in excellent yield (98%) without noticeable formation of any side
products (entry 7). Other Pt salts, such as PtCl, and PtBr,,
afforded the desired product with satisfactory results. However,
these salts were found to be less effective than PtCl, with respect
to reaction yield and selectivity (entries 8 and 9). The reaction
with PtCl, also proceeded in CICH,CH,Cl and THF, but the
yield and selectivity were slightly lower (entries 10 and 11).

With the optimal conditions in hand, we examined the
substrate scope of this reaction. We first investigated alkyne
substrates with various attached groups (Scheme 2). All of the
examined substrates showed exclusive preference for cyclization
to phenanthrene over the competing cyclization pathways. The
reaction of alkyne 1b bearing an isopropyl group afforded the
disubstituted vinylphenanthrene 4b in 87% yield. The n-propyl-
substituted alkyne 1c also underwent smooth cyclization to yield
the monosubstituted vinylphenanthrene 4c in excellent yield.
The reaction of this substrate afforded a mixture of Z and E
isomers in a 3:1 ratio. Other primary alkyl group substituted
alkynes 1d—g readily produced the correspondlng products in
high yields and with similar Z/E ratios.” The successful results
obtained with substrates 1d—g illustrated the good functional
group tolerance and the potential usefulness of the reaction, as
these substrates possessed synthetically valuable functional
groups such as a silyl-protected alcohol, N-phthalimide-
protected amine, and ester groups. The benzyl substrate 1h
(R Ph, R* = H, Scheme 2) also successfully yielded
phenanthrene 4h, but the Z/E ratio of the isomers was only
1:1. When an electron-donating methyl group was present on the
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Scheme 2. Substrate Scope of Biaryl Propargyl Alcohols®
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4k:R'= 0-CF365%, 12h, ZE=1:3

MeO MeO. OMe
}A\. }A.
MeO' 4n' 40
4m, 92%,6.5h 4n4n'=5:1,73%,7 h no reaction

“Reaction conditions: 1 (0.1 mmol) and PtCl, (0.01 mmol, 10 mol %)
in toluene (2 mL)

benzene ring, the Z/E ratio of the product (4i and 4j) was not
significantly changed.'® However, with an electron-withdrawing
trifluoromethyl group in the ortho position (substrate 1k), the
Z/E ratio of the product (4k) changed to 1:3.

To explore the substrate scope further, the reaction was
extended to other biphenyl systems (Scheme 2). The substrates
bearing electron-donating groups, such as 3,4-methylenedioxy or
3,4-dimethoxy groups, on the upper ring of the biphenyl
backbone underwent smooth cyclization to afford phenanthrene
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products 41 and 4m in high yield. The reaction of the 3-methoxy-
functionalized substrate afforded a $:1 regiochemical mixture of
phenanthrene products 4n and 4n’, favoring cyclization on the
less hindered position. Substrate 1o with an unfunctionalized
biphenyl backbone failed to give the desired phenanthrene
product 40, even under prolonged high temperature conditions,
due to the lower nucleophilicity of its aryl ring.

Scheme 3 illustrates the proposed mechanism for the
production of substituted vinyl phenanthrenes 4. First, the triple

Scheme 3. Plausible Mechanistic Pathway for the Formation
of Vinylphenanthrenes
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bond coordinates to platinum to render it susceptible to
nucleophilic attack by the aromatic ring. Intramolecular
cyclization of the metal-activated alkyne complex I produces
the phenanthrene carbon skeleton II with a vinylmetal functional
unit. Subsequent loss of a hydroxy group with the assistance of
the metal would give Pt-carbene intermediate III. Although
various characteristic reactions of the carbene complex could
have occurred, this carbene intermediate underwent 1,2-H
migration'" to afford vinylphenanthrene product 4.

To demonstrate the involvement of a carbene intermediate in
this reaction, we prepared substrate 6a, in which a 1,2-H
migration is not possible (Scheme 4). Treatment of 6a with PtCl,

Scheme 4. C—H Insertion and Dimerization of Pt—Carbene
Complexes

MeO. OMe MeO
O 10 mol % PtCI,
OH
PhMe, 80 °C
X 20h
6a Ph
BnO OBn BnO O._-Ph
O 10 mol % PtCly O
OH ———— Ph
PhMe, 80 °C
SN INS
6b  Ph b, 71%

in toluene at 80 °C under a N, atmosphere resulted in formation
of a mixture of phenanthrene products 7a and 7a which might
arise from C—H insertion®®'? and dimerization"? of the carbene
intermediate, respectively. When the methoxy group of 6b was
replaced with a benzyloxy group, which has more acidic C—H
bonds, tandem cyclization occurred in good yield (71%) to afford
the polycyclic C—H insertion product 7b.'* These results
strongly suggested that a Pt—carbene is a key intermediate in this
cascade and encouraged further exploration of this trans-
formation for the synthesis of more sophisticated polycyclic
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compounds by taking advantage of the high versatility of carbene
species.

To illustrate the synthetic utility of our method, a concise
synthetic route was developed for the synthesis of a
representative phenanthroindolizidine alkaloid, antofine,"®
which possesses significant antiproliferative activity (Scheme
5). Our key synthetic intermediate was biaryl propargyl alcohol 8.

Scheme S. Total Synthesis of Antofine

OEt TrocCl, EtsN  QEt p-TsOHH,0 MeO,_{[°°
NHQ—' )\/\/NTroc >
EtO THF  EtO H MeOH, rt, 2 h
1 0°Ctort, 1h 12 89% 13
95%
TMS TMS | CH,Cl,
OMe InBry| 1t, 2 h
MeO 83%
MeO
Pd{PP Na,CO. O rOC
d(PPh3)4, Na
B(OH)Z e TRy
Br EtOH DME, H,O
refiux, 12 h K,CO.
=TMS 14 2 <3
91% MeO O S :]MeOH it
e g R=H 1h, 98%
LIHMDS —78 °C,2h
76%
MeO MeO.
O TroC prcl, (10 mol %)
——2
O toluene, 80 °C, 5 h
O 50% Troc
MeO
Zn | then NaBH,
MeOH, AcOH | 0°C,2h
60 °C, 30 min | 75%
OMe
MeO MeO
HCHO, c-HCI
EtOH, 80 °C, 20 h
81%
MeO MeO antofine (19)

This intermediate was readily synthesized through the reaction of
aldehyde 9 with the acetylide derived from 10. Intermediate 10
was obtained in four steps from commercially available 4-
aminobutyraldehyde acetal 11. The amine group of 11 was
protected as a Troc carbamate. The Troc-protected acetal 12 was
treated with TsOH in MeOH to afford cyclic hemiaminal ether
13 in good yield.'® Terminal alkyne 10 was produced in good
overall yield by treating N,O-acetal 13 with bls(trlmethylsllyl)
acetylene in the presence of InBry in CH,CL,"” followed by
desilylation using K,COj; in methanol. Another precursor for key
intermediate, aldehyde 9, was easily prepared in high yield
through Suzuki coupling of arylboronic acid 15 with aryl bromide
16, both of which are commercially available.

Propargyl alcohol 8 was treated with PtCl, to induce an
intramolecular cyclization. This reaction afforded phenanthrene
17 in 60% yield. In this case, only the E isomer was produced.'®
Reductive removal of the Troc group of 17 with Zn/AcOH in
MeOH, followed by the sequential addition of NaBH,, led to the
formation of known pyrrolidine 18" in 75% yield. Finally,
Pictet—Spengler annulation of pyrrolidine 18, using the
previously reported reaction conditions, furnished antofine
(19) in 81% vyield; the spectroscopic data were in good
agreement with those reported in the literature.”” Thus, we
completed the synthesis of antofine in nine total steps starting
from commercially available materials, with the longest linear
sequence being eight steps. Our efficient synthetic strategy could
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be applied to the divergent synthesis of phenanthroindolizidines
by preparing a series of polysubstituted biaryl aldehydes.

In conclusion, we have developed a Pt(II)-catalyzed synthesis
of phenanthrenes from readily accessible biaryl propargyl alcohol
substrates. In the presence of a catalytic amount of PtCl,,
intramolecular cyclization and subsequent dehydration are
utilized to obtain a phenanthrene with a carbene functional
group. The resulting carbene rapidly undergoes 1,2-H migration
to afford a vinylphenanthrene system. The reaction proceeds
under mild conditions and tolerates important functional groups,
thus allowing the synthesis of functionalized phenanthrene
compounds. This efficient synthetic protocol has potential for
the rapid synthesis of various biologically intriguing phenan-
threne alkaloids, as demonstrated by the concise synthesis of
antofine.
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