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Enantioselective Synthesis of Planar-Chiral Carba-Paracyclophanes:
Rhodium-Catalyzed [2+242] Cycloaddition of Cyclic Diynes with

Terminal Monoynes**

Tatsuya Araki, Keiichi Noguchi, and Ken Tanaka*

Planar-chiral [n]paracyclophanes are attractive chiral sources
for chiral synthetic reagents and functional materials.!!
Therefore, their catalytic enantioselective synthesis is an
important target in synthetic organic chemistry.>3 The first
example was reported by our group in 2007.") We succeeded
the enantioselective construction of the ansa chain by the
rhodium- or palladium-catalyzed C—S bond formation, which
affords dithia[9]-[12]paracyclophanes with moderate yields
and enantioselectivities (up to 60% ee).) Subsequently in
2009, Shibata and co-workers reported the catalytic enantio-
selective synthesis of paracyclophanes by the enantioselective
introduction of substituents on the benzene ring, which
possesses the thermodynamically flexible ansa chain.”® For
example, the enantioselective synthesis of polyoxa[7,7] and
[18]paracyclophanes by a palladium-catalyzed Sonogashira
coupling (up to 79% ee),”) and dioxa[10]-[17]paracyclo-
phanes by the sparteine-mediated ortho-lithiation (up to 99 %
ee)® were reported. These examples achieved good to
excellent enantioselectivities, but the obtainable products
were limited to heteroatom-linked paracyclophanes.

In 2001, Kanomata and co-workers achieved the asym-
metric synthesis of carba[10] and [11]paracyclophanes with
thermodynamically flexible ansa chains by dynamic resolu-
tion of diastereomeric mixtures.”” In 2009, Suzuki and co-
workers achieved the selective synthesis of enantiomerically
pure C,-symmetric planar-chiral carba[10] and [12]paracyclo-
phanes by the ring-closing alkene metathesis of chiral
tetraenes and subsequent hydrogenation.®” These examples
are novel and useful, but the catalytic enantioselective
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synthesis was not accomplished. In contrast, our research
group reported that achiral [7]-[21]cyclophanes, including
paracyclophanes, can be synthesized in good yields by the
rhodium-catalyzed [24+2+2] cycloaddition of a,w-diynes with
acetylenedicarboxylates.!'>'*] Recently, we applied this meth-
odology to the enantioselctive synthesis of planar chiral
polyoxa[7]-[9]paracyclophanes using propiolates in place of
acetylenedicarboxylates.™*' However, both product yields
and enantioselectivities were insufficient (up to 20% yield
and 75 % ee), presumably because of the possible formation
of mutiple rhodacycle intermediates (Scheme 1a).'I Further-
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Scheme 1. Enantioselective synthesis of planar-chiral paracyclophanes
by rhodium-catalyzed [242+2] cycloadditions. a) Previous work.
b) This work.

more, this method is limited to the synthesis of polyoxa[n]-
paracyclophanes, and requires low substrate concentrations
(0.02m) to suppress the undesired oligomerization reactions.
To overcome these problems, we designed the [24+2+2]
cycloaddition of a cyclic 1,6-diyne, possessing an all-carbon-
long tether, with propiolates (Scheme 1b). This reaction
design would afford the paracyclophane as the sole product
and exclude the undesired formation of ortho- and meta-
cyclophanes. Gleiter and co-workers reported the synthesis of
structurally interesting cyclophanes (cyclobutadieno super-
phanes) by the cobalt-mediated [2+42] cycloaddition of cyclic
diynes,'”*¥1 however, the paracyclophane synthesis by the
[242+2] cycloaddition has not been accomplished. Herein,
we disclose the high-yielding and highly enantioselective
synthesis of planar-chiral carba[10]-[12]paracyclophanes by
the cationic rhodium(I)/(S,S)-bdpp-catalyzed [242+2] cyclo-
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addition of cyclic 1,6-diynes with terminal monoynes under
high substrate concentrations.!'”)

We first investigated the [24242] cycloaddition of the
cyclic 1,6-diyne 1a with methyl propiolate (2a; 5 equiv) in the
presence of the cationic rhodium(I)/(S)-binap complex
(20 mol %). Although the desired reaction proceeded at
room temperature to give the desired carba[l0]paracyclo-
phane 3aa, both the product yield and ee value were low
(Table 1, entry 1). In this reaction, 2a was consumed in the
homo-[2+2+2] cycloaddition. In the previous reports, axially
chiral biaryl bisphosphine ligands showed high catalytic

Table 1: Screening of chiral ligands for rhodium-catalyzed enantioselec-
tive [242+42] cycloaddition of 1a with 2a.
5-20 mol %

— H
—=\ |‘| [Rh(f%i)ﬁfw e r\(IC 2)10

(CHzho NTs * CH,Cl,, RT

— CO,Me 6 CO,Me

1a 2a 3aa
Entry Ligand Catalyst 2a Conv. of Yield ee

(mol%) (equiv) Ta[%] [%]" [9%]

1 (S)-binap 20 5.0 30 1 15(S)
2 (5,5)-diop 20 5.0 100 82 81 (R)
3 (5,5)-bdpp 20 5.0 100 91 91 ()
41 (S,5)-chiraphos 20 5.0 82 37 67(S)
54 (R)-prophos 20 5.0 100 44 37 (R
6! (R,R)-norphos 20 5.0 100 66 24 (R)
71 (R,R)-Me-duphos 20 5.0 <5 <5 -
8l (R,R)-quinoxP* 20 5.0 49 16 89 (R)
9 (R,S)-4 20 5.0 100 87 33 (R)
10 (R,R)-5 20 5.0 6 6 4(R)
114 (S,5)-bdpp 5 5.0 100 86 91 (S)
124 (S,5)-bdpp 5 1.2 100 87  92(S)

[a] [Rh(cod),]BF, (0.010 mmol), ligand (0.010 mmol), 1a (0.050 mmol),
2a (0.25 mmol), and CH,Cl, (2.0 mL) were used. [b] Yield of isolated
product. [c] [Rh(nbd),]BF, was used. [d] 1a (0.20 mmol), and 2a (0.24-
1.00 mmol) were used. cod = cyclo-1,5-octadiene, nbd =2,5-norborna-
diene, Ts =4-toluenesulfonyl.

I ] PPh, Me o PPh, )" PPh,
SeMELTEI
2

(S)-binap (S,S)-diop (S, S)-bdpp
MeIPth J/Pth , t PPh,
Me” “PPh;  Me” “PPh, “PPh,
(S,S)-chiraphos  (R)-prophos (R,R)-norphos
Me,,
Me, .tBu
P NP PAr,
Olelwe UL ™ e
., _
P NP, H
)3 tBU" 'Me
Me (R.S)y-4
(R,R)-Me-duphos (R,R)-quinoxP* (Ar = 3,5-Me,CgH3)
PPh,
PPh,
Fe YT Me
V>N
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www.angewandte.de

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

activity and enantioselectivity for the rhodium-catalyzed
[242+42] cycloaddition to produce cyclophanes.'"!*'%1 How-
ever, interestingly, the use of a chiral nonbiaryl bisphosphine
ligand [(S,S)-diop] significantly improved both product yield
and ee value (entry 2). Screening of chiral nonbiaryl bisphos-
phine ligands (entries 2-10) revealed that the use of (S.S)-
bdpp furnished 3aa with the highest yield and ee value
(entry 3). Pleasingly, the catalyst loading could be reduced to
5mol% without erosion of the product yield and ee value
(entry 11). Furthermore, the amount of 2a could also be
reduced to 1.2 equivalents (entry 12). Importantly, these
optimized reaction conditions allowed a high substrate
concentration of 0.1m (entry 12). The absolute configuration
of (—)-3aa was unambiguously determined to S by the
anomalous dispersion method (Figure 1).*")

Figure 1. ORTEP diagram of (S)-(—)-3aa. Thermal ellipsoids shown at
20% probability.

With the optimized reaction conditions in hand, the scope
of the carba[n]paracyclophane synthesis was examined
(Scheme 2). With respect to monoynes, methyl, ethyl, and
tert-butyl propiolates (2a—c) reacted with 1a to give the
carba[10]paracyclophanes 3aa—ac with high yields and ee val-
ues. Not only esters 2a—c but also the ketone 2d reacted with
1a to give the cyclophane 3ad with a high ee value, however,
the product yield was moderate and a high catalyst loading
was required. The protected propargylamine 2e and acety-
lenic alcohols 2 f-h could be employed, but the product yields
are highly dependent upon the alkyl chain length (product
yield: 2e,f >2g>2h, alkyl chain length: 2e,f <2g < 2h). The
unfunctionalized alkyne 2i reacted with 1la to give the
cyclophane 3ai with moderate yield and ee value, but
a large excess of 2i was necessary. With respect to cyclic
1,6-diynes, not only the tosylamide-linked diyne 1a but the
nosylamide-linked! diyne 1b could also be employed. The
effect of the diyne tether length was also examined. The
carba[11]paracyclophanes 3ca and 3cf were obtained with
good yields and ee values. However, the carba[12]paracyclo-
phane 3da was obtained with lower yield and ee value, and
the carba[9]paracyclophane 3ea was obtained in only a trace
amount even when using a high catalyst loading.

Planar-chiral compounds, possessing a chiral secondary
alcohol moiety, are frequently employed as valuable inter-
mediates for the chiral ligand synthesis, such as the chiral
ferrocenyl phosphine ligands (R,S)-4 and (R,R)-5.*2 Our
research group previously reported the kinetic resolution of
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5 mol %
= I [Rh(cod),]BF 4/ (CHy),
Ligand R!
(CHp), NR' + | T —— N
\ _/ R2 CH21((:5|2H RT R2
1a—e 2a-i 3
(1.2-5 equiv)

(CH2)10 (CH2)10 (CHa)10
Ts/N Ts/N Ts/N
COR

(S)-(-)-3aa (2a: R = Me, 1.2 equiv):
87%, 92% ee
(-)-3ab (2b: R = Et, 2 equiv):
89%, 92% ee
—)-3ac (2c: R = tBu, 1.2 equiv):
88%, 85% ee

(-)-3ad: 54%, 84% ee

&
(2d: 1.2 equiv) (-)-3ae: 85%, 81% ee

(2e: 1.2 equiv)

(CH2)10 (CHa)1o (CH2)10
Ts/N Ts/N Ts/N
(-)-3af: 91%, 74% ee (-)-3ag (n = 1): 68%, 74% ee (—)-3ai: 52%, 64% ee
(2f: 1.2 equiv) (29: 1.2 equiv) (2i: 5 equiv)[®!
(-)-3ah (n = 2): 46%, 71% ee
(2h: 1.2 equiv)
(CHz)m (CHy)14 (CH),
Ts/N Ts/N
CO,Me R CO,Me
—)-3ba: 90%, 93% ee —)-3ca (R = CO,Me): (+)-3da (n=12):
(2a: 2 equiv) 91% 74% ee 67%, 39% ee
(2a: 5 equiv) (2a: 5 equiv)

(-)-3cf (R = CH,OH):
91%, 71% ee
(2f: 1.2 equiv)

3ea (n=9): <5%
(2a: 1.2 equiv)@

Scheme 2. Scope of cyclic diynes and terminal monoynes. Reactions
were conducted using [Rh(nbd),]BF, (0.010-0.040 mmol), (S,S)-bdpp
(0.010-0.040 mmol), 1 (0.20 mmol), 2 (0.24-1.00 mmol), and CH,Cl,
(2.0 mL). The cited yields are of the isolated products.

[a] [Rh(nbd),]BF, (0.040 mmol) and (S,S)-bdpp (0.040 mmol) were
used. [b] [Rh(nbd),]BF, (0.020 mmol) and (S,S)-bdpp (0.020 mmol)
were used.

excess racemic tertiary propargyl alcohols (5 equiv) with 1,6-
diynes (1 equiv) through a rhodium-catalyzed [2+2+2] cyclo-
addition.” Thus, the kinetic resolution of excess amounts of
the racemic secondary propargyl alcohol (£)-2j (5 equiv)
with 1a (1 equiv) was attempted by using (R,R)-bdpp as
a ligand. However, the corresponding diastereomeric pair of
carba[l0]paracyclophanes (R,,R)-3aj and (R,,S)-3 aj, possess-
ing an R configuration of planar chirality, were obtained in
a ratio of approximately 1:1 with good ee values (Scheme 3).

Next, the reaction of the commercially available chiral
secondary propargyl alcohol (R)-2j (97 % ee) with 1a using an
achiral ligand (dppb = 1,4-bis(diphenyphosphino)butane)
was examined, and (R,R)-3aj and (S,,R)-3aj were obtained
in a ratio of approximately 1:2 (Table 2, entry 1).** These
results (Scheme 3 and Table 2, entry 1) indicated that the
induction of planar chirality relies more on the ligand chirality
than the alcohol chirality. Therefore, the reaction of (R)-2j
with 1a using the chiral ligand would afford the carba[10]-
paracyclophane 3aj, possessing the ligand-controlled planar
chirality, as a major diastereomer. Indeed, (R,,R)-3aj and
(S,,R)-3aj were obtained as major diastereomers with excel-
lent ee values by using (R,R)-bdpp and (S,S)-bdpp, respec-
tively, as a ligand (entries 2 and 3). On the contrary, the minor

Angew. Chem. 2013, 125, 57275731

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@ngewand

5 mol %
[Rh(nbd),]BF 4/
(R,R)-bdpp

CHdo NTs i CH,Cly, RT, 16 h
1a (1)-2j

(5 equiv) (CH2)10 CHz
Ts N

(Rp:S)-(= 3aj
47% 82% ee

(Rp,R)-(+ 3aj
53%, 79% ee

Scheme 3. Rhodium-catalyzed [2+2+2] cycloaddition of 1a with the
racemic secondary propargyl alcohol 2j.

Table 2: Rhodium-catalyzed [2+42+2] cycloaddition of cyclic diyne 1a
with chiral secondary propargyl alcohol (R)-2j.F!

5 mol %
— [Rh(nbd),]BF 4/
N\ H Liganzd !
(CH2)10 NTs +
\ — / Me~ “on CHzCl RT.16h
1a (R)-2j
97% ee,
e (CHao (CHao
Ts Ts
N . N oH
~OH Me
Me
(Ro,R)-(+)-33j (Sp.R)-(+)-33j
Entry  Ligand (RyR)-(+)-3 aj (SpR)-(+)-33j
Yield[%]®  ee [%] Yield[%]®  ee[%)]
11 dppb 35 - 60 -
2 (R,R)-bdpp 87 >99 8 78
3 (5,5)-bdpp 11 83 77 99

[a] [Rh(nbd),]BF, (0.010 mmol), (S,5)-bdpp (0.010 mmol), 1a

(0.20 mmol), (R)-2j (97 % ee, 0.24 mmol), and CH,Cl, (2.0 mL) were
used. [b] Yield of isolated product. [c] [Rh(cod),]BF, was used instead of
[Rh(nbd),|BF,.

diastereomers (S,,R)-3aj (entry 2) and (R,,R)-3aj (entry 3)
were obtained with lower ee values than those of the major
diastereomers. The relative configurations of two diastereo-
mers were confirmed by the X-ray crystallographic analysis of
(S,,R)-(+)-3aj (Figure 2).>!

Interestingly, the paracyclophane formation from internal
monoyne 2k was inefficient, even when employing a high
catalyst loading and prolonged reaction time (Scheme 4).>]

A possible mechanism for the enantioselective formation
of the paracyclophane (S)-3aa is shown in Scheme 5. As the
homo-[2+2+2] cycloaddition of cyclic diyne 1a via a rhoda-
cycle from 1a was sluggish, the formation of (§)-3aa via A
might be the major pathway. The formation of the inter-
mediate B, which affords (R)-3aa, might be unfavorable as
a result of steric repulsion between the tether of 1a and the
axial phenyl group of (S,5)-bdpp.?®! The formation of an
intermediate of type A from 1la and internal monoyne 2k
might be sluggish because of steric and/or electronic effects,
which accounts for the low reactivity of 2k toward 1a.

In conclusion, we have achieved the high-yielding and
highly enantioselective synthesis of carba[10]-[12]paracyclo-

www.angewandte.de

Chemie

5729


http://www.angewandte.de

Angewandte
Zuschriften

Figure 2. ORTEP diagram of (S,,R)-(+)-3aj. Thermal ellipsoids shown
at 20% probability.

20 mol %

— Me [Rh(nbd),]BF 4/ (CHa)1o
(S,S)-bdpp Ts/N
(CH2)10 NTs + |
- CH,Cl, RT CO,Et
COLEt 72h Ve
(100% conv. of 1a)
1a 2k (5 equiv) (+)-3ak / 9%, 42% ee

Scheme 4. Rhodium-catalyzed [24-2+-2] cycloaddition of 1a with the
internal monoyne 2k.

MeZOC%\ Q steric

| I I | Rhl- repulsion
(S,S)-bdpp
_—
z -y
1a (Z = NTs) 79"
+ 4
B
I % Q
CO,Me
2a —Rh'/(S,S)-bdpp

(CH2)10 (CH2)10
z z
CO,Me MeO,C

(S)-3aa (R)-3aa

Scheme 5. Possible reaction mechanism.

phanes with up to 91% yield and 93% ee by the cationic
rhodium(I)/(S,S)-bdpp-catalyzed [2+42+2] cycloaddition of
cyclic diynes with terminal monoynes under high substrate
concentrations. Future work will focus on further utilization
of cyclic diynes for the cyclophane synthesis and application
of product paracyclophanes to chiral reagents.
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