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ABSTRACT: The vastly increasing application of chiral
Cp ligands in asymmetric catalysis results in growing
demand for novel chiral Cp ligands. Herein, we report a
new class of chiral Cp ligands based on 1,1’-spirobiindane,
a privileged scaffold for chiral ligands and catalysts. The
corresponding Rh complexes are shown to be excellent
catalysts in asymmetric oxidative coupling reactions,
providing axially chiral biaryls in 19—97% yields with up
to 98:2 er.

yclopentadienyl (Cp) has been recognized as a powerful,
easy-to-access, and versatile ligand for the construction of
robust and catalytically competent transition-metal complexes.’
However, compared with the exponentially increased reports
on the syntheses and applications of diverse chiral ligands in
asymmetric catalysis, the research that aims to devise
synthetically useful chiral Cp ligands by imparting chiral
element into the Cp moiety remains rather underdeveloped. As
a pioneering work in this area, Vollhardt and Halterman
reported in 1986 the first C,-symmetric annulated Cp ligand
from tartrate derivatives, which avoids the detrimental
formation of diastereomers upon metal coordination.”
Although in the following years, sporadic examples of C,-
symmetric Cp ligands were published,”* there was a continuous
lack of broad interest in this area, probably due to the absence
of efficient benchmark transformations. Recently, the rapid
development of CpRh-catalyzed C—H activation proposed
great demand of novel derivation of Cp ligands.” In this respect,
Ward, Rovis et al. successfully synthesized a biotinylated
[Cp*Rh(III)] complex which found utility in catalytic
asymmetric C—H bond functionalization reactions.” On the
other hand, the Cramer group disclosed two generations of C,-
symmetric Cp ligands whose Rh-complexes (K1 and K2)
exhibit great potentials in asymmetric C—H activation
processes (Figure 1).” Notably, the complexes of other
transition metals (Ru,” Ir,” and Sc'®) with these Cp ligands
also found successful applications in asymmetric catalysis.
Despite these remarkable contributions, developing Cp
ligands bearing other chiral backbones is still an urgent but
very challenging task. On the other hand, 1,1’-spirobiindane, as
a privileged chiral scaffold, provides an excellent platform for
chiral ligand and catalyst diversification.'' Pioneered by the
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Figure 1. Rh(I) complexes of two generations of Cramer’s chiral Cp*
ligands.

Zhou group, an array of 1,1'-spirobiindane-derived phos-
phine,"” phosphoramidite,"> oxazoline ligands'* has emerged
and shown impressive activity in versatile catalytic asymmetric
transformations. Inspired by these elegant pioneering studies,
we recently designed and synthesized a series of 1,1'-
spirobiindane-derived Cp ligands (SCps) and successfully
applied their Rh-complexes [(S)-K3a-d] in asymmetric
oxidative coupling of biaryls with alkenes. Herein, we report
the preliminary results of this study.

The syntheses of SCps started from known dicarboxylic acid
(8)-1'° (Scheme 1). The Pd-catalyzed directed ortho-C—H
iodination, a procedure introduced by Yu et al,'® afforded
diiodide (S)-2. The subsequent esterification and reduction
provided diol (S)-3 which was ready for the critical steric
manipulation at the 6,6"-positions of the spirobiindane skeleton.
The Cu-catalyzed methoxylation and benzyloxylation, intro-
duced by the Buchwald group,'” at the 6,6"-positions furnished
modified diols (S)-4a and (S)-4b, respectively. Isopropoxy-
substituted diol (S)-4c was obtained by debenzylation of (S)-4b
and etherification. Then, the chlorination of (S)-4a—c with
SOCI, or MsCl led to dichlorides (S)-5a—c. Double alkylation
of cyclopentadiene followed by thermal rearrangement’“*"
yielded a mixture of the precursors of cyclopentadienyl ligands
(S8)-6a—c and (S)-6a’—c’. The final metalation with [Rh(C,H
4+)2Cl], completed the syntheses of chiral SCpRh(I) complexes
(S)-K3a—c. Analogue complex (S)-K3d with 6,6'-unsubstituted
SCp was obtained via a similar procedure from known
dichloride (S)-5d."® The structures of (S)-K3a and (S)-K3d
were confirmed unambiguously by X-ray crystallographic
analyses (Figure 2)."®
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Scheme 1. Synthesis of SCp Ligands and Their Rh(I)

Complexes
1. SOClp, MeOH
CO;H Pd(OAc)z c 95% yleld CHQOH
’ ’ COZH Z2DBALH ’ CH,0H
O 70% yleld O 93% yield Q
(51 (S)-2 (S) -3
__ Culphen CH,OH _SOCh, Py, CHCl _ CHLCI
“MeOH or BnoH ’ CH,0H _ orMsCLEGN ’ CHCI
e O~
1. Pd/C MeOH,
Hy(Satm), it (S)4a (R = OMe), 81% yield (S)-5a (R = OMe), 86% yield
49% yield (S)-4b (R = OBn), 64% yield (S)-5b (R = OBn)

2. /P, K,CO4
EtOH

(S)-4c R=

o'Pr) (S)-5¢ (R = O'Pr), 48% yield
) (5)-5d (R=H)
69% yield

1. NaH
CpNa

2. dodecane
240 °C

1. TIOEt, PhH
80 °C

2. g?h(cﬂ'h)zc']z

(S)-6a + (S)-6a’ (R = OMe), 90% yield, 1.3:1
(S)-6b + (S)-6b’ (R = OBn), 48% yield
(from (S)-4b over three steps), 1.5:1

(S)-6¢ + (S)-6¢' (R = O'Pr), 92% yield, 1.2:1
(S)-6d (R = H), 63% yield

(S)-K3a (R = OMe), 74% yield
(S)-K3b (R = OBn), 73% yield
(5)-K3c (R = OPr), 73% yield
(5)-K3d (R = H), 67% yield

Figure 2. X-ray crystal structures of Rh(I) complexes (S)-K3a (a) and
(8)-K3d (b).

A comparison between the structures of (S)-K3a and the
BINOL-derived Cp*Rh(I) complex (R)-K2a (R = OMe, Figure
1)7 revealed some interesting aspects (Figure 3). Compared

(a) (b)

sidewall

backwall

Figure 3. (a) The overlay of the X-ray crystal structures of (R)-K2a
and (S)-K3a. Ethylene moieties are omitted for clarity. The BINOL
backbone of (R)-K2a is in purple, and the 1,1’-spirobiindane backbone
is in blue. (b) The schematic depiction of the asymmetric environment
of C,-symmetric Cp ligands.

with the BINOL skeleton, 1,1’-spirobiindane pushes the
methoxy groups at the 6,6"-positions toward the Rh center
more effectively, which is exemplified by a closer Rh--O
distance in (S)-K3a (B(Rh :0Y) = 3762 A in (S)-K3a vs
B(Rh--0?) = 3.897 A in (R)-K2a). Accordlng to the steric
model suggested by Cramer et al,’" relatively extended
sidewalls are incorporated in SCp. Therefore, a better chiral
environment around the Rh center in (S)-K3a might be

expected.
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Encouraged by the above structural information, we next
tested the catalytic activity of Rh-complexes (S)-K3. Since
axially chiral biaryls are of high importance in natural products
as well as asymmetric synthesis, we have previously
demonstrated that the axially chiral biaryls could be obtained
through an oxidative coupling from 1-(naphthalen-1-yl)benzo-
[h]isoquinoline with olefins by Cramer Cp*Rh catalyst (R)-
K2a. However, the average enantioselectivity could only reach
around 90:10 er (entry 1, Table 1).”® To our delight, with the

Table 1. Optimization of the Enantioselective Oxidative
Coupling Reaction”
@

(J L~ L0 U

N\
2N

X

[Rh] (5 mol %)
ZN

(B20), (5 mol %)
Cu(OAQ); (20 mol %)

Ar

|
OO Ag2CO5 (1 I?’zqu#v) OO
Ar = 2-naphthyl
8a 9a 10aa
entry [Rh] T (°C) time (h) yield (%)” er®
1 (R)-K2a 80 24 94 90:107
2 (8)-K3a 80 19 97 93:7
3 (8)-K3b 80 19 97 87:13
4 (S)-K3c 80 24 83 91:9
S (8)-K3d 80 24 92 79:21
6 (8)-K3a 60 36 93 94:6
7 (8)-K3a 45 48 90 95:5
8¢ (8)-K3a 25 63 92 95:5

“Unless otherwise noted, all reactions were carried out under the
following conditions: 8a (0.1 mmol), 9a (1.2 equlv) Cu(OAc), (20
mol %), Ag,CO; (1 equiv) in MeOH (0.2 M). bIsolated ylelds
“Determined by HPLC analysis on a chiral stationary phase. “The
results are taken from ref 7g. “Reaction was performed on 0.2 mmol
scale.

newly synthesized (S)-K3a (S mol %) as the catalyst, the model
reaction between 8a and 9a proceeded smoothly under the
previously optimized conditions, giving the desired chiral biaryl
10aa in 93:7 er (entry 2). It was found that the steric bulkiness
of the substituents at the 6,6'-positions of 1,1’-spirobiindane
scaffold exerts great influence on the reaction outcomes. The
catalysts either with larger substituents such as (S)-K3b (R =
OBn) and (S)-K3c (R = OPr) or bearing no substituent on
these positions [(S)-K3d, R = H] all resulted in diminished
enantioselectivity (entries 3—5). Interestingly, the enantiose-
lectivity could be increased slightly by reducing the temperature
(entries 6 and 7), and the optimal results (10aa in 92% yield
and 95:5 er) could be delivered at 25 °C (entry 8).

With the optimized conditions in hand, we next evaluated
the generality of (S)-K3a as the catalyst in this transformation.
As shown in Scheme 2, with 9a as the coupling partner, an array
of biaryls was well tolerated, and the corresponding alkenylated
products 10aa—fa could be afforded in satisfying yields (up to
97%) with excellent enantioselective control (up to 97:3 er).
To our delight, phenyl ring bearing either an electron-donating
(OMe) or electron-withdrawing group (CO,Me) was well
tolerated, and the desired products (10ga—ha) were obtained
in good yields (65—85%) and excellent enantioselectivity (97:3
er). Notably, the reaction proceeded well with the challenging
isoquinoline-derived substrate providing 10ja with good yield,
albeit in moderate enantioselectivity. Moreover, the reaction of
sterically demanding substrate became retarded and delivered
10ia in 19% yield with 97:3 er, probably due to the more
congested chiral pocket of (S)-K3a.
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Scheme 2. Substrate Scope: Biaryls”

(S)-K3a (5 mol %)
(BzO); (5 mol %)

Cu(OAc); (20 mol %)
Ag,CO3 (1 equiv)
MeOH, 25 °C

Ro
Ar = 2-naphthyl
10aaja

OMe
10aa, 92% yield 10ba, 80% yield 10ca, 92% yield 10da, 97% yield
95:5er,63 h 97:3er,72h 92:8 er,63 h 95:5er,23 h

10ea®, 76% yield
93:7er,35h

10ha, 65% yield
97:3er,108 h

10fa, 82% yield
82:18 er,42h

10ga, 85% yield
97:3er, 96 h

/N

10ia®, 19% yield
97:3er,116 h

10ja, 79% yield
79:21er,61h

“Reaction conditions: 8 (0.2 mmol), 9a (1.2 equiv), (S)-K3a (S mol
%), (BzO), (5 mol %), Cu(OAc), (20 mol %), and Ag,CO; (1 equiv)
in MeOH (0.2 M) at 25 °C. "At 60 °C.

The scope of olefins was also examined (Scheme 3). Almost
for all the olefins tested, the oxidative coupling reaction worked

Scheme 3. Substrate Scope: Olefins®
l !
SO

(S)-K3a (5 mol %)
(BzO), (5 mol %)

Cu(OAc); (20 mol %)

Ag>COs (1 equiv)
MeOH, 25 °C
OMe OMe
8b 10bb-bn
N R1
2 0
C 3
99 | T
L 0
10bf, R® = Et Lo
;gz"v _R:;Q'; por 72n OMe 96% yield, 97:3 er 6o h) 10D ‘6';0; ;;mehy'
: A
rone R iy 2N 1obe, 67% yied 10bg, R = Me 95:5 er (82 )
¢, R =Bu 94:6 er (49 h) 91% yield, 96:4 er (72 h) }
48% yield, 97:3 er (72 h) 10bh, R®='Bu
10bd®, R' = OMe 70% yield, 97:3 er (89 1)
61% yield, 96:4 er (81 h) 10bi, R3= Bn
58% yield, 96:4 er (72 h)
N
N \\ OEt 2N
bOMe N OMe OMe
10bk®, 73% yield 10bl®, 56% yield . ) 10bn, 37% yield
97:3 er (94 h) 98:2 er (111 h) 105:7 é?fs/lyr:)eld 96:4 er (97 h)

“Reaction conditions: 8 (0.2 mmol), 9a (1.2 equiv), (S)-K3a (5 mol
%), (BzO), (5 mol %), Cu(OAc)2 (20 mol %), and Ag,CO; (1 equiv)
in MeOH (0.2 M) at 25 °C. ®At 60 °C.
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with uniformly better enantioselectivity than that obtained
using (R)-K2a as the catalyst.”® No matter with electronically
and sterically varied styrenes, polarized olefins like a,f-
unsaturated esters, amides, phosphonate ester, or even simple
ethylene, the reactions led to the corresponding chiral biaryls
(10bb—bn) in reasonable yields (37—91%) with excellent er
values (93:7 to 98:2).

In summary, we have developed a series of novel
cyclopentadienyl ligands (SCps) based on 1,1'-spirobiindane
scaffold, and one of their corresponding Rh(I) complexes
behaved as a superior catalyst in asymmetric oxidative coupling
of biaryl derivatives with olefins. Notably, excellent enantiose-
lectivity could be achieved in most cases, and the reaction could
be run even at room temperature. Expanding the applications of
SCp ligands to other synthetically useful enantioselective
transformations is currently under investigation in our
laboratory.
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