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Abstract

Enantioselective construction ofGa-symmetric spirobi(1,2,3,4-tetrahydroquinoline)nfrawork
has been achieved through an intramolecular Cuyzath C—N bond coupling of 1,3-
propanediamide substrates possessing bromophdrstitsents. The use ofN'-dimethyl-1,2-
diphenylethylenediamine as the chiral ligand wasntb to be essential in this asymmetric
catalysis. Optically pure compound was shortlyaoi#d by a single recrystallization of the
enantioenriched product, which was successfullivdesed to a new chiral diphosphine ligand.
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Introduction

Considerable attention has recently been pai€igymmetric spiro frameworks in organic
synthesis owing to their potent asymmetric surrauggl A variety of functional molecules
based on the rigid chiral backbone have therefaenbdeveloped for the fine chemical
production. Representative examples of such comgmumclude chiral ligandS and chiral
organocatalyst&® Since the seminal work of Tamao in which hydsdation catalyzed by a
chiral Rh complex gave an optically active 5-silasjg.4]nonane derivativé enantioselective
catalysis has been expected to be a straightformattiod for the construction @-symmetric
spiro skeletons. Other Rh-catalyzed intramolecutgrlizations via hydroacylatioff;*
carbenoid insertiof? or [2+2+2] cycloadditiort? have likewise been applicable to asymmetric
spirane synthesis. Spiroketal has been obtaineghtieselectively through Ir-catalyzed
asymmetric hydrogenation of o’-bis(2-hydroxyarylidene) ketoné&® Very recently, Gong et
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al. have established the use of a chiral iodingeetas an organocatalyst, where oxidative C—H
arylation has furnished enantioenriched spirooxiesf§ We have also accomplished an
enantioselective synthesis of spirobi(3,4-dihydrgenolone) by using Pd-catalyzéHarylation
referred to as the Buchwald—Hartwig reacttén.

To further explore a practical synthetic routdhe C,-symmetric spirane, we focused on the
Cu-catalyzed Ullmann—Goldberg reaction recognize@ powerful C—N bond forming process
between aryl halides and nitrogen nucleophifddowever, little interest has been directed to the
development of its asymmetric catalysis becausst@@ogenic center is normally generated in
this transformation. In 2012, Yu, Cai, and co-wasekreported asymmetric desymmetrization
based on the Cu-catalyzed C—-N coupling leading ndoline derivatives with excellent
enantiopurities® We envisioned that the intramolecular doultarylation ofN,N'-(2,2-bis(2-
bromobenzyl)propane-1,3-diyl)bis(4-methylbenzenfesiaimide) 1) using a chiral Cu catalyst
provided spirobi(1,2,3,4-tetrahydroquinoline) protd2 in an optically active form (Equation 1).
Herein we disclose a facile construction ©f-symmetric spiro framework by way of the
enantioselective Ullmann—Goldberg reaction.

Q O chiral Cu catalyst w
N

Ts Intramolecular Double TS
1 Ullmann—Goldberg Reaction 2

Equation 1. Enantioselective synthesis G-symmetric spiran@ via intramolecular double Cu-
catalyzed\-arylation of1.

Results and Discussion

Ditosylamidel was able to be prepared without any difficultynfraheap and commercially
available chemicals as shown in Scheme 1. Allgtatbf malononitrile with 2-bromobenzyl
bromide in the presence of 1,8-diazabicyclo[5.40kc-7-ene (DBU) in DMF afforded 2,2-
bis(2-bromobenzyl)malononitrile3] quantitatively’”® The nitrile functionalities o8 were then
reduced with an excess amount of B6Me in THF to give 2,2-bis(2-bromobenzyl)propane-
1,3-diamine 4). Without purification of4, the resulting amino groups were tosylated to pced

1 in 85% yield over 2 steps. To check whether theBogen-containingC,-symmetric spiro
skeleton was indeed created, we conducted the Ufiraoldberg reaction of 1,3-
propanediamidel in a non-enantioselective manner. After surveyiegction conditions, we
were pleased to find the nearly quantitative foromatof desired spirobiquinolin€ by
employing a combination of Cul ardiN'-dimethylethylenediamine (DMEDA) as the catalyst
system. Thus, treatment @fwith Cul (5 mol % / Br) and DMEDA (10 mol % / By the
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presence of KPO, (2 equiv / Br) in DMF at 80 °C for 22 h gave rager2 in 93% vyield. No
special care such as high dilution was requiregfeventing possible intermoleculdrarylation.
It is noteworthy that Pd catalysis, the Buchwaldriiey reaction, was not effective for the
preparation of.

( ; DBU O O BH; SMe,
Br B

Br  Br DMF, 80 °C, 3 h F THF, reflux, 18 h
+
NC CN
NCTeN quant 3
TsCl Cul (5 mol % / Br)
Et;N DMEDA (10 mol % / Br)
Br 1 rac-2
CH2C|2, rt, 12h K3PO4 (2 equiv / Bl")
DMF (0.1 M), 80°C, 22 h
85% (2 steps) o
(not isolated) 93%

Scheme 1Preparation of substrateand racemic produ&

Various chiral ligands were next screened undghtty modified conditions (10 mol % of
Cul and 40 mol % of ligand at 100 °C for 24 h) tchi@ve the enantioselective Ullmann—
Goldberg reaction. Representative results are sumead in Table 1. Firstly, chiral diamine
ligandsL1-L4 analogous to DMEDA were applied to the Cu-catalyiXearylation ofl. The
reaction usindg.1 andL?2 led to a quantitative yield & whose optical purity was determined to
be 31% ee and 17% ee, respectively (entries 1 andlBe chiral backbone was presumably
important for the catalyst activity as well as theantioselectivity. Spirane produgtwas
obtained in 45% yield with 29% ee in the reactiathv.3, whereas the chemical yield and the
selectivity were decreased to 10% and 13% ee Wwbtlentries 3 and 4)N,N’-Dimethyldiamine
L5 derived from L-tartaric acid gave only a trace amtoof2 (entry 5). The nitrogen substituent
of ligands also exerted an influence on the cdtalytocess. The reaction in the presence of
primary amine ligand.6 afforded2 in 95% yield with 20% ee (entry 6). Introductiohan ethyl
group at the nitrogen atonq), however, significantly retarded the reactiont(gry). When
chiral amino alcohol.8 was employed as the ligand, the enantiopurit® wfs as low as 8% ee
(entry 8). The intramoleculdy-arylation of1 hardly proceeded with (—)-sparteih® bearing
tertiary amine units (entry 9). 1,1’-Binaphthaleh@’-diol L10, an effective ligand scaffold in
the Cu-catalyzed asymmetric indoline synthéiid not exhibit any positive impacts in this 6-
membered ring formation (entry 10). From the saireg study,L1 turned out to be a valuable
chiral ligand for the enantioselective constructarC,-symmetric spiran@. Unfortunately, no
improvements on the enantioselectivity were obskexen when other reaction parameters such
as the base, solvent, and protecting group on itinegan atom were changed. Although the
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selectivity of this asymmetric Ullmann—Goldberg aan was unsatisfactory, optically pu?e
was readily obtained by recrystallization of themtioenriched product from CHCAnd MeOH
due to the high crystallization ability of the ratae. X-ray crystallographic analysis &f
unambiguously demonstrated its spiro structure agblute configuration, the latter of which
was definitely determined to bé based on the Flack parameter (Figure 1).

Table 1.Ligand screenirfy

Q O Cul (10 mol % / Br)
B Ligand (40 mol % / Br) 3@
r u H Br
N

N

N K;PO, (2 equiv / Br) N
Ts™ 1 TTs  DMF (0.1 M), 100°C, 24 h " Ts
MeHI\f NHMe MeHN\\ NHMe MeHN NHMe MeHN NHMe MeHI\\:\IgHMe
L1 L2 L3
H, BN ONHEC Oﬁ@ z
Entry Ligand Yield (%lj Ee (%
1 L1 >98 31 (>99)
2 L2 >98 17
3 L3 45 29
4 L4 10 13
5 L5 trace —
6 L6 95 20
7 L7 trace —
8 L8 49 g
9 L9 trace —
10 L10 no reaction —

& All reactions were performed in the presence ofrid % / Br of Cul, 40 mol % / Br of chiral
ligand, and 2 equiv / Br of 0O, at 100 °C for 24 h in DMF (0.1 M) under a nitrogen
atmosphere” NMR vyields using 1,3,5-trimethoxybenzene as aeriral standard® Determined

by HPLC equipped with a Chiralpak IA column® The number in parentheses is the
enantiopurity of the product after recrystallizatid® The major enantiomer was opposite to that
obtained in entry 1.
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Figure 1. X-ray structure ofZ,-symmetric spiro compoun2 with thermal ellipsoids at the 50%
probability level. All hydrogen atoms are omittéat clarity. One of the two independent
molecules is shown.

With enantiopure in hand, we carried out the development of a nleinatligand based on
the spirobiquinoline. The tosyl groups M)2 were initially removed according to the reported
proceduré" to give spirobiquinolineNl)-5%* (Scheme 2). Diphosphin&f-6 was successfully
synthesized by the treatment of secondary arbivéth n-BuLi followed by the addition of
PhPCI. A sharp singlet appearedsat9.7 in the’’P NMR spectrum of\)-6 and a peak atvz
619.2423 in the HRMS spectrum indicated the smaatbrporation of two diphenylphosphino
groups into the spiro framework. This aminophosphivas obtained as air-stable white solids,
which was gradually oxidized in solution upon exjresto air.

Ti(O-i-Pr), n-BuLi
Me;SiCl, Mg @ Ph,PCI Q
(M)-2 3 . N 2
THF, 50 °C, 24 h N N THF, =30 °C, 1 h
“PPh,

/ H
H (M)-S then rt, 2h thp
63%

75%

Scheme 2Preparation of new chiral spiro phosphivg-6.

To evaluate the donor property&fwe prepared the corresponding phosphine seleacdé
by heatingrac-6 in toluene with an excess amount of selenium ni&etheme 3). Th&P NMR
spectrum ofrac-7 displayed one sharp resonance’s #2.0 with "’Se satellites. Its coupling
constant {Jp_se 770 Hz) fell within the range of magnitudes repdrfor aminophosphinés,
suggesting that the electron-donating ability &fwas somewhat weaker than those of
triarylphosphine$?  Coordination behavior of bis(aminophosphirg)was then examined
through the complexation with Pdac-6 was reacted with [PdG#{C3Hs)]. in the presence of
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KPFs in CH,ClI, to furnish chelate Pd compleac-8 (Scheme 3). The ESI-HRMS spectrum
showed a solitary peak a¥z 765.1782 having the expected isotopic profilehsf M — Pk]*
cation. A pair of doublet$Jp_»19.7 Hz) was observed in tA#® NMR spectrum, indicating the
non-symmetric nature afac-8. The disappearance Gf-symmetry in phosphiné was caused
by coordination to th€s-symmetric Pdf-CsHs) moiety.

[PACI(r-C3Hy), PFs
Se KPF, Q
; . P .
N N rac N N

" tol °C.2 h H,Cl,, rt, 2 h N
. ;Pth toluene, 70 °C, CHyCly, 1t o p/ /Pph2
i \\Se Se quant 63% ’ \Pd
vac | rac-8
J

Scheme 3Derivatization and complexation tdc-6.

We briefly checked the function of chiral phosghligand6 in the Pd-catalyzed asymmetric
allylic alkylation of 1,3-diphenylpropenyl acetd® with dimethyl malonatel0). A mixture of
9, 10 (3 equiv), andN,O-bis(trimethylsilyl)acetamide (BSA, 3 equiv) wagdted with [PdCK-
CsHs)]2 (2.5 mol %), )-6 (6 mol %), and KOAc (2 mol %) in THF at 25 °C 24 h to give
desired productlin 84% yield with 27% ee (Equation 2).

PdCl(n-C;H. 2.5 mol %
[PACI(n-C3Hs)], ( 0) MeO,C_CO,Me

§he MeO,C._ _CO,M (M)-6 (6 mol %) /\I
+ e, ~— H»Me >
Ph/\/g\Ph BSA (3 equiv), KOAC (2mol %) pr

9 - THF, 25 °C, 24 h 1"

(3 equiv)

Ph

84%, 27% ee

Equation 2. Pd-catalyzed asymmetric allylic alkylation usindg){6.

Conclusions

We have developed an efficient protocol for the starction of aC,-symmetric spiro
framework, where the Cu-catalyzed enantioselechivarylation of 1,3-propanediamide is
involved as the key step. The desired opticallyepproduct2 was obtained from readily
accessible chemicals without tedious chromatogcaghirification and optical resolution.
Derivatizaton of spirobiquinolin@ successfully led to new chiral diphosphine lig&hdvhich
proved to coordinate to Pd in a chelating fashiBarther study on the synthetic utility of tBe-
symmetric spiranes is now in progress.
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Experimental Section

General. All reactions were carried out with standard Sckléechniques under a nitrogen
atmosphere.*H and**C NMR spectra were recorded on JEOL JNM-ECS400 (b for *H

and 100 MHz for®C). Al signals in théH NMR spectra were expresseddagown field from
Me,Si used as internal standard. Chemical shiftshef'{C NMR signals are reported ih
referenced to CDGI(5 77.0). 3P NMR spectra were recorded on JEOL JNM-ECS600 (243
MHz) and the data are given relative to extern&83%P0O,. Optical rotations were measured
with JASCO P-1030 polarimeter. HPLC analyses wedormed on JASCO HPLC system
(JASCO PU 2080 pump and MD-2010 UV/Vis detectdvlass spectra were recorded on JEOL
JMS-T100LC (ESI-HRMS or APCI-HRMS). Melting pointgere measured with Yanaco micro
melting point apparatus model MP-S9 and were uected. Anhydrous THF and toluene were
purchased from Kanto Chemicals and further purifigdpassage through activated alumina
using a GlassContour solvent purification systdnColumn chromatography was performed on
Kishida Silica Gel 60 (63—20@m). Merck silica gel 60 &4 plates were used for TLC.
2,2-Bis(2-bromobenzyl)malononitrile (3)° To a solution of malononitrile (2.64 g, 40.0 mnol
and 2-bromobenzyl bromide (22.1 g, 88.4 mmol) in®{0 mL) was added DBU (13.4 g, 88.0
mmol) dropwise at 0 °C. The reaction mixture widewaed to stir at 80 °C for 3 h. After being
cooled to room temperature, water was added toethetion mixture, which was extracted with
EtOAc. The organic phase was washed with waté#,dg. HCI and brine, and then dried over
NaSO,. The volatiles were removed by evaporation umeéduced pressure. The resulting solid
was triturated with a mixture of EtOH and hexanaitee the titled compound (16.2 g, quant).
White solid, mp 129 °C*H NMR (400 MHz, CDCJ): 6 3.60 (s, 4H, ChiAr), 7.25 (dt,J 7.8 Hz,
1.5 Hz, 2H, ArH), 7.38 (dt) 7.8 Hz, 1.1 Hz, 2H, ArH), 7.59 (dd,7.8 Hz, 1.5 Hz, 2H, ArH),
7.66 (dd,J 7.8 Hz, 1.1 Hz, 2H, ArH).**C NMR (100 MHz, CDG)): 6 39.4 (C), 41.4 (Ch),
114.6 (CN), 126.0 (C, Ar), 128.1 (CH, Ar), 130.4HCAr), 131.8 (C, Ar), 131.9 (CH, Ar), 133.6
(CH, Ar). HRMS (ESI): calcd for GH1-BroN,Na: miz 424.9265 [M + Na], found 424.9251.
N,N’-(2,2-Bis(2-bromobenzyl)propane-1,3-diyl)bis(4-mdtylbenzenesulfonamide) (1). To a
flask containingB (808 mg, 2.00 mmol) was added a 2 M solution ogEe in THF (6 mL,
12.0 mmol). The reaction mixture was refluxedX8rh. To this solution was carefully added 6
M ag. HCI (3 mL) at 0 °C, which was again refluxiat 2 h. After being cooled to room
temperature, the mixture was basified with 6 M ldgOH. The crude product was extracted
with CH,Cl, and dried over N&QO,. Evaporation of the volatiles under reduced pness
afforded diaminet. Crude4 was redissolved in CGi&€l, (10 mL), to which EN (607 mg, 6.00
mmol) and subsequently TsCI (915 mg, 4.80 mmol)ewastded at O °C. The reaction mixture
was stirred at room temperature for 12 h. Theti@aevas then quenched by the addition of 1 M
ag. HCI and extracted with GBIl,. The organic layer was washed with sat. aq. Nakl@fed
over NaSQ,, and evaporated to dryness. The resulting solak wecrystallized from
CHCly/hexane to give the titled compound (1.22 g, 85%r &/steps). White solid, mp 177 °C.
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'"H NMR (400 MHz, CDCY): § 2.47 (s, 6H, Ch), 2.95 (s, 4H, Chr), 3.03 (d,J 7.3 Hz, 4H,
CH:N), 4.65 (t,J 7.3 Hz, 2H, NH), 7.09 (di] 7.8 Hz, 1.8 Hz, 2H, ArH), 7.22 (di,7.8 Hz, 1.4
Hz, 2H, ArH), 7.27 (ddJ 7.8 Hz, 1.8 Hz, 2H, ArH), 7.32 (d,8.2 Hz, 4H, ArH), 7.51 (dd] 7.8
Hz, 1.4 Hz, 2H, ArH), 7.69 (dl 8.2 Hz, 4H, ArH).*C NMR (100 MHz, CDGJ): §21.6 (CH),
40.0 (CH), 44.5 (C), 47.0 (Ch), 125.5 (C, Ar), 127.0 (CH, Ar), 127.7 (CH, Ar)2a.8 (CH,
Ar), 129.8 (CH, Ar), 132.6 (CH, Ar), 133.4 (CH, A36.0 (C, Ar), 136.7 (C, Ar), 143.7 (C,
Ar). HRMS (ESI): calcd for giHz,BroN,NaQ,S,: miz 741.0068 [M + Nal], found 741.0060.
1,1'-Bis(4-methylbenzenesulfonyl)-1,1’,4,4 -tetrahglro-2H,2'H-3,3’-spirobi[quinoline]  (2).
A mixture of1 (36.0 mg, 0.05 mmol), Cul (1.91 mg, 0.01 mmolRER)-N,N'-dimethyl-1,2-
diphenyl-1,2-ethylenediaminel (9.61 mg, 0.04 mmol) and3R0O, (42.5 mg, 0.20 mmol) in
N,N-dimethylformamide (0.5 mL) was stirred at room parature for 30 min, then at 160 for

24 h. The reaction mixture was quenched with 1gMHCI, extracted with EtOAc, washed with
water, dried over N&Q,, and concentratesh vacuo. The residue was filtered through a short
pad of silica gel, which was rinsed with CHCIThe filtrate was evaporated to dryness to give
(27.7 mg, 99%). The enantiomeric excess was detedrby HPLC analysis using a chiral
stationary phase column (Daicel Chiralpak 1A, hex@HCk 2:1, Flow rate 0.5 mL/min:grt
(minor) 19.6 min, g (major) 28.6 min) to be 31% ee. Optically p@reas obtained by a single
recrystallization from CHGIMeOH. White solid, mp 215 °C.ap** -7.7 € 1.14, CHC}) for M
isomer. *H NMR (400 MHz, CDCY): 62.35 (d,J 16.0 Hz, 2H, ChiAr), 2.41 (s, 6H, Ch), 2.47
(d,J 16.0 Hz, 2H, CHAr), 3.54 (d,J 12.5 Hz, 2H, CkN), 3.77 (d,J 12.5 Hz, 2H, CkN), 6.94
(d,J 7.3 Hz, 2H, ArH), 7.00 (tJ 7.3 Hz, 2H, ArH), 7.15 (tJ 7.3 Hz, 2H, ArH), 7.27 (d) 8.3
Hz, 4H, ArH), 7.62 (d,) 7.3 Hz, 2H, ArH), 7.65 (d] 8.3 Hz, 4H, ArH). *C NMR (100 MHz,
CDCl): 621.6 (CH), 35.4 (C), 36.9 (Ch), 54.3 (CH), 121.1 (CH, Ar), 124.2 (CH, Ar), 126.5
(C, Ar), 126.9 (CH, Ar), 127.1 (CH, Ar), 129.8 (CHr), 130.1 (CH, Ar), 136.4 (C, Ar), 136.8
(C, Ar), 143.9 (C, Ar). HRMS (ESI): calcd forsEizoN.NaQ,S,: vz 581.1545 [M + Nal],
found 581.1534. X-ray measurements were made oRigaku R-AXIS RAPID 191R
diffractometer using filtered Cu«Kradiation: Empirical formula, £H3oN204S;; Crystal system,
monoclinic; Lattice type, primitive; Space grol®; (No. 4);a = 9.3335(2) Ab = 31.9577(6)
A; ¢ =9.7493(7) A8 = 112.206(8)°V = 2692.3(3) & Z = 4; Dcar = 1.378 glcry 1(CuKoy) =
21.259 cm”; Reflection/Parameter Ratio = 12.7R; (All reflections) = 0.0765; w2 (All
reflections) = 0.1447; Goodness of Fit Indicatat.804; Flack Parameter (Friedel pairs = 4744)
= -0.010(14). CCDC 1005112 contains the suppleangrarystallographic data for this paper.
These data can be obtained free of charge fronC#mebridge Crystallographic Data Centea
www.ccdc.cam.ac.uk/data_request/cif.
(M)-1,1",4,4"-Tetrahydro-2H,2’H-3,3"-spirobi[quinoline] ((M)-5)2* To a mixture of ¥I)-2
(55.9 mg, 0.100 mmol) and Mg powder (24.3 mg, In@@ol) in THF (0.5 mL) were added
Ti(O-i-Pr), (56.8 mg, 0.200 mmol) and N&iCl (32.8 mg, 0.302 mmol). The reaction mixture
was allowed to stir at 50 °C for 24 h. After beiogpled to room temperature, to the mixture
were added sat. ag. NaHgO'HF, and anhydrous NaF sequentially, which wasest for 30
min. The mixture was filtered through a pad ofitéeand the filtrate was concentrated under
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reduced pressure. The residue was passed quitidygh a short pad of silica gel using
hexane/EtOAc (5:1). The filtrate was evaporatedrimess, affording the tittled compound (18.7
mg, 75%). An analytically pure product was obtdimgy recrystallization from CH@hexane.
White solid, mp 215 °C. a]p*° —28.7 € 0.99, CHCJ). *H NMR (400 MHz, CDCY)): §2.59 (d,J
16.2 Hz, 2H, CHAr), 2.68 (d,J 16.2 Hz, 2H, CHAr), 3.05 (d,J 11.2 Hz, 2H, CkN), 3.14 (d,J
11.2 Hz, 2H, CHN), 3.91 (s, 2H, NH), 6.52 (d, 7.4 Hz, 2H, ArH), 6.63 (tJ 7.4 Hz, 2H, ArH),
6.96 (t,J 7.4 Hz, 2H, ArH), 7.00 (d] 7.4 Hz, 2H, ArH). *C NMR (100 MHz, CDGJ): § 29.5
(C), 37.0 (CH), 48.2 (CH), 113.7 (CH, Ar), 117.2 (CH, Ar), 119.3 (C, Ar)28.9 (CH, Ar),
130.1 (CH, Ar), 143.7 (C, Ar). HRMS (ESI): calanr fC;7H19N»: nVz 251.1548 [M + HJ, found
251.1536.

(M)-1,1’-Bis(diphenylphosphino)-1,1’,4,4’-tetrahydro2H,2’H-3,3’-spirobi[quinoline] ((M)-
6). To a solution of ¢)-5 (50.0 mg, 0.20 mmol) in THF (1.8 mL);BuLi (2.65 M in hexane;
0.16 mL, 0.42 mmol) was added dropwise at —30 “@c¢hkvwas stirred at this temperature for 20
min. To this mixture was added dropwise a solutdrCIPPh (92.7 mg, 0.42 mmol) in THF
(0.37 mL). The mixture was stirred at —30 °C fdn &nd then at room temperature for further 2
h. After removal of the volatiles by evaporatitime residue was filtered through a short pad of
silica gel, which was rinsed with a 5:1 mixture GH,Cl, and hexane. The filtrate was
evaporated to dryness and the crude product wafeduby silica gel column chromatography
using CHCI, and hexane (2:1, v/v) as an eluent to gW&7.9 mg, 63%). White solid, mp 95
°C. [a]p?* +20.2 € 1.1, CHC}) (M isomer). *H NMR (400 MHz, CDCY): §2.19 (d,J 16.2 Hz,
2H, CHAr), 2.28 (d,J 16.2 Hz, 2H, CHAr), 2.55 (d,J 12.4 Hz, 2H, CEN), 2.99 (d,J 12.4 Hz,
2H, CH:N), 6.71 (dtJ 7.4 Hz, 1.0 Hz, 2H, ArH), 6.79 (d,7.4 Hz, 2H, ArH), 7.02 (dt] 7.4 Hz,
1.8 Hz, 2H, ArH), 7.20-7.35 (m, 20H, PhH), 7.55J)(7.4 Hz, 2H, ArH). **C NMR (100 MHz,
CDCly): 629.8 (C), 36.8 (Ch), 52.0 (d,2Jc_p 7.7 Hz, CH), 116.5 (d,*Jc_p 34.5 Hz, CH, Ar),
119.2 (CH, Ar), 122.6 (d®Jc_p 4.8 Hz, C, Ar), 126.5 (CH, Ar), 128.3 (fllc_p 6.2 Hz, CH, Ph),
128.4 (d,*Jc_p 6.2 Hz, CH, Ph), 128.8 (CH, Ph), 129.3 (CH, PBD.2 (CH, Ar), 132.2 (FJc_p
20.6 Hz, CH, Ph), 132.7 (QJc_r 20.6 Hz, CH, Ph), 136.2 (dJc_p 14.4 Hz, C, Ph), 136.8 (d,
YJe_p 14.4 Hz, C, Ph), 145.1 (@J)c_p 22.0 Hz, C, Ar). P NMR (243 MHz, CDG)): 6 49.7.
HRMS (APCI): calcd for GiHz7N2P»: mVz 619.2432 [M + HJ, found 619.2423.
1,1'-Bis(diphenylphosphinoselenoyl)-2,2’,4,4’-tetrydro-1H,1'H-3,3’-spirobi[quinoline]
(rac-7). A mixture ofrac-6 (15.0 mg, 0.024 mmol) and selenium (9.57 mg, Grifol) in
degassed toluene (0.9 mL) was stirred at 70 °Q for After being cooled to room temperature,
the solution was filtered and concentratedacuo to give the titled compound (18.5 mg, quant).
White solid, mp 150 °C.*H NMR (400 MHz, CDCJ): 6 2.67 (d,J 15.8 Hz, 2H, CHAr), 2.79
(d,J 15.8 Hz, 2H, CHAr), 2.88 (dd,J 12.3 Hz, 6.5 Hz, 2H, CiV), 3.29 (d,J 12.3 Hz, 6.5 Hz,
2H, CH:N), 6.80-6.87 (m, 4H, ArH), 7.02 (d,7.4 Hz, 2H, ArH), 7.09 (d) 7.4 Hz, 2H, ArH),
7.37—7.47 (m, 12H, PhH), 7.84—7.90 (m, 8H, PhH{C NMR (100 MHz, CDGJ): §35.5 (t,%Jc_
5.8 Hz, C), 38.0 (Ch), 53.9 (CH), 121.8 (d3Jc_p6.7 Hz, CH, Ar), 122.2 (CH, Ar), 125.7 (CH,
Ar), 127.0 (dJc_p5.8 Hz, C, Ar), 128.6 (fJc_p12.9 Hz, CH, Ph), 128.7 (fJc_p12.9 Hz, CH,
Ph), 129.9 (CH, Ar), 131.8 (4Jc_r 2.9 Hz, CH, Ph), 131.9 (8J)c_r 2.9 Hz, CH, Ph), 132.3 (d,
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2Je-p 11.0 Hz, CH, Ph), 132.3 (#)c_»92.0 Hz, C, Ph), 132.4 (d)c_p 11.0 Hz, CH, Ph), 132.5
(d, Yc_p 92.0 Hz, C, Ph), 140.2 (C, Ar'P NMR (243 MHz, CDG): 6 62.0 (s with satellites,
1Jp_se 770 Hz). HRMS (ESI): calcd for 4gHssN:NaPRSe: m/z 801.0582 [M + Nd], found
801.0571.

Pd-bis(aminophosphine) complexac-8. A mixture of [PdClt-CsHs)]2 (3.0 mg. 8.1umol),
rac-6 (10.0 mg, 16umol) and KPE (4.5 mg, 24umol) in CHCI, (0.33 mL) was stirred at room
temperature for 4 h. The mixture was filtered tlglo a pad of Celite. The filtrate was
concentrated to afford the desired prodBidn 63% yield. Yellow solid.'H NMR (400 MHz,
CDCl): 62.77-3.12 (m, 6H, CiAr and CHN), 3.24 (t,J 6.4 Hz, 1H, CH, w-allyl), 3.63 (t,J
6.4 Hz, 1H, CH, =-allyl), 3.67-3.75 (m, 2H, C§N), 4.21 (t,J 13.7 Hz, 1H, CH r-allyl), 4.83

(t, 3 13.7 Hz, 1H, CH =-allyl), 5.66 (tt,J 13.6 Hz, 6.8 Hz, 1H, CHg-allyl), 6.28 (d,J 7.8 Hz,
1H, ArH), 6.50 (dJ 7.8 Hz, 1H, ArH), 6.62 (t] 7.8 Hz, 1H, ArH), 6.70 (t) 7.8 Hz, 1H, ArH),
6.82 (d,J 7.8 Hz, 1H, ArH), 6.87 (d) 7.8 Hz, 1H, ArH), 6.99 (dd] 7.8 Hz, 2.1 Hz, 2H, ArH),
7.03-7.08 (m, 4H, ArH), 7.15-7.18 (m, 4H, ArH), 5=3.40 (m, 3H, ArH), 7.45-7.55 (m, 7H,
ArH), 7.59-7.63 (m, 2H, ArH)*C NMR (100 MHz, CDG)): § 40.4 (CHAr), 40.6 (C), 41.4
(CH.AY), 56.8 (d,%Jc_p 14.4 Hz, CHN), 60.1 (d,Jc_p 16.3 Hz, CHN), 78.1 (d,*Jc_p 30.7 Hz,
CHy, nt-allyl), 80.7 (d,Jc_p29.7 Hz, CH, n-allyl), 121.3 (CH, Ar), 122.3 (CH, Ar), 123.4-133.
(overlapped, CH, Ar and-allyl), 125.2 (CH, Ar), 125.8 (CH, Ar), 128.6 (fllc_p 11.5 Hz, CH,
Ph), 128.7 (d3Jc_»10.5 Hz, CH, Ph), 128.8 (br s, C, Ar), 129.3 (@), 129.5 (d3Jc_p10.5 Hz,
CH, Ph), 129.5 (d3Jc_p 10.5 Hz, CH, Ph), 129.7 (CH, Ar), 130.1 {dc_p 13.4 Hz, CH, Ph),
130.8-131.1 (overlapped, CH, Ph), 131.23#@,» 1.9 Hz, C, Ar), 131.5 (d'Jc_p 45.0 Hz, C,
Ph), 131.6 (d°Jc_p 13.4 Hz, CH, Ph), 132.3 (8)c_p 15.3 Hz, CH, Ph), 133.4 (§)c_p49.8 Hz,
C, Ph), 134.9 (d"Jc_p37.4 Hz, C, Ph), 137.8 (4Jc_p44.1 Hz, C, Ph), 142.4 (8)c_p 7.7 Hz, C,
Ar), 143.3 (d,2Jc_p 5.8 Hz, C, Ar).*'P NMR (243 MHz, CDGJ): 6 75.9 (d,2Jp_p19.7 Hz), 79.9
(d, 2Jp_p 19.7 Hz). HRMS (ESI): calcd for &H4N2P,Pd: m'z 765.1780 [M — P§*, found
765.1782.

Pd-catalyzed asymmetric allylic alkylation of 1,3-ohenylpropenyl acetate. To a test tube
placed with ligandN1)-6 (3.71 mg, 6.Qumol), [PdCl¢-CsHs)]2 (0.91 mg, 2.5umol) was added
degassed THF (0.2 mL) under a nitrogen atmosphetete mixture was stirred for 1 h at room
temperature. Then, a solution of 1,3-diphenylprgpeatetate §) (25.2 mg, 0.10 mmol) and
KOACc (0.20 mg, 2.Qumol) in THF was added into a catalyst solution.eAtddition of dimethyl
malonate 10) (39.63 mg, 0.30 mmol) and BSA (63.03 mg, 0.30 mbe reaction mixture was
stirred at room temperature for 24 h. The reactioxture was filtered through a short pad of
silica gel using EtOAc as an eluent and the rewylfiitrate was concentrated. The product yield
was determined by NMR analysis (1,3,5-trimethoxyegre was used as an internal standard) to
be 84% vyield. The enantiomeric excess was detexnby HPLC analysis using a chiral
stationary phase column (Daicel Chiralcel OD-H,dreet-PrOH 99:1, Flow rate 0.2 mL/ming t
(major) 62.7 min,g (minor) 67.4 min) to be 27% ee.
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