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Abstract

Synthesis of 1,4-bis(oxazoline) ligands bearirgcyclo[2,2,2]backbone derived from
9,10-dihydro-9,10-ethanoanthacdnens-dicarboxylic acid was revisited. Starting from dur-
D-amino alcohols and either (S,S) or (R,R)-dihytlhaeotrans-dicarboxylic acid, a complete
series of ligands was evaluated in the copperyzadl Diels-Alder reaction. The most
efficient ligands with a phenyl substituent on the@zoline ring afforded enantiomeric excess
up to 98%. This is different from previous resufidicating that the best enantioselectivity

involved a diastereomeric ligand with the meso-backb
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1. Introduction

Chiral bis(oxazoline) ligands have emerged as ¢tams®f important and efficient,C
symmetric ligands in numerous metal-catalyzed asgtrimtransformation§? Among them,
a novel class of oxazoline ligands with multipleraénts of chirality has been synthesized
from readily available chiral diacid and chiral amialcohol (Fig. 1). Besides the central
chirality element in the oxazoline moiety, thegmhds possess an additional chirality element
in the backbone such as 1,3-dioxoldf@*? bicyclo [2,2,1]11, [2,2,2] Il ,** cyclohexane

IV ,****and cyclopentan¥.®

Fig. 1.

Although the Diels-Alder reaction between acrylimideienophiles and
cyclopentadiene was the most successful applicaifothe Cul(l)-bis(oxazoline) catalytic
system with enantiomeric excess up to 99%.its application with the ligands Il , Il , IV
and V was less effective in enantioselectivity. In parar, the ligandlll, previously
introduced by Takacs et &f,has particularly focused our attention since thest be
enantioselectivity (75%) in the Diels-Alder reactisurprisingly involves the meso-backbone
and poor results were obtained with the other thibafigurations. Moreover, the authbts
indicated that a phenomenon of epimerization wasended during the synthesis of these
ligands. These results inspired us to reinvestifadesynthesis of these ligands with more

convenient routes to better control the stabilityheir relative configuration.



In the present work we revisit this class of bis@oline) ligands in which the two
oxazolines are separated by a dihydroethanoantiealsackbone (Figure 1ll ). With the
goal to rationalize and optimize the results oladinn catalysis, a more convenient
preparation of the ligand was first described dmal four diastereomers were preparated in
pure form. The effect of structure change of tgarids on the stereochemical outcome of the
asymmetric copper-catalyzed Diels-Alder reactiotmieen N-acryloyloxazolidinone or N-
crotonyloxazolidinone and cyclopentadiene was thally investigated vyielding high
enantiomeric excess (up to 98%). As expected, thedms were obtained with pure R,R and
S,S bis(oxazoline), provided that the chiralitytloé backbone matched correctly the chirality

of the bis(oxazoline).

2. Results and Discussion

The bis(oxazoline) ligands were synthesized from tbrresponding 9,10-dihydro-
9,10-ethanoanthacem@ans(11S,12S) antrans(11R,12R) dicarboxylic aci¢ll) as shown in
Scheme 1.After chiral separation with brucin®, conversion of the diacid into the
corresponding acid dichloride by reaction with ehalyl chloridé® was accomplished within
1 h. After removing the solvent and excess oxaybide, the product was used in the next
step without purification. Overnight reaction with2 equiv of the amino alcohol in the
presence of triethylamine afforded the expecteehptroxyamide3 as a white solid in 60-
85% vyield. The'H NMR analysis confirmed the presence of the ddsm®duct as a single
diastereomer. It should be noted that some epiateriz occurs with the previously requisited
procedur&’ in forming the diamide intermediate.

Conversion of bis(hydroxyamid@&)to the corresponding bis(oxazolinkyas carried

out in one step by reaction with diethylaminosutfiftuoride in CH.Cl, at -78°C followed by



base induced cyclisatibt’ in 50-80% yield. For the ligardt, the bis(hydroxyamidedd was
first converted into the bis(amide) dichloride wi8OCL and then the cyclization was
achieved with aqueous NaOH in 73% vyield. The dibygamide6 with the meso-backbone
was synthesized from the anhydrifle(not the acid’ and the (R)-phenylglycinol in the
presence of the coupling reagent N-ethoxycarborgtkpxy-1,2-dihydroquinoline (EEDQ)
in 77% yield®1

The corresponding meso-bis(oxazoline) ligahdvas prepared using a similar route
with diethylaminosulfur trifluoride in CKCl, at -78°C. After purification on column
chromatography, théH NMR spectrum shows peaks corresponding to ligaasand
4e'(15%) due to epimerization (Fig. 2(A)).THel NMR analysis confirms the progressive
disappearance afafter 24h (50%, Fig. 2(B)) and after 48 hoursréhe total conversion into

the ligandsta and4e'in a ratio 53/47 (Fig. 2(C)).
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Fig. 2

An X-ray structure of the bis(oxazoline) ligardd has beersolved (Fig. 3)° X-ray
diffraction analysis shows that the two chiral oxaze rings are slightly twisted pushing the
two oxazolinyl phenyl towards the metal centre.cbmtrast, X-ray structure of the other
diastereomer ligande' (using the (R)-phenyl glycinol artcans-(11R,12R)-dicarboxylic acid
1), showed that the two oxazolinyl phenyl are far avieym the metal centre in the

complex.



Fig. 3.
The Diels-Alder reaction of N-acryloyloxazolidino®a or N-crotonyloxazolidinone
8b'® and cyclopentadiene in the presence of variouslotatalysts derived from the ligandis

and Cu(ll) triflate was then investigated. The bditaresults are summarized in Table 1.



Table 1.
Diels-Alder reaction of8 with cyclopentadiene catalyzed by Cu(ll)(OJhis(oxazoline)

complexe$

(R H R
O 0O / R J H
Cu(ll)(OT),/Ligand 4 S
R/\)kN)l\o + @ L(OTLigan O/\N + © + exo9
\ CH.Cl, )\ o N/> (minor)
o] )\

8a (R =H) o ©
b (R =CHy) endo-9a (R =H) (major)
endo-9b (R = CH3) (major)

Entry Ligand Time (min)  Temp (°C) VYielt(%) endo/ex§%) een (%) (config.)

1 4a 5 20 95 94/6 93 (R)
2 4 10 20 80 75/25 21 (R)
3 4b 30 20 80 85/15 16 (R)
4 4Ac 240 20 50 88/12 10 (S)
5 4d 10 20 80 88/12 20 (R)
6 4e 5 20 95 94/6 94 (S)
7 4e' 15 20 82 76/24 22 (S)
8 4f° 10 20 80 90/10 76 (R)
9 7 5 20 82 88/12 77 (R)
10 48 240 20 85 93/7 89 (R)
11 4a 5 0 95 96/4 95 (R)
12 4a 30 -40 93 98/2 98 (R)
13 4e 5 0 95 96/4 96 (S)
14 4e 45 -40 92 98/2 98 (S)

®Molar ratio of metal/ligand/diene/dienophile: 1/M.20/50.

®|solated yield of cycloadducts after silica gelamatography.

‘Determined byH NMR and HPLC.

9Determined by chiral HPLC (Chiralcel OD-H colummjdacomparison of known optical rotation.
®Ligand prepared from the racentians-dicarboxylic acidl and(-)-(R)- phenylglycinol.

N-crotonyloxazolidinone as dienophile.

From the results of Table 1, it is shown that ligands4a and4e with the phenyl
substituted oxazoline gave the best ee (93-94%) eatitiexo diastereoselectivity (94/6)

(entries 1 and 6). With the ligarh' or 4€', in which the chirality of the oxazoline ring has



been inverted, the ee was decreased (21%), assvdile diastereoselectivity (75/25) (entries
2 and 7). The ligandwith i-Pr 4b andt-Bu 4c gave low ee (< 20%) (entries 3 and 4). The
high reactivity of the catalyst leads to short teactimes (5-10mn) with yields in the range
80-95%, excepted for the bulkyBu group (50% vyield) in which a longer reactiomé& was
necessary (4 hours). We also decided to test M1eytixazolidinone8b as a substrate to
compare our results with those previously repoted. our hands, thendecycloadduct9
was obtained with 89% ee and R configuration, udags ligand (entry 10), whereas it was
previously reported an enantiomeric excess of 28% with S configuraiiona similar
situation.

The effect of temperature was studied with ligaddsand 4e. The highest ee and
diastereoselectivity was obtained at -40°C (98%381d respectively) (entries 12 and 14).

The influence of substitution both on the oxazolimg and on the backbone moiety
has been investigated with the goal of better wstdrding the stereocontrol of the C)(
catalyzed reaction. According to the structure (Bj)g we have prepared and tested the four
diastereomeric ligand$ with the phenyl group on the oxazoline ring (as espnted in Fig.
4). By changing combination of the enantiomers\aetifrom (+) or (-)trans-dicarboxylic
acid and aminoalcohol, the stereochemistry of the &symmetric centres can be adjustable.
There are two sets of enantiomer pairs correspgnidirihe ligandgla, 4e and4a’, 4e'. The
two phenyl groups on the oxazoline ring of ligataland4e are placedearer to the reaction
centre than those o#la'’ and 4e', and consequently, have a larger effect on the
enantioselectivity (93% versus 21%). These ressiisw that the degree of asymmetric
induction depends of the chirality on the oxazolmmg in 4a and 4a’ or 4e and 4e.
Furthermore, with the ligand4a and 4a’ or 4e and 4e', the sameende9(R) or 9(S) -

cycloadduct was obtained. The sense of asymmattiection was logically inverted with the



enantiomeric ligandda and4eor 4a’ and4e' but also with the ligandéa and4e' or 4a’ and

4e These results demonstrate that the chiral sensaasftioselection was determined by the
chirality of the backbone. To complete the studywas also noted that ligantt with no
substituent on the oxazoline ring gave an enarigogeity of 20% (entry 5). This value was
similar to the enantioselectivity obtained with hgda' (entry 2).

In our hands, the ligand@ gave an ee = 77% fa@ndae9 (R)-cycloadduct (entry 9).
Actually, this value is very close to that obtaineith the ligand4f derived from the racemic
trans-dicarboxylic acidl and (-)-(R)-phenylglycinol, ee = 76#hnde9(R)-cycloadduct (entry
8). Taking into account the epimerization obsemettie NMR study, an epimerization of the
ligand7 may also occur in the catalytic conditions. Sitleeepimerization is time dependent,
a study of the ee obtained using ligahdver the time course of the catalytic reactionhhig
be necessary. However, the short time of the datalyaction €5 min) makes this study too
difficult. It should be noted that previous restitgave an ee of 75% foende9(R)-

cycloadduct, quite similar to our results (77% ee).

Inversion of enantioselectivity

Cycloadduct 9(R) Inversion}émioselecﬁvity Cycloadduct 9(S)

f

42

Cu.__
© Do TN
- o

Inversion of enantioselectivity

Increase of enantioselectivity
Increase of enantioselectivity

Fig. 4.
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3. Conclusion

In conclusion, the synthesis of bis(oxazoline) higa with four asymmetric centres by
combination of the two chiral sources derived frima dihydroethanoanthracene diacid and
aminoacids are revisited, and well-structured ¢thifgands have been isolated and
characterized. The copper-catalyzed asymmetric sB&ler reaction between N-
acryloyloxazolidinone and N-crotonyloxazolidinonattwcyclopentadiene was carried out
with these chiral ligands. The best adapted contioimdor the ligandgla and4e gave ees up
to 98% at -40°C. Studies on the potential of thégands for other metal-catalyzed
asymmetric reactions are now in progress.
4. Experimental

4.1. General
All reactions were performed under argon. Solveas wlistilled from appropriate drying

agent, CHCI, from CaH. Commercially available reagents were used withinuther
purification unless otherwise stated. All reactiomere monitored by TLC with Merck
precoated aluminium foil sheets (silica gel 60 witorescent indicator UM,. Column
chromatographies were carried out using silicafgeh Acros (0.063-0.200 mm). Melting
points were measured on a banc Koffét. NMR and**C NMR in CDCE were recorded
using Bruker (Advance 400dpx) spectrometer at 460 400 MHz respectively.The
following abbreviations are used in connexion WNMR; s=singlet, d=doublet, t=triplet,
g=quartet and m=multiplet. Chiral HPLC analysis sweerformed on a Varian Prostar 218
system equipped with a Chiralcel OD-H column. Qgitimotations were recorded with a
Perkin-Elmer 341 polarimeter. High resolution mapsectra were performed by the Centre
Regional de Mesures Physiques de I'Ouest (CRMPOIRatines, France, on a Q-Tof2

spectrometer in ESI positif mode.
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4.2. General procedure of preparation of bis-hydroyamides 3a, 3a’, 3b3c, 3d,3e, 3¢,

3f and6

Oxalyl chloride (3 equiv) was added dropwise tooaled suspension (0°C) of theans
diacide ()1 or (+)-1 and dimethylformamide (15 mol %) in GEl, (5 mL/mmol) under
argon. The reaction mixture was stirred at roompte@ture for 2 h to give a yellow solution
of the transdiacide chloride (-2 or (+)-2. The solvent and excess oxalyl chloride were
removed in high vacuum, the residue was taken @HsCl, (4 mL/mmol) and added slowly
to a cold solution (0°C) of the corresponding amatemhol (2.2 equiv) and B (5 equiv) in
CH.CI; (2 mL/mmol) under argon. Stirring was continuedX6 h at room temperature. After
evaporation, the crude product was purified by ewluchromatography (Hexane-EtOAc-
MeOH).

4.2.1. (11S,12S)-Bis[(2’-hydroxy-1'-(R)-phenylethy}-amido-9,10-dihydro-9,10-
ethanoanthacene 3a

The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acid (0.5 g,1.7 mmol) and (-)-
(R)- phenylglycinol (0.65 g, 3.74 mmol). Purifiaati by column chromatography (hexane-
EtOAc, 1:9) yielded a white solid (840 mg, 93%): m.447-148 °C; ¢]o*° = -34 € 1.44,
CHCl); *H NMR (400 MHz , CDCI3)5 = 2.91 (s, 2H), 3.66 (br s, 4H), 4.59 (s, 2H).04(Br

s, 2H), 7.06-7.32 (m, 18HJ*C NMR (100 MHz, CDGJ): & = 46.8, 49.6, 55.8, 66.07, 123.4,
125.4, 126.3, 126.7, 127.6, 128.6, 138.8, 140.8.a14173.5; HRMS [ESI]m/z calcd for
CasH3N,04Na:555.2259 (M+Na4), found: 555.2255.

4.2.2. (11S,12S)-Bis[(2'-hydroxy-1'-(S)-phenylethyjamido-9,10-dihydro-9,10-

ethanoanthacene 3a'

12



The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acidl (0.5 g,1.7 mmol) and (+)-
(S)- phenylglycinol (0.65 g, 3.74 mmol). Purificati by column chromatography (EtOAc-
MeOH , 0:1) vyielded a white solid (720 mg, 80%):;pm. 174 °C: §]p°° = +32 € 0.84,
CHCly); *H NMR (400 MHz , CDCI3)5 = 2.96 (s, 2H), 3.68 (dd, J = 6.4, 11.6 Hz, 2HJ33
(dd, J = 3.6, 11.4 Hz, 2H), 4.59 (s, 2H), 4.90 @@d; 7.2, 11.2 Hz, 2H), 7.00-7.04 (m, 6H),
7.16-7.22 (m, 8H), 7.28, 7.58 (2d, J = 8 Hz, 4HE NMR (100 MHz, CDGJ): § = 45.9,
48.9, 56.2, 65.6, 123.4, 125.3, 125.9, 126.7, 12/28.4, 139.6, 140.4, 143.3, 173.5; HRMS
[ESI]: m/z calcd for G4H3:N-04Na:555.2259 (M+Na), found: 555.2255.

4.2.3. (11S,12S5)-Bis[(2’-hydroxy-1'-(S)-isopropylétl)]-amido-9,10-dihydro-9,10-
ethanoanthacene 3b

The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acidl (0.5 g,1.7 mmol) and (+)-
L-Leucinol (0.438 g, 3.74 mmol). Purification by aoin chromatography (hexane-EtOAc,
9:1) yielded a white solid (635 mg, 80%): m.p.= 11B6 °C; []p>° = -18 € 0.55, CHCL);

'H NMR (400 MHz , CDCI3)5 = 0.78, 0.80 (2d, J = 6.4 Hz, 12H), 1.09-1.1624129 (2m,
4H), 1.39-1.47 (m, 2H), 2.88 (s, 2H), 3.23 (dd, 6.8, 11.4 Hz, 2H), 3.46 (dd, J = 3.6, 11.6
Hz, 2H), 3.85 (br s, 2H), 4.46 (s, 2H), 7.00-7.66 @H), 7.21, 7.24 (2d, J = 6.8 Hz, 4K¢
NMR (100 MHz, CDCJ): 6 = 22.0, 23.2, 24.8, 40.2, 46.9, 49.6, 65.4, ,22825.4, 126.21,
140.3, 143.2, 173.8; HRMS [ESivz calcd for GoHaoN,OsNa: 515.2885 (M+N4) found:
515.2883.

4.2.4. (11S,12S)-Bis[(2'-hydroxy-1'-(S)ert-butylethyl)]-amido-9,10-dihydro-9,10-

ethanoanthacene 3c

13



The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acidl (1.0 g, 3.4 mmol) and (+)-
(S)tert-Leucinol (0.876 g, 7.48 mmol). Purification by w©oin chromatography
(EtOAC:MeOH, 4:1) yielded a white solid (1.27 g%y m.p.= 220 °C;d]ses° = +57 € 0.95

, CHCE); *H NMR (400 MHz , CDCJ): § = 2.90 (s, 2H), 2.92 (t, J = 6.8 Hz, 2H), 3.3633.4
(m, 2H), 3.73-3.79 (M, 4H), 4.62 (s, 2H), 7.10-7(&v, 4H), 7.28, 7.42 (2d, J = 6.4 Hz, 4H);
3C NMR (100 MHz, CDGJ): & = 26.8, 33.5, 46.3, 50.5, 59.6, 62.4, , 123.2,.1,2526.3,
126.4, 140.2, 143.4, 174.7; HRMS [EStlz calcd for GoHaoN-OsNa: 515.2885 (M+N4d)
found: 515.2887.

4.2.5. (11S,12S)-Bis[(2'-hydroxy-ethyl)]-amido-9, 2dihydro-9,10-ethanoanthacene 3d

The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacet@ns(11S,12S)-dicarboxylic acid (1 g, 3.40 mmol), and
ethanolamine (0.457 g, 7.48 mmol) in THF (5 mlI/mm®&ecrystallization from methanol
yielded a white solid (578 mg, 45%): m.p.= 262 P@dp*° = +40 € 2.25, CHOH); *H NMR
(400 MHz , CROD): & = 3.28-3.33 (m, 6H), 3.56 (t, J = 6 Hz, 4H), 460 2H), 7.09
(quintuplet, J = 7.2 Hz, 4H), 7.24 (d, J = 6.8 RH), 7.35 (d, J = 6.4 Hz, 2HY*C NMR (100
MHz, CDsOD): ¢ = 40.9, 46.5, 59.7, 122.0, 123.8, 124.9, 139.1,14172.6; HRMS [ESI]:
mvz calcd for G,H24N,04Na:403.1633 (M+Na), found: 403.1633.

4.2.6. (11R,12R)-Bis[(2’-hydroxy-1'-(S)-phenylethyl-amido-9,10-dihydro-9,10-
ethanoanthacene 3e

The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11R,12R)-dicarboxylic acid (0.5 g,1.7 mmol) and (+)-
(S)- phenylglycinol (0.65 g, 3.74 mmol). Purifieati by column chromatography (hexane-

EtOAc, 1:9) yielded a white solid (820 mg, 91%)pms. 137-138 °C; d]p?° = +30 € 0.51,

14



CHCL); *H NMR (400 MHz , CDCI3)3 = 2.92 (s, 2H), 3.64 (m, 4H), 4.58 (s, 2H), 4.86,(

J =5.0, 11.8 Hz, 2H), 7.04-7.30 (m, 18C NMR (100 MHz, CDGJ): 6 = 46.1, 50.1, 55.8,
66.7, 123.5, 125.5, 126.5, 126.6, 127.8, 128.8,5.3810.0, 143.0, 173.6; HRMS [ESi}Vz
calcd for G4H3:N>OsNa:555.2259 (M+Na), found: 555.2255.

4.2.7. (11R,12R)-Bis[(2’-hydroxy-1’-(R)-phenylethyi]l-amido-9,10-dihydro-9,10-
ethanoanthacene 3e'

The product was synthesized according to the gepervaedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11R,12R)-dicarboxylic acid (0.5 g,1.7 mmol) and (-)-
(R)- phenylglycinol (0.65 g, 3.74 mmol). A whitegaipitate was formed in the solution and
it was filtered, washed with GEL, and dried in vacuum to provide the corresponding
bis(hydroxyamide) (768 mg, 85%): m.p.= 148-150°@p1° = -31 € 0.71, CHC}); *H NMR
(400 MHz , CDCI3)5 = 3.19 (s, 2H), 3.75 (br s, 4H), 4.69 (s, 2H)54(8r d, 2H), 7.02 (dd, J
= 4.0, 8.4 Hz, 2H), 7.19-7.31 (m, 14H), 7.90 (d= ¥.2 Hz, 2H);**C NMR (100 MHz,
CDCl3): 6 = 46.7, 49.3, 56.1, 65.7, 123.4, 125.4, 126.0,.0,2626.7, 128.5, 139.4, 140.4,
143.3, 173.5; HRMS [ESI]:m/z calcd for G4H3oN,O4Na: 555.2259 (M+Na), found:
555.2255.

4.2.8. (11S,12811R,12R)-Bis[(2’-hydroxy-1'-(R)-phenylethyl)]-amido-9,10-dihydro-
9,10-ethanoanthacene 3f

The product was synthesized according to the geneoxedure described above from
racemic- 9,10-dihydro-9,10-ethanoanthac@aeas-dicarboxylic acidl (0.5 g,1.7 mmol) and
(-)-(R)- phenylglycinol (0.65 g, 3.74 mmol). Pudétion by column chromatography
(EtOAC), yielded a white solid (690 mg, 76%): m.[A50 °C; plsss’ = -33 € 1.94, CHCY);

'H NMR (400 MHz , CDCI3)3 = 3.08 (s, 2H), 3.66 (br s, 4H), 4.60 (s, 2H),74(Br s, 2H),

6.93-7.22 (m, 16H), 7.77 (d, J = 7.2 Hz, 2 NMR (100 MHz, CDGCJ): § = 45.9, 49.3,

15



56.1, 65.8, 123.4, 125.4, 126.0, 126.7, 127.4,3,2839.4, 140.4, 143.3, 173.58; HRMS
[ESI]: mVz calcd for G4H3:N>0O4Na:555.2259 (M+Na), found: 555.2255

4.2.9. Bis[(2’-hydroxy-1'-(R)-phenylethyl)]-amido-910-dihydro-9,10-ethanoanthacene 6
The product was synthesized from ttis-9,10-dihydro-9,10-ethanoanthacene dicarboxylic
anhydride 5 (225mg, 0.9 mmol), (-)-(R)- phenylglycinol (156m@,9 mmol) and N-
Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (247g,m..0 mmol) in 10 ml of THF at
ambiante temperature for 48 h. Purification by ooluchromatography (EtOAc-MeOH , 9:1)
yielded a white solid (185 mg, 77%): m.p.= 125-227 [o]sss° = -73 € 0.82, CHCL); *H
NMR (400 MHz , CDCI3):s = 3.12 (dd, J = 12.0, 22.8 Hz, 2H), 3.23, 3.26, (P& 6.8 Hz,
1H), 3.57-3.63 (m 2H), 3.73, 3.75 (2d, J = 3.6 H), 4.040 (dd, J = 7.2,14.4 Hz, 1H), 4.41
(br s, 1H), 4.80 (m, 1H), 4.90 (m, 1H), 7.02-7.86 (L8H);**C NMR (100 MHz, CDG)): § =
46.2, 47.0, 49.4, 50.6, 55.5, 56.2, 65.2, 65.6 12123.6, 124.5, 126.3, 126.4, 126.9, 127.0,
127.1, 127.2, 127.7, 127.8, 128.7, 128.7, 138.8.313139.5, 141.9, 142.4, 142.8, 172.4,

173.1; HRMS [ESI]mVz calcd for G4Hz.N,04Na:555.22598 (M+Na) found: 555.2257.

4.3. General procedure of preparation of bis(oxazole) 4a, 4a’, 4b, 4c, 4d4e, 4e', 4fand

7

Diethylaminosulfur trifluoride (2.2 equiv) was adbleropwise to a cooled suspension (-
78°C) of the corresponding bis-hydroxyamide in @i.Cl, (10 mL/mmol) under argon.
After stirring for 3-5 h at the indicated temperatuanhydrous ¥CO; (3 equiv) was added
and the reaction mixture was allowed to warm tonraemperature. A saturated aqueous
NaHCQ; solution was added and after phase separatioadgheous layer was extracted with
CH.CI,. After drying over MgS@and evaporation, the crude product was purifieddiymn

chromatography (Hexane-EtOAc).
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4.3.1. (11S,12S)-Bis[(4'R)-phenyloxazoline]-9,10kdidro-9,10-ethanoanthacene 4a

The product was synthesized fr@a (0.7 g, 1.31 mmol) according to the general praced
described above Purification by column chromatogyaihexane-EtOAc, 3:2) yielded a white
solid (513 mg, 78%): m.p.= 85-86 °Gy]p>° = +83 € 0.96, CHCY); *H NMR (400 MHz ,
CDCI3): 6 = 3.68 (s, 2H), 4.01 (t, J = 8.0 Hz, 2H), 4.57)(t 9.2 Hz, 2H), 4.82 (s, 2H), 5.01
(t, J = 8.4 Hz, 2H), 7.08-7.27 (m, 14H), 7.34, 7(38, J = 6.4 Hz, 4H)-*C NMR (100 MHz,
CDCl3): 6 = 42.9, 47.0, 69.3, 75.3, 123.9, 125.1, 126.1,,3,2626.6, 127.4, 128.6, 140.5,
142.4, 142.5, 168.8; HRMS [ESIz calcd for GsH2oN-O,: 497.2229 (M+H), found:
497.2229.

4.3.2. (11S,12S)-bis[(4’S)-phenyloxazoline]-9,10hydro-9,10-ethanoanthacene 4a'

The product was synthesized fr@a' (0.50 g, 0.94 mmol) according to the general praced
described above. Purification by column chromatplya(hexane-EtOAc, 3:2) yielded a
white solid (300 mg, 68%): m.p.= 177 °@]§*° = +31 € 0.87, CHC}); *H NMR (400 MHz ,
CDCI3): 5 = 3.83 (s, 2H), 3.86 (t, J = 8.0 Hz, 2H), 4.50 (dd; 8.4, 10.0 Hz, 2H), 4.78 (s,
2H), 4.92 (t, J = 8.8 Hz, 2H), 6.40 (d, J = 8.4 Hi), 7.05-7.18 (m, 12H), 7.23, 7.36 (2d, J =
6.8 Hz, 4H);*C NMR (100 MHz, CDGJ): & = 43.1, 46.5, 69.1, 75.9, 124.5, 124.9, 126.3,
126.3, 126.4, 127.2, 128.4, 140.9, 142.0, 142.19.26HRMS [ESI]: m/z calcd for
CaaH2oN,05: 497.2229 (M+Hj, found: 497.2229

4.3.3. (11S,12S5)-Bis[(4’'S)-isopropyloxazoline]-9,4dhydro-9,10-ethanoanthacene 4b

The product was synthesized fr@h (0.5 g, 1.0 mmol) according to the general procedu
described above. Purification by column chromatplya(hexane-EtOAc, 2:3) yielded a
white solid (295 mg, 63%): m.p.= 67-69 °G]§*° = -11 € 0.52, CHC}); *H NMR (400 MHz

, CDCI3):5 = 0.65, 0.71 (2d, J = 6.8 Hz, 12H), 0.78, 0.97¢ituplets, J = 7.2 Hz, 4H), 1.30

( septuplet, J = 6.8 Hz, 2H), 3.46 (s, 2H), 3.69 & 7.2 Hz, 2H), 3.80 (quintuplet, J = 7.6 Hz,
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2H), 4.13 (t, J = 8.0 Hz, 2H), 4.60 (s, 2H), 6.9857(m, 4H); 7.13, 7.27 (2d, J = 6.8 Hz, 4H);
13C NMR (100 MHz, CDG): § = 22.6, 22.7, 24.9, 42.3, 45.8, 46.9, 64.0, 78241.0, 124.6,
125.8, 126.1, 140.6, 141.8, 166.9; HRMS [ESt}z calcd for GoH3/N.O,: 457.2855,
(M+H)", found: 457.2857.

4.3.4. (11S,12S)-Bis[ (4’ Sert-butyloxazoline]-9,10-dihydro-9,10-ethanoanthacenecs

The product was synthesized fr@a (0.5 g, 1.02 mmol) according to the general praced
described above. Purification by column chromatplya(hexane-EtOAc, 3:1) yielded a
white solid (404 mg, 86%): m.p.= 84-86 °G]§* = -19 € 0.51, CHCk); '*H NMR (400
MHz , CDCI3):6 = 3.56 (s, 2H), 3.59 (t, J = 9.2 Hz, 2H), 3.86 (,= 8.4 Hz, 2H), 4.07 (t, J =
8.4 Hz, 2H), 4.60 (s, 2H), 6.92, 6.98 (2t, J = A24H), 7.10, 7.23 (2d, J = 7.2 Hz, 4H5C
NMR (100 MHz, CDCJ): 6 = 25.6, 32.9, 43.0, 46.5, 69.1, 75.3, 123.7, 1242%.97, 126.0,
140.8, 142.3, 167.2; HRMS [ESIim/z calcd for GoHsN,Os: 457.2855 (M+Hj,
found:457.2855.

4.3.5. (11S,12S)-Bis(oxazoline)-9,10-dihydro-9,1thanoanthacene 4d

The bis(hydroxyamide3d (250 mg, 0.66 mmol) in C}l, (5 ml) was treated with SOLI
(1.56 g, 13.1 mmol). After 15 min, the solution weeated at reflux for 3 h, then recooled to
room temperature and washed sequentially with walger (10 ml), 0.1 M KCOs (2 x 10 ml),
and saturated agqueous NaCl (10ml). After dryingrdMgSQ, and evaporation, the crude
bisamide dichloride was obtained as a white sdli#5(mg, 93%):'H NMR (400 MHz ,
CDCI3): 5 = 2.84 (s, 2H), 3.45 (m, 8H), 4.55 (s, 2H), 7.0817(m, 4H), 7.24, 7.29 (2d, J =
6.4 Hz, 4H). HRMS [ESI|:mVz calcd for G,H,,N,O.CloNa: 439.0956 (M+Na), found:
439.0957.

A mixture of the crude bisamide dichloride, 170n@4d mmol), and NaOH (500 mg, 30

mmol) in 50% aqueous MeOH (5 ml) was heated uneltux for 4 hours. After cooling, the
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mixture was extracted with GBL, and washed with saturated aqueous NaCl. Column
chromatography on silica (EtOAc/MeOH, 9:1) yieldbd ligand4d asa white solid (102 mg,
73%): m.p.= 95-98 °C;, 0.102g (73%]$*° = +34 € 1.23, CHC}); *H NMR (400 MHz ,
CDCL): § = 3.38 (s, 2H), 3.44-3.64 (m, 4H), 4.06-4.16 (H),44.62 (s, 2H), 6.99-7.05 (m,
4H), 7.15, 7.25 (2d, J = 6.4 Hz, 4H5C NMR (100 MHz, CDG)): § = 42,7, 46.9, 54.1, 67.8,
123.8, 124.7, 126.0, 126.2, 140,4, 142.3, 168.4M8BRESI]: m/z calcd for G;H21N20,:
345.1603 (M+HJ, found: 345.1611.

4.3.6. (11R,12R)-Bis[(4’S)-phenyloxazoline]-9,104aydro-9,10-ethanoanthacene 4e

The product was synthesized fr@a (0.5 g, 0.94 mmol) according to the general praced
described above. Purification by column chromatplya(hexane-EtOAc, 3:2) yielded a
white solid (440 mg, 68%): m.p.= 81-82 °@]4*° = -82 € 0.65, CHC}); *H NMR (400 MHz

, CDCI3): 8 = 3.58 (s, 2H), 3.92 (t, J = 8.0 Hz, 2H), 4.48)(& 8.4 Hz, 2H), 4.72 (s, 2H),
54.90 (t, J = 8.0 Hz, 2H), 6.96-7.18 (m, 14H), 7.228 (2d, J = 6.4 Hz, 4H}*C NMR (100
MHz, CDCk): 6 = 43,1 46.5, 69.1, 75.9, 124.5, 124.9, 126.3, 3,2626.4, 127.2, 128.4,
140.9, 142.0, 142.1, 169.2; HRMS [ESHt}z calcd for GH2gN,0,:497.2229 (M+H), found:
497.2229.

4.3.7. (11R,12R)-Bis[(4'R)-phenyloxazoline]-9,10-dydro-9,10-ethanoanthacene 4e'

The product was synthesized fr@®' (0.5 g, 0.94 mmol) according to the general prooedu
described above. Purification by column chromatplya(hexane-EtOAc, 3:2) yielded a
white solid (407 mg, 63%): m.p.= 178 °G]$*° = -33 € 0.87, CHC4); *H NMR (400 MHz ,
CDCI3): & = 3.83 (s, 2H), 3.87 (t, J = 8.0 Hz, 2H), 4.50 (dd; 8.4, 10.0 Hz, 2H), 4.78 (s,
2H), 4.92 (t, J = 8.8 Hz, 2H), 6.41 (d, J = 7.2 Ki), 7.05-7.18 (m, 10H), 7.23, 7.36 (2d, J =

6.8 Hz, 4H);™*C NMR (100 MHz, CDGJ): & = 43.1, 46.5, 69.1, 75.9, 124.5, 124.9, 126.3,
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126.3, 126.4, 127.2, 128.4, 140.9, 142.0, 142.19.26HRMS [ESI]: m/z calcd for
CasHa2oN20,: 497.2229 (M+HJ, found: 497.2229.
4.3.8.(11S,12811R,12R)-Bis[(4'R)-phenyloxazoline]-9,10-dihydro-9,d-ethanoanthacene
Af

The product was synthesized fr@&h(0.5 g, 0.94 mmol) according to the general prooedu
described above. Purification by column chromatplya(hexane-EtOAc, 3:2) yielded a
white solid (230 mg, 52%): m.p.= 91-95 °@]4*° = +13 € 10, CHC}); *H NMR (400 MHz ,
CDCI3): § = 3.58 (s, 2H), 3.83 (s, 2H), 3.87, 3.91 (2t, 8.8 Hz, 4H), 4.45-4.53 (m, 4H),
4.72 (s, 2H), 4.78 (s, 2H), 4.87-4.95 (m, 4H), 6(@1J = 6.0 Hz, 4H), 6.96-7.37 (m, 32H);
13C NMR (100 MHz, CDGJ): § = 42.8, 43.1, 46.5, 47.0, 69.1, 69.2, 75.3, 7523.8, 124.5,
124.8, 125.1, 126.1, 126.2, 126.3, 126.3, 126.46.5.2127.2, 127.4, 128.4, 128.5, 140.4,
140.9, 142.1, 142.3, 142.5, 168.8, 169.2; HRMS [E&lcd for G4H29N,O,: 497.2229
(M+H)", found: 497.2229.

4.3.9. Bis[(4’'R)-phenyloxazoline]-9,10-dihydro-9,-@thanoanthacene 7

The product was synthesized fr@n0.3 g, 0.56 mmol) according to the general praced
described above. Purification by column chromatplya(hexane-EtOAc, 3:2) yielded a
white solid (90 mg, 54%): m.p.= 60-62 °@]4§*° = +43,¢ 0.58,CHCl3); 'H NMR (400 MHz

, CDCI3):5 = 3.18 (d, J = 10.8 Hz, 1H), 3.35 (t, J = 8.4 1), 3.43 (d, J = 8.4 Hz, 1H), 3.54
(dd, J = 2.0, 10.8 Hz, 1H), 4.04, 4.07 (2d, J =182 1H), 4.29, 4.31 (2d, J = 8.4 Hz, 1H),
4.56 (d, J = 2Hz, 1H), 4.81 (s, 1H), 4.93 (t, J.2dz, 2H), 5.03 (t, J = 9.4 Hz, 1H), 6.84-7.25
(m, 17 H), 7.42-7.44 (m, 1H}*C NMR (100 MHz, CDG): & = 41.6, 41.7, 46.5, 48.8, 69.0,
69.1, 74.6, 74.8, 123.5, 124.0, 124.6, 125.7, 12828.4, 126.5, 126.7, 126.9, 127.1, 127.3,
128.4, 128.6, 140.7, 141.2, 142.3, 142.4, 142.8,71468.0, 168.2. HRMS [ESlIi/z calcd

for Cs4H29N>05: 497.2229 (M+Hj, found: 497.2229.
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4.4. General procedure for asymmetric Diels-Alder eaction

A mixture of Cu(Il)(OTf) (5umol, 10 mol % ) and the ligar®l(6 umol,) in dry CHCI, (0.2
ml) was stirred for 0.5 h at room temperature uratgon. The dienophile (5@mol in 50pl
CHCl, ) and freshly distilled cyclopentadiene (4ofol) were then respectively added. The
reaction was monitored by TLC and stopped aftesaorption of the starting substrate. The
reaction mixture was purified on silica gel withxaee-ethyl acetate (3:1) to give a mixture of
endoandexoisomers of cycloadduc& The yield was calculated on the basis of theaisol
products. Theenddexoratio was determined by NMR analysis and confirmed by HPLC
analysis. The enantiomeric excess of the cycloadawas determined by chiral HPLC
analysis: Daicel Chiralcel OD-H column, hexarerOH, 95:5, flow rate = 1 ml/min,
detection: 220nm. The absolute configuration of the cycloaddecido9 product was
assigned based upon the comparison of the sigptafab rotation with the literature values:

(+) for (R)9 and (-) for (S)e.

Supplementary data

Copies of'H and™*C NMR spectra of bis(hydroxyamida}y, 3a’, 3b, 3¢, 3d, 3e 3e', 3f and

6, copies ofH and**C NMR spectra of bis(oxazolindp, 4a’, 4b, 4c, 4d, 4e, 4e', 4f and7,
HPLC chromatograms of selected Diels-alder reactidrsy crystallographic data of ligand

4a.

Legends
Fig. 1. Structure of various chiral bis(oxazoline) ligatid&ed with a rigid backbone.
Fig. 2.'H NMR study of the epimerization of ligaffdn CDCl

(A) After purification; Time: 1h
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(B) Time: 24h

(C) Time: 48h

Fig. 3. ORTEP drawing and atom labeling of ligatwl

Fig. 4. Cu()-complexes of the four diastereomeric ligardand the correlation between
structure of the ligand and configuration of thelogdduct

Scheme 1Synthesis of different chiral bis(oxazoline) wélhdihydroethanoanthracene

backbone.
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